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CHAPTER 1
Nomenclature of MOFs
Hafezeh Nabipoura, Masoud Mozafarib, Yuan Hua

aState Key Laboratory of Fire Science, University of Science and Technology of China, Hefei, PR China
bDepartment of Tissue Engineering & Regenerative Medicine, Faculty of Advanced Technologies in
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Abbreviations

2,7-PDC pyrene-2,7-dicarboxylic acid

2-Br-1,4-H2bdc 2-bromobenzene-1,4-dicarboxylic acid

4,40-BPY 4,40-bipyridine
ad adeninate

BBC 4,40,400-(benzene-1,3,5-triyl-tris(benzene-4,1-diyl))tribenzoate)
bbIm 5(6)-bromobenzimidazolate)

BDC benzene-1,4-dicarboxylic acid

BDC-NH2 2-aminoterephthalic acid

bdcppi N,N0-bis(3,5-dicarboxylphenyl)pyromellitic diimide

bIms benzimidazolate

bipy 4,40-bipyridine
BPDC biphenyl-4,40-dicarboxylate
bptc 3,30,5,50-biphenyltetracarboxylate
BTB 1,4-benzenedicarboxylate
btb 4,40,400-benzene-1,3,5-triyl-tribenzoate
BTC 1,3,5-tricarboxylic acid

btdd bis(1,2,3-triazolate-[4,5-b],[40,50-i])dibenzo-[1,4]-dioxin
BTE 4,40,400-(benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)) tribenzoate
cbIm 5(6)-chlorobenzimidazolate

cbIm 5-chlorobenzimidazolate

dcbBn 1,2-dihydrocyclobutabenzene-3,6-dicarboxylic acid

DEF N,N0-diethylformamide

DMF dimethylformamide

dobpdc 4,40-dioxido-3,30-biphenyldicarboxylate
FIM 2-formylimidazolate

FIM 2-formylimidazolate

H(2)BPDC 4,40-biphenyldicarboxylic acid
H2T2DC thieno[3,2-b]thiophene-2,5-dicarboxylic acid

H4dhtp 2,5-dihydroxyterephtalic acid

HFBBA 4,40-(hexafluoroisopropylidene)dibenzoate
m-BDC m-benzenedicarboxylate
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mbIm 5(6)-methylbenzimidazolate

MIM 2-methylimidazolate

mtz 5-methyl-1H-tetrazolate
NH2-H2BDC 2-aminobenzene-1,4-dicarboxylic acid

nIm 2-nitroimidazole

phen 1,10-phenanthroline

PhIm benzimidazolate

PZDC pyrazine-2,3-dicarboxylate

TCPP-H2 4,40,400,4000-(porphyrin-5,10,15,20-tetrayl) tetrabenzoate
TPDC p-terphenyl-4,40-dicarboxylate
1.1 Introduction

MOFs have attracted important interest from chemists and biomedical engineering

scientists in the past two decades. MOF functions could be exactly tuned for biomedical

applications by a building block method; some strategies to precisely control the sizes and

morphologies of nanoscale MOFs are developed (nMOFs) and their applications in drug

delivery investigated, as MRI contrast agents, sensing, nitrogen oxide (NO) storage, and X-ray

computed tomography [1–7].

The importance of nomenclature or naming MOFs is to have a single name for a certain MOFs

which is the same wherever it originates. Nomenclature and terminology should produce

additional merit all the time. These are the implements to integrate new outcomes into the

larger structure of science, enabling us to move from the particular to the universal. New

terminology should also help us to practically argue about novel compounds, materials, and

phenomena with no need to go on via limitless introductions of descriptions. Similar kinds

of new materials prepared and analyzed by two or more subdisciplines of science usually lead

to the development of an ad hoc nomenclature from various perspectives, which may not

normally congregate into a reasonable result and are self-consistent [8]. Such double conditions

exist for metal-organic frameworks (MOFs) [9] and coordination polymers (CPs) [10];

compounds produced in interdisciplinary investigational fields originating from solid state,

inorganic, and coordination chemistry developed quickly throughout the past 15 years. The

diverse focus and scientific background of contributing investigators have resulted in copious

nomenclature propositions and applications for several subgroups therein and this group of

compounds [11]; besides, a distracting amount of acronyms are used for such materials.

Considering the bulk of literature in this field and their possible uses, the chemical industry is

also showing interest in this subject [12]. Accordingly, a project on MOFs and CPs, viz.,

nomenclature guidelines and terminology, has been launched by the IUPAC division of

Inorganic Chemistry [13]. The present communication summarizes the activities of the

taskforce hitherto and the interplays that have been established with scientists in the area. With

regard to stringent terminology, CP is an IUPAC-approved term [14], but only comprise

straight-chain polymers (1D), and not 2D or 3D compounds. Therefore, the systematic terming
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of these compounds would also need consideration alongside the nomenclature task.

Previous research obviously indicates that logical subjects for one group of scientists might be

objectionable to a different group. In here, it can be noted that the association between a

substance (“the real world”) and the terms used to define it is by nomeans “ideally transparent.”

Conversely, such an association is one of the main unresolved philosophical queries of the

20th century, with the controversial works of Ludwig Wittgenstein at the heart of the

debate [15]. This communication does not aim to offer any formal propositions in due time

including thinking between different groups, introduce some thoughts, and providing a

schedule for additional investigation in this field. The authors seek to define the two mostly

applied names, usually with overlying meanings, MOFs and CP, after a short outline on

polymers and coordination compounds.
1.2 What is coordination compound?

The Rules of Inorganic Nomenclature (IUPAC recommendations 2005 which is informally

called the Red Book) defines “coordination entity” thus. Any of a class of substances with

chemical structures in which a central usually of metallic atom or ion combined with

nonmetal atoms, groups, or molecules is called ligand by coordinate bonds [16].
1.3 What are polymer and coordination polymer?

J.J. Berzelius (1833) was the first to employ the term “polymer” to define all compounds

which could be formulated as containing several units of a basic building block [17].

Y. Shibata (1916) [18] was the first to use “coordination polymer” to define trimers and dimers

of various cobalt(II) ammine nitrates. The term has been continuously used in the scientific

works as of the 1950s through apparently the pioneering review published in 1964 [19–21].
It is also notable that there is a tutorial review on “organometallic polymers” from 1981 [22].

The more traditional (organic) polymers were only nominated in 1922 when H. Staudinger

suggested that the substances formerly identified as “colloids” (e.g., such as Bakelite) were

actually monomers adhering jointly by covalent bonds to create materials currently recognized

as (organic) polymers [17]. The continuous application of CP word as approved by the

IUPAC would appear to be uncomplicated as long as properties remain because even matters

normally acknowledged to be polymers (e.g., the above Bakelite, DNA, polyethylene, and

cellulose) share some, if present, physical attributes. Typical polymer chemistry

textbooks, e.g., Introduction to Polymer Chemistry (Carraher, 2010), also contain chapters on

“CPs” [23]. Nevertheless, it can be objected that “poly-” in English means its Greek root—

“more than one”; not “infinity,” as what could be reached in a properly sized crystal. An

extremely polymerized organic polymer is ultrahigh-molecular-weight polyethylene, with up

to 200,000 reiterating units, but typically traditional polymers have far lesser levels of

polymerization. On the contrary, a 0.1 mm cubic crystal of a coordination compound
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spreading limitlessly in all three directions of space by coordination bonds (a

3D coordination polymer) may simply contain 1015 reiterating units (unit cell sides 10 Å, 1

molecule per cell), with 109 order of magnitude. Nonetheless, the “degree of

polymerization” should be less for an equivalent 1D case corresponding to the 10th of a crystal

side divided by the unit cell length; in our case 100,000, which assumes a complete, single

domain, and very scarce crystal. Thus, the practical number of reiterating units will be

fewer. Interestingly, a universal opinion in the initial years of crystallography stated that

all crystals were polymers because lots of mainly English-speaking chemists repudiated the

presence of nonmolecular crystals. For instance, the following criticisms emerged in

Nature 1927: “Prof. W.L. Bragg declares that, ‘In sodium chloride apparently no molecules

exist symbolized by NaCl.’ This expression is unbelievable. Whatever X-ray physics may be,

chemistry is neither chess nor geometry” [24].

The present IUPAC-proposed descriptions include the following: Polymer is “a substance

consisting of macromolecules” [25]. Macromolecule is “a molecule of high relative molecular

mass, the structure of which basically contains several reiteration of units derived, truly or

theoretically, from molecules of low relative molecular mass” [26].

1.4 What is a CP?

It is arguable that AgCl(s) is a CP as the coordination objects, and probably polynuclear species

as well, are separately existent in solution. Despite this, the compound hardly fulfills the

standard of having the composition of macromolecules. From another standpoint, is it

possible to consider the materials produced in this way as having the composition of

macromolecules by changing the chlorides for 4,40-bipyridine or 1,3-benzenedicarboxylate,?

About another theoretical level in which polymers are identified with such properties as

plasticity, it can be argued that such polymers hardly exist in crystalline systems. This can

contradict the subgroup of CPs named “soft.” Furthermore, if crystallinity is an

incompatible standard for a polymer, how do we deal with the well-known amorphous

vanadium tetracyanoethylene radical magnetic materials [27] from the Miller group?

Therefore, it is generally obvious that a crystalline material is not essentially a polymer; yet,

an easy discrimination may not always be possible.

1.5 Metal-organic framework

The term has rather originated recently [28], taking a plurality of means for which many

scientists have proposed more or less overlapping descriptions.

Here, it is not proposed that terminology problems are best resolvable by a public voting; yet,

some points are worthy of note. A relatively considerable minor group, 21 out of 91,

consider that MOFs should be confirmed proliferous by determining gas sorption isotherms;

however, this is not agreed upon by any of the scientists affiliated with the journals
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CrystEngComm, Dalton Transactions, and Crystal Design & Growth. The work group also

believes that this stringent meaning might be problematic to apply and, additionally, could

indispose numerous substances categorized asMOFs’ previous surveys concernedwith this class.

In addition, this is considered to be unworthy that merely 8% of the responses show that

carboxylate is a determining fragment of a MOF. Meanwhile, no one is rejecting the significance

and the crucial emergence for the whole field once these substances began to launch.

1.6 “Organic” in metal-organic

There is no awareness of an IUPAC description of organic, and it may be useful that there

are still few fairly blurry terms. Thus, no attempt is made to alter this condition, so either

diethyl triamine, acetylacetonate, aminopolycarboxylic acids, cyclopentadienyl, glycinate,

oxalates, cyanides, and triazacyclononane are regarded as organic or inorganic will be

assigned to the discernment of individual chemists.

1.7 Nomenclature of MOFs

Worthy of note is the term porous structures, or open structures (frameworks), suggesting that

disordered unbound solvent molecules are able to infiltrate cavities of a certain structure

(framework) and simply get it out. The term MOF infers not only the presence of a porous

structure, but also robust bonds rendering a rigid framework with a clear-cut geometry in

which joining structural units can be substituted during the production [10]. Otherwise stated,

such materials should have a clearly pronounced crystal construct being a basic standard

for creating a perfect configuration—property associations [29–31]. The acronym MOF is

regularly employed as a global term for this group of compounds; however, it means a distinct

metal-organic structure if an ordinal number follows the MOF (Table 1.1, lines 1–11).
Analyzing a multitude of constructs and MOF attributes allows to establish standards for

designing framework structureswith preferred features as [32], for instance, in the class ofMOFs

with a similar symmetry IRMOF-1 and IRMOF-2 (isoreticular metal-organic frameworks)

(see Table 1.1, lines 12–20) [33]. A large number of descriptions exist equivalent to the grouping

of the investigational classes which manufactured these MOFs, for instance, CPL, F-MOF-1,

MOP-1, (see Table 1.1, lines 21–23), and so forth. Investigators from Russia [34–38] and China
[39,40] mostly apply the term “metal-organic coordination polymers” with identified

conformation. Plenty of MOFs are integrated into groups with similar letter denomination not

in accordance with the resemblance of their structures (as noted by the above instances), but

based on the location of their detection. These categories, for instance, includeMIL, UiO, UAC,

UTSA, HKUST, LIC, and so on (see Table 1.1, lines 24–43). The zeolite topology comprises

another great class of MOFs. Tetrahedra consisting of nitrogen atoms encompass metal ions

(Fe, Co, Cu, Zn, etc.) and are linked via imidazole rings whichmay comewith various activities.

The acronym ZIF (zeolite imidazolate framework) introduces these MOFs by a number

(seeTable 1.1, lines 44–52).Apart fromorganic polymers forwhich the functional, physical, and



Table 1.1: Examples of typical MOF names and their composition.

No. Designation Formula

Abbreviation

interpretation

1 MOF-5 Zn4O(BDC)2
2 MOF-11 Co2(ad)2(CO2CH3)2
3 MOF-177 Zn4O(BTB)2
4 MOF-74-Zn Zn2(H4dhtp)
5 MOF-101 Cu2(BDC-Br)2(H2O)2
6 MOF-505 Cu2(bptc)(H2O)3(DMF)3 Metal-organic framework
7 MOF-525 Zr6O4(OH)4(TCPP-Fe)3
8 MOF-200 Zn4O(BBC)2
9 MOF-210 (Zn4O)3(BTE)4(BPDC)3
10 MOF-235 [Fe3O(BDC)3(DMF)3][FeCl4]�(DMF)3
11 MOF-253 Al(OH)(BPYDC)
12 IRMOF-1 (MOF-5) Zn4O(BDC)3�7DEF�3H2O
13 IRMOF-2 Zn4O(2-Br-1,4-H2bdc)3
14 IRMOF-3 Zn4O(NH2-H2BDC)3
15 IRMOF-6 Zn4O(dcbBn)3
16 IRMOF-9 Zn4O(H(2)BPDC)3 Isoreticular metal-organic

framework
17 IRMOF-13 Zn4O(2,7-PDC)3
18 IRMOF-16 Zn4O(TPDC)3�17DEF�2H2O
19 IRMOF-20 Zn4O(H2T2DC)3
20 Mg-IRMOF-74 Mg2(dobpdc)
21 CPL-2 Cu2(PZDC)2(4,4

0-BPY) Coordination polymer
with pillared layer

structure
22 F-MOF-1 [Cu(HFBBA)(phen)2](H2HFBBA)2(H2O)

(HCO2)
Fluorinated metal-organic

framework
23 MOP-1 Cu24(m-BDC)24(DMF)14(H2O)10 Metal-organic polyhedra
24 MIL-53-Al Al(OH)(BDC)
25 MIL-53(Al)-NH2 Al(OH)(BDC-NH2)
26 MIL-100-Fe [Fe3(μ3-O)(μ6-BTC)2F(H2O)2]n
27 MIL-101 Cr3O(H2O)2F�(BDC)3�nH2O
28 MIL-88B-4CH3 2Fe3O(OH)(H2O)2(BDC-Me2)3

Materials of Institut
Lavoisier29 MIL-88-Fe Fe3O(MeOH)3(O2C(CH2)2CO2)3�AcO�

(MeOH)4.5
30 MIL-88A Fe3O(MeOH)3(O2CCH]

CHCO2)3�MeCO2�nH2O
31 MIL-125-NH2-Ti Ti8O8(OH)4(BDC-NH2)6)
32 UiO-66 Zr6O6(BDC)6
33 UiO-67 Zr6O6(BPDC)6 Universitetet i Oslo
34 UiO-68 Zr6O6(TPDC)6
35 UAC-1 (Al4(OH)2(OCH3)4(BDC-NH2)3�xH2O Chung Ang University-1
36 UTSA-49 Zn(mtz)2 University of Texas at San

Antonio
37 HKUST-1 Cu3(BTC)2 Hong Kong University of

Science and Technology
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Table 1.1: Examples of typical MOF names and their composition—cont’d

No. Designation Formula

Abbreviation

interpretation

38 LIC-1 Gd2(BDC-NH2)3(DMF)4 Leiden Institute of
Chemistry

39 NNU-28 Zr6O4(OH)4(L)6 Northwestern University
40 MFU-4l Zn5Cl4(btdd)3 Metal-organic framework

Ulm University
41 SNU-51 [Zn2(bdcppi)(DMF)3]�6 DMF�4H2O Seoul National University
42 SUMOF-1 M6(btb)4(bipy)3 Stockholm University

Metal-Organic Framework
43 UMCM-1 Zn4O(BDC)(BTB)4/3 University of Michigan

Crystalline Material
44 ZIF-7 Zn(PhIm)2
45 ZIF-8 Zn(MIM)2
46 ZIF-67 Co(MIM)2
47 ZIF-68 Zn(bIm)(nIm)
48 ZIF-69 Zn(cbIm)(nIm)

Zeolite imidazolate
framework

49 ZIF-90 Zn(FIM)2
50 ZIF-300 Zn(2-mIm)0.86(bbIm)1.14
51 ZIF-301 Zn(2-mIm)0.94(cbIm)1.06
52 ZIF-302 Zn(2-mIm)0.67(mbIm)1.33
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optical properties are, by foremost, characterized by the characteristics and the amount of

monomeric units in the chain, the interconnection of constructing units in the frameworkmainly

determines the characteristics ofmetal-organic frameworks.Hence, fabricationofMOFs implies

not only the selection of structural blocks of the framework, but also their characteristic

organization in the solid phase [41].
1.8 CP versus MOF

According to some of the responses to our investigation, the whole possible cases are covered

by 1D, 2D or 3D CPs, and that the MOF is a supernumerary word and could be excluded

from use. However, the IUPAC workgroup does not believe in this. “MOF” is currently a

commonly used word so that it would not vanish due to a paper in Pure and Applied Chemistry.

It is also advantageous as being close to a self-description. Accordingly, “coordination

polymer” and “porous coordination polymer” are perhaps easily grasped by chemists. But,

coordination chemistry is typically an unfamiliar subject to academics in closely liked fields of

study, including biochemists, physicists, and even biologists, not to mention the

scientifically educated in the general population. In this class, however, many can develop an

instinctive apprehension of things obtained provided metal ions and organic molecules are

combined to any type of structure. More practically, another problem is that a bulk of
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individuals, mainly those going about the present topic from the solid state inorganic aspect, do

not use the term coordination chemists and “coordination polymer” and many do not apply

the term “metal-organic framework,” rendering a more challenging literature review.

Furthermore, one can notice that other generic terms including “hybrid inorganic-organic

materials” are used in related communications, which, to the authors’ views, are considered

to be insufficient as they denote few general configuration of the substance merely in a

wide-ranging, indeterminate manner [8].
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CHAPTER 2
Secondary building units of MOFs
Alexander Schoedel

Department of Biomedical and Chemical Engineering and Sciences, Florida Institute of Technology,
Melbourne, FL, United States
2.1 Introduction

Metal-organic crystals composed of single metal ions and functional linkers were discovered in

earnest in the late 1950s, but their enormous potential has long remained unnoticed [1–3]. Such
1D, 2D, and 3D structures are crystalline and therefore enabled the characterization at the

atomic level by means of single-crystal X-ray diffraction. They were later termed coordination

polymers, a class of materials that gained momentum in the 1990s, mainly due to their simple,

yet intriguing structures and newly emerging properties. However, in many cases, the weakness

of the coordination bond stalled efforts to establish permanent porosity due to framework

collapse. The quest for permanently porous materials, especially with respect to gas storage and

separation, then led to the development of highly robust architectures based upon metal-

carboxylate clusters. Such metal cluster entities, often referred to as secondary building units

(SBUs) [4], are joined together with multifunctional organic molecules, the linkers, to produce

metal-organic frameworks (MOFs). Since metal ions and linkers sustain one coordinationmode

within the SBUs, the overall coordination geometry leads to the formation of predictable

framework structures by virtue of crystal engineering [5] or reticular chemistry [6]. These

concepts provide many opportunities for creating robust metal-organic crystals by design and

for translating molecular functionality and reactivity into the solid state [7]. In contrast to

inorganic zeolites [8], mesoporous silica [9], and porous carbon [10], the modular nature of

MOFs, and their amenability to fine-tuning of properties, has led to growing scientific interest

over the past 20 years.
2.2 Concept

Unlike with conventional porous materials, knowledge about the topology of MOFs provides

fast opportunity to designed synthesis. The concept of reticular chemistry is the simplification

of MOF structures by deconstruction into their underlying nets, i.e., the atoms are the vertices

https://doi.org/10.1016/B978-0-12-816984-1.00003-2
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(or nodes) and are linked together by the bonds (edges). For example, in the diamond (dia)

structure, each carbon atom is a tetrahedral vertex, the bonds in between are the edges. This

concept can be adapted to larger, porous inorganic structures, such as zeolites, where the TO4 (T

¼ Si, Al) building unit is the tetrahedra and thedOd linker between them serves as the edge of

the net. In coordination polymers, the single metal ion serves as the vertex and the organic

linkers serve as the edges, joining the vertices together.

In MOFs constructed from multiatomic SBUs, usually their center of gravity (barycenter)

serves as a vertex and the organic linker as an edge. SBUs are usually classified according to

their points of extension (POE), the number of possible connections between them through

organic linkers.We tend to introduce this concept on the example of the famousHKUST-1 [11].

Each of the Cu2(dCOO)4 clusters contains two Cu ions, coordinated in a square planar

geometry by four carboxylate O (Fig. 2.1). The four carboxylate C then serve as POE in a square

planar-shaped SBU (shown in green). Simplification of this multiatomic SBU to its barycenter

renders it into a 4-c node. The tritopic BTC linker (H3BTC¼ 1,3,5-benzene tricarboxylic acid)

corresponds to a 3-c node as shown. The topology of the resulting (3,4)-c net is twisted boracite

(tbo). For illustration purposes the augmented version of the net, here tbo-a, is often used by

replacing the nodes by coordination figures (4-c squares and 3-c triangles). The augmented net

directly illustrates the shapes of the vertex figures with nodes sustained by the POE. Moreover,

in the ideal or maximum symmetry embedding, the edges within and between the vertex figures

are equal and unity.

In all SBUs, the minimum number of POE is three, a triangular-shaped building unit. Terminal

and 2-coordinated metal clusters exist in MOFs; however, they have no influence on the

underlying net topology. To the best of our knowledge, the maximum number of POE for

discrete metal-carboxylate clusters is 24, creating a rhombicuboctahedron. Augmented and

often porous metal-containing building units are termed metal-organic polyhedra (MOPs),

which can serve as highly connected nodes in MOFs. The barycenter of the whole MOP

represents the vertex of the net, linked together by the organic moieties. These nets are

amenable to further deconstruction into multinodal ones, based on metal-oxide SBUs and

branched organic linkers. Another class of SBUs are infinite in one dimension and sustain
Fig. 2.1
Deconstruction of Cu2(dCOO)4 l and triangular-shaped building units. Color code: black, C; red, O;

blue polyhedra, Cu. Hydrogen atoms are omitted for clarity.
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so-called rod MOFs. The lack of a well-defined barycenter in these rod SBUs prevents the

determination of an “un-augmented” version of the rod pattern. Therefore, the topology of rod

MOFs is always based upon the POEs as nodes (Figs. 2.2 and 2.3).

Herein, we present each of the building units together with a different MOF structure that is

considered prototypal for an isoreticular (of the same net topology) class of MOFs [12]. These

prototypes are not always the default nets, i.e., the linear connection of such SBUs; however,

they often represent the most well-knownMOF. Properties and potential application of some of

these materials are briefly described to familiarize the reader with the importance of a particular

SBU and the framework (Fig. 2.3).

Regardless of the nature of MOFs, the pattern of POE defines the shape of the metal cluster

SBU. Therefore, it is important to assign POE properly in the organic functional groups bound

to the metal clusters. Fig. 2.4 illustrates the placement of POE for such functional groups. As

mentioned earlier, the carboxylate C is a POE as well as the pyridine N atom. In imidazolates

(-IM), the POE is the N atom bound to themetal. However, in imidazole-carboxylates, we prefer

the assignment of the POE as a fictive atom between the CdC bond of the five-membered ring.

In pyrazolates (-PZ) and tetrazolates (-TZ), with two N atoms linked to metals, we use a fictive

atom at the center of the NdN bond as POE. For triazolates (-TRZ) with three N atoms linked,

the POE is located at the center of the five-membered ring. For pairs ofdOH groups such as

in catechol, the POE is a fictive atom in the C-C bond. Pyridine-2-ol is handled similar to

carboxylate and the POE is placed on the C atom in the (dOCN) group.

First, we briefly introduce single metal nodes but mainly focus on metal-carboxylate SBUs,

since their architectural stability allows for achieving permanent porosity. The difference of

metal-carboxylate MOFs and metal-pyridine coordination polymers arises from the bond

energy between the building units, i.e., the bond of a neutral nitrogen moiety compared to an

anionic carboxylate to a charged metal cation. However, the bond energy still needs to be low

enough to enable reversible reactions and facilitate the growth of single crystals [13].

In particular, metal-carboxylate MOFs have gained traction by the end of the 1990s following

seminal contributions of Yaghi, Williams, and Kitagawa [11, 14, 15]. The first report on a

microporous (pore diameter <2.0 nm) material, termed MOF-2, established the determination

of surface area and pore volume. After synthesis the guest molecules were removed and

reversible type I gas sorption isotherms using nitrogen at 77 K were collected. This method has

since become the gold standard for proof of porosity.

High symmetry building units allow exquisite control over the coordination environment,

which makes them highly desirable for the rational design of new frameworks. Although there

are many different decorated clusters reported as discrete entities [16], only a dozen of them

have thus far been utilized in the construction of MOFs.



Fig. 2.2
M-O and M-N building units utilized in the construction of metal-organic frameworks. The

coordination ranges from 3 to 24. Color code: black, C; red, O; blue, N; light blue, metal; pink, points
of extension. Hydrogen atoms are omitted for clarity.



Fig. 2.3
Highly coordinated M-O and M-N building units, as well as MOPs and rod-like SBUs, utilized in the
construction of metal-organic frameworks. The coordination ranges from 12 to∞. Color code: black,
C; red, O; blue, N; light blue, metal; pink, points of extension. Hydrogen atoms are omitted for clarity.
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Fig. 2.4
Positions of points of extension (POE) in different functional groups. Color code: black, C; red, O;

blue, N; light blue, metal; pink, points of extension. Hydrogen atoms are omitted for clarity.
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2.3 Single metal nodes—Pillared square grids, ZMOFs, and ZIFs

Single metal nodes as building units were explored in the early 1990s, since many discrete

pyridine-based structures had previously been made and crystallized. The first 2-dimensional

square grid framework with formula Cd(BIPY)2(NO3)2 (BIPY ¼ 4,40-bipyridine) was
synthesized in 1994 [17]. It is composed of Cd(-PY)4 nodes, where each Cd2+ cation is

octahedrally coordinated by four pyridines in the equatorial plane and two charge-balancing

nitrate ions on the axial positions. These counterions are not a part of the building unit since

they are exchangeable without alteration of the framework structure or topology. A closely

related molecular material, in which square planar Pd2+ cations are coordinated by

ethylenediamine in a cis-fashion, inspired the framework design. Cd(BIPY)2(NO3)2 contains



Fig. 2.5
The octahedral 6-c M(-PY)4(-SiF6)2 building unit produces a pillared square grid framework of

formula M(BIPY)2(SiF6) with rectangular channels, termed SIFSIX-1-M. Color code: black, C; blue, N;
green, F; rose, Si; blue polyhedra, metal. Hydrogen atoms are omitted for clarity.
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large guest-filled voids and was the first coordination polymer to perform catalytic

cyanosilylation reactions of benzaldehyde and imines. Contributions during the mid-1990s on

M(BIPY)2 and related frameworks were crucial for the development of MOFs up until today.

Some of these coordination polymers fall under the stricter definition of MOFs (having

permanent porosity) and will be discussed here based on their metal nodes. In particular, we

focus on the octahedral M(-PY)4(-SiF6)2 building unit (Fig. 2.5) [18].

Each building unit contains a six coordinated, octahedral M2+ cation (M ¼ Cu, Zn, Ni, Co),

where four pyridine nitrogen and two fluorine of hexafluorosilicate act as POE. These

M(BIPY)2(SiF6) frameworks are charge balanced and often described as pillared square grid,

due to the anionic SiF6
2� in the axial positions. Depending on the synthetic conditions and the
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nature of M, M(BIPY)2(SiF6) crystallize as noninterpenetrated, permanently porous

frameworks with a 6-c primitive cubic (pcu) topology. The large square channels along the

crystallographic [001] axis have dimensions of 8 � 8 Å, and the empty space is about 50% of

the total unit cell volume. Materials of composition M(BIPY-n)2(SiF6) (BIPY-n generally

represents 4,40-bipyridine or its derivatives, i.e., linear linkers with two terminal aromatic

nitrogen donor moieties) are exceptional with respect to adsorption and separation of gases.

Remarkably, they can be fine-tuned in many ways by replacing both the organic linker and the

inorganic anion [19–22].

Other single metal building units are observed in a class termed zeolite-like metal-organic

frameworks (ZMOFs), first described in 2006 [23]. Zeolites are porous aluminosilicates

composed of 4-c TO4 tetrahedra, where the TdOdT bond angles (average 145°) play a

significant role in their large structural diversity. ZMOFs are based on the same principles;

however, the building units are augmented to MN4O2 or MN4O4. Therefore each metal cation

(mostly In3+ or Cd2+) is either eight coordinated by four pyridine, or pyrrole N and four

carboxylate O, or six coordinated by four pyridine, or pyrrole N and two carboxylate O. Herein,

we highlight the synthesis of rho-ZMOF from 1H-imidazole-4,5-dicarboxylic acid and In3+

(Fig. 2.6).

Each indium is eight coordinated in a dodecahedron geometry by four linkers through an N-,

O-hetero-chelation. Thus, the four POE can be placed between the middle carbons of these

five-membered rings. Linking of these augmented building units through the organic moiety

results in frameworks with zeolite topology (here: 4-c rho), depending on the angle of the

linker. This strategy toward ZMOFs was further explored and other topologies such as sodalite

(sod) were obtained from, e.g., 4,6-pyrimidinedicarboxylic acid. The bond strength of the

hetero-chelation to the single metal produced stable, permanently porous materials that were

utilized for encapsulation and catalysis, as well as gas adsorption [24–26].

Another class of zeolitic MOF structures was introduced in 2006 by combination of tetrahedral

metal nodes, such as Zn(-IM)4 and imidazolate linkers [27, 28]. Therefore, the name zeolitic

imidazolate frameworks (ZIFs) was coined. Although structures based on tetrahedral

coordinated metal cations and imidazolate linkers had been known for quite some time, the

synthetic strategy to produce a plethora of structures had not been discovered. A series of

12 ZIFs were reported using differently functionalized imidazolate linkers and different metal

salts. The obtained zeolite topologies were BCT, DFT, GIS, SOD, MER, and RHO [8]. Herein,

we highlight the synthesis of ZIF-8 with sod topology (Fig. 2.7). All ZIF structures are based on

nets of linked MN4 tetrahedra. In this context, the M–IM–M angle between the tetrahedral

building units plays an important role, and thus allows for the generation of zeolitic structures.

The topological diversity arises from the different functionalities at the imidazolate linker. ZIF-

8, together with ZIF-67, was used in UV-lithography techniques for bio-grafting of enzymes

onto their surfaces and subsequent catalysis reactions [29].



Fig. 2.6
The dodecahedral building unit In(-COOIM)4 serves as a 4-c node to construct zeolite-like MOF
structures, such as rho-ZMOF. Color code: black, C; red, O; blue, N; blue polyhedra, In; pink, POE.
The yellow sphere represents the empty space in the framework. Hydrogen atoms are omitted for

clarity.
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2.4 Traditional carboxylate based (metal-oxide) SBUs

In comparison to the majority of MOFs made from single metal nodes, the use of metal-

carboxylate clusters provides a roadmap toward robust MOFs showing permanent porosity.

First, we introduce 3-c carboxylate SBUs UO2(dCOO)3 that have recently regained popularity

due to their predictable geometry and high stability. Usually, uranium(VI) exists as a linear

uranyl cation [UO2]
2+ and coordinates three carboxylate groups in the equatorial plane to

generate a hexagonal bipyramid. The first uranyl coordination compound of this geometry was

sodium uranyl acetate, NaUO2(CH3COO)3, which was reported in the early 1930s [30]. The

default net for linking triangles of formula (UO2)2(BDC)3 (H2BDC¼ 1,4-benzenedicarboxylic

acid, Fig. 2.8) was obtained in 2006 through a hydrothermal reaction [31]. The compound

crystallizes in a 2-D 3-c honeycomb net (hcb) with a twofold interpenetration.



Fig. 2.7
Linking of tetrahedral M(-IM)4 building units produces a variety of ZIF structures (here: ZIF-8, using
2-methyl-imidazole). The crucial M-IM-M bond angle is highlighted. Color code: black, C; blue, N;
blue polyhedra, Zn. The yellow spheres represent the empty space in the framework. Hydrogen atoms

are omitted for clarity.
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Recently, the combination of UO2(dCOO)3 with Me3-BTB (Me3-H3BTB ¼ Trimethyl

benzenetribenzoic acid) produced a framework with formula (UO2)(Me3-BTB) [32]. The

methyl groups cause a distortion in the benzoate moieties, and therefore the formation of the

default 3-c hcb topology is impossible. The obtained MOF, termed NU-1301, shows a

previously unreported multinodal 3-c nun topology with an a ¼ 173.3 Å cubic unit cell, the

largest reported thus far for nonbiological materials. The cavities of the structure measure 5.0

and 6.2 nm in diameter, and NU-1301 shows the lowest density of any MOF to date

(0.124 g cm�3). NU-1301 exemplifies that there are still many highly porous materials to be

discovered, even by combination of relatively simple building units.

Square paddlewheels of formula M2(dCOO)4 are among the most commonly known SBUs in

MOFs and contain four POE. The molecular structure is well known as it is found in copper(II)

acetate hydrate with formula Cu2(CH3COO)4(H2O)2. Each copper ion is coordinated in a

square pyramidal fashion by four carboxylate O and one water molecule. Paddlewheels can be



Fig. 2.8
(UO2)2(BDC)3 crystallizes in the default 3-c hcb topology. Color code: black, C; red, O; blue

polyhedra, U. Hydrogen atoms and interpenetrated nets are omitted for clarity.
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linked to a variety of multitopic organic molecules to produce functional frameworks.

Especially copper and zinc variants readily crystallize under mild synthetic conditions, leading

to predictable structure outcomes.

HKUST-1, or MOF-199, is probably the most well-known MOF built from Cu2(dCOO)4
paddlewheel clusters (Fig. 2.9) [11]. When linked to tritopic BTC linkers (H3BTC ¼ benzene-

1,3,5-tricarboxylic acid), Cu3(BTC)2 is produced. It crystallizes in a cubic structure with the

binodal (3,4)-c tbo (twisted boracite) topology. This framework is prototypical and facile to

prepare. Measurements of BET surface area after full activation have revealed around

1800 m2 g�1. HKUST-1 was used as bioreactor by shaping it into hollow capsules with

selective permeability [33]. Many variants of HKUST-1 were synthesized, including the use of

different metal cations and isoreticular variants by using longer linkers. MOF-399 of formula

Cu3(BBC)2 (H3BBC¼ 4,40,400-(benzene-1,3,5-triyl-tris(benzene-4,1-diyl))tribenzoic acid) had
long been known for having the lowest crystal density in MOFs (0.126 g cm�3) before

NU-1301 was reported [34].



Fig. 2.9
HKUST-1 composed of square paddlewheel Cu2(dCOO)4 SBUs and triangular BTC linkers. Color
code: black, C; red, O; blue polyhedra, Cu. The yellow spheres represent the empty space in the

framework. Hydrogen atoms are omitted for clarity.
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An important property of the Cu2(dCOO)4 SBUwas subsequently discovered inMOF-11 with

formula Cu2(ATC) (H4ATC ¼ adamantane-1,3,5,7-tetracarboxylic acid) [35]. The framework

is made from square paddlewheel SBUs and tetratopic, tetrahedral-shaped ATC linkers.

Therefore, the underlying net is composed of linking square and tetrahedral building units,

leading to a binodal 4-c pts topology. Although the SBU is generally described as

Cu2(dCOO)4, it contains two axial water/solvent molecules in its as-synthesized form

Cu2(dCOO)4(H2O)2. MOF-11 marks the discovery of open metal sites (OMS) in a framework

after removal of such water/solvent molecules for the first time. It was shown that OMS are

crucial for catalysis, gas adsorption, or postsynthetic modifications.

Zn4O(dCOO)6 represented the first type of a 6-c SBU, showing an octahedral geometry. The

structure of basic zinc acetate Zn4O(CH3COO)6 is known as a molecular compound since the

1950s [36]. It consists of a single μ4-O in the middle bound to four Zn2+ to form a Zn4O

tetrahedron. Each tetrahedron is then coordinated by three bridging carboxylates to the other

Zn4O tetrahedra. The carboxylate carbons, i.e., the POE, form the overall octahedron (Fig.

2.10). Besides Zn, this structure has also been observed for Co and Be, as well as mixed metals.

The first MOF containing the Zn4O(dCOO)6 SBU, Zn4O(BDC)3, was synthesized in the late

1990s and termed MOF-5, in reminiscence of the famous zeolite ZSM-5 [37]. The framework

shows the default topology for linear connection of octahedra, 6-c pcu (primitive cubic). The

robustness of the SBU allowed for activation of the framework through guest removal and

nitrogen gas adsorption (77 K) experiments. They revealed an estimated Langmuir surface area

of 2900 m2 g�1 and a pore volume of 1.04 cm3 g�1. These values exceeded by far all

conventional porous materials known at the time such as zeolites, silicates, or porous carbon

[8–10]. Therefore, the utilization of strong bonds from the metal-cluster SBUs to the linkers



Fig. 2.10
Zn4O(dCOO)6 as a 6-c node in MOF-5 andMOF-177. Color code: black, C; red, O; blue polyhedra,
Zn. The yellow sphere represents the empty space in the framework. Hydrogen atoms are omitted for

clarity.
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represented a turning point in the field, from metal-pyridine bonds toward more robust

metal-carboxylate bonds. This strategy then enabled the synthesis of many framework

materials with structural integrity, permanent porosity, and high surface areas.

However, since the pcu topology is self-dual, interpenetration can occur at a certain linker length,

which is detrimental to achieving high surface areas [12]. In 2004, a new design approach was

introduced based on Zn4O(dCOO)6 SBUs and triangular BTB linkers (H3BTB ¼ 4,40,400-
benzene-1,3,5-triyl-tribenzoate) [38]. The highly porous framework Zn4O(BTB)2, MOF-177,

was produced consisting of linked octahedra and triangles in a 5-nodal (3,6)-c qom net. In

contrast to the other possible (3,6)-c nets, rtl (rutile) and pyr (pyrite), qom is not self-dual and

therefore interpenetration is inherently precluded. Porosity measurements using N2 at 77 K

revealed a Langmuir surface area of 4500 m2 g�1 and a pore volume of 1.59 cm3 g�1. The

importance of the Zn4O(dCOO)6 SBU is underlined by numerous reports on robust and highly

porous frameworks. For example, the use of mixed linkers—a linear (H2BPDC ¼
4,4-biphenyldicarboxylic acid) and a triangular (H3BTE)—enabled the synthesis of MOF-210

with a previously unknown (3,6)-c toz topology. At the time, this material held the world record

in BET area with a value of 6240 m2 g�1 and also shows a large pore volume of 3.60 cm3 g�1.

Another large class of 6-c nets is composed of a very common metal-oxide cluster, the

M3O(dCOO)6 trigonal prism. It consists of a central μ3-O bound to three M2+/3+ to form an

M3O triangle. Each of the four equatorial positions at the MO6-octrahedra is coordinated by
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carboxylates, where the carbons, i.e., the POE, form an overall trigonal prism. A water/solvent

molecule or a charge-balancing anion occupies the remaining coordination sites in the

as-synthesized cluster. Basic chromium(III)-acetate, [Cr3O(CH3COO)6(H2O)3]Cl, was first

synthesized around 100 years ago and its structure was elucidated by single-crystal X-ray

diffraction in 1965 [39].

Linking of M3O(dCOO)6 SBUs was initially explored through the use of linear

dicarboxylates, producing a series of frameworks, termed MIL-88 (MIL ¼ Materials of

Institute Lavoisier) as well as MOF-235 (Fig. 2.11) [40, 41]. The trigonal prismatic SBUs were

mainly based on chromium(III) and iron(III) and resulted in many isoreticular structures. MOF-

235 and -236 were afforded by linear linking of trigonal prisms with BDC and mBDC, and the

default topology was identified as 6-c acs [41]. The framework of MOF-235 is identical to the
Fig. 2.11
M3O(dCOO)6 trigonal prismatic SBUs with linear linkers to produce the default 6-c acs net, and with
two linkers as well as an octahedral Zn2(dCOO)4(dPY)2 SBU to produce the complex tp-PMBB-1-
lon-e framework. Color code: black, C; red, O; blue, N; blue polyhedra, Cr; pink polyhedra, Zn. The
yellow sphere represents the empty space in the framework. Hydrogen atoms are omitted for clarity.
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reported MIL-88B, although containing different guest molecules. The isoreticular MIL-88

series consists of linkers having different length such as H2EDC (ethene-1,2-dicarboxylic acid

¼ fumaric acid, MIL-88A), H2BDC (MIL-88B), H2NDC (1,4-naphthalenedicarboxylic acid,

MIL-88C), and H2BPDC (4,4-biphenyldicarboxylic acid, MIL-88D) [42]. MIL-88A represents

the parent compound and was studied in terms of nitric oxide adsorption and delivery in

biomedical applications [43, 44]. All MOFs undergo large structural changes, when exposed to

different guest molecules [45]. In the MIL-88 series, these reversible breathing phenomena

might reach high amplitudes of up to 270% of the original unit cell volumes, without loss of

crystallinity. MIL-88 variants were also investigated as nanoscale carriers for antitumor and

retroviral drug delivery and imaging [46].

A higher complexity in MOFs can be obtained if two SBUs are combined with two linkers. In

2013, we utilized a two-step approach to address a strategy that leads to a variety of 3-D MOFs

with lon-e (lonsdaleite-e) topology based on 6-c trigonal prismatic M3O(dCOO)6 and 6-c

octahedral Zn2(dCOO)4(dPY)2 SBUs [47]. The two-step approach relies on preformation of

a decorated Cr3O(dPCA)6 SBU (HPCA ¼ 4-pyridine carboxylic acid, tp-PMBB-1), which is

isolated in the first step. The highly soluble cluster is then dissolved and subsequently

connected to the axial positions of Zn2(dCOO)4(dPY)2. This SBU is in turn part of an in situ

formed undulating 4-c kgm (kagome) net when reacted together withmBDC. It was shown that

a versatile class of MOFs could be obtained using nine different angular linkers. The series was

systematically studied in terms of gas sorption performance with respect to carbon dioxide and

methane.

2.5 Highly coordinated carboxylate-based (metal-oxide) SBUs

In the context of metal-carboxylate MOFs, we would like to highlight the special role of Zr6-

carboxylate clusters since they can serve as 4-c, up to 12-c nodes, depending on the linker and

the synthetic conditions. Zr6O4(OH)4(dCOO)12 SBUs were in earnest discovered in a 12-c fcu

topology framework termed UiO-66 [48]. Following this seminal contribution, Zr-MOFs

gained traction in 2011 and are nowadays widely investigated due to their high stability and low

toxicity. Close to 100 crystal structures are reported per year, as revealed by a search in the

Cambridge Structural Database [49]. We herein introduce a handful of Zr-clusters with

different numbers of POE (Fig. 2.12).

Only very recently, a 4-c Zr6O4(OH)6(HCOO)6(dCOO)4 SBU was obtained through the

reaction of zirconium(IV) salts with a rectangular-shaped TPTC linker (H4TPTC ¼
[1,10,40,100-terphenyl]-3,300,5,500-tetracarboxylic acid) [50]. The 3-D framework termed

NU-1400 of formula Zr6O4(OH)6(HCOO)6(TPTC) shows rhombic-shaped pores. The topology

is reported as 4-c lvt that is predetermined to flexibility and comparable by oversimplification

to 4-c sra. However, since the linker geometry is rectangular, rather than square, we prefer to

deconstruct it into two joint triangular nodes according to a well-established deconstruction



Fig. 2.12
Zr6-SBUs with different number of points of extension. Rectangle or square (4-c), trigonal antiprism or
octahedron (6-c), rectangular prism or cube (8-c), and cuboctahedron (12-c). Color code: black, C;
red, O; blue, N; blue polyhedra, Zr. The yellow and purple spheres represent the empty space in the

framework. Hydrogen atoms are omitted for clarity.
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approach [51]. It thus renders the 4-c lvt into a (3,4)-c lim topology which is amenable to

isoreticular synthesis

If two OH groups are substituted by two linker carboxylates (dCOO), a 6-c

Zr6O4(OH)4(HCOO)6(dCOO)6 SBU is obtained. An early example of such SBUs can be

found in MOF-808 with a formula of Zr6O4(OH)4(BTC)2(HCOO)6 [52]. The 6-c Zr-cluster

shows an overall trigonal antiprismatic (D3d) geometry and therefore leads to a (3,6)-c spn

topology.We would like to note here that in the maximum symmetry embedding of the spn net,

the 6-c node is an ideal octahedron (Oh). MOF-808 has an internal pore diameter of 18.4 Å and

the high thermal and chemical stability of the SBU allowed for the first demonstration of

superacidity inMOFs [53]. In particular, the sulfate anions are grafted on the SBUs by replacing

formate anions in aqueous sulfuric acid.

A higher coordination of the SBU is observed in a framework termed MOF-545. It is

composed of 8-c Zr6O8(dCOO)8 SBUs, which, when combined with tetratopic TCPP linkers

(H4TCPP ¼ tetrakis(4-carboxyphenyl)porphyrin), produce Zr6O8(TCPP)2 [54]. Eight μ3-O
are located on the faces of the Zr6-octahedron, eight of the twelve edges are decorated with

bidentate carboxylate groups, and water molecules occupy the remaining coordination sites.

The POE, which are all the carboxylate C in the structure, form a rectangular prism.

Therefore, the vertex figure in the maximum symmetry embedding is a cube. A critical

element regarding the topology are the bond angles at the SBU, which, together with the

square planar TCPP linker, facilitate the formation of a (4,8)-c csq net. MOF-545 shows a

pore diameter of 36 Å, and exhibits a BET surface area of 2260 m2 g�1. Desymmetrization of

the square planar TCCP by replacement with TBAPy (H4TBAPy ¼ 1,3,6,8-tetrakis

(p-benzoic acid)pyrene) produces Zr6(OH)16(TBAPy)2 (NU-1000) [55]. Herein, the longer

axis of the pyrene core is aligned with the hexagonal [001] axis, which suggests a

deconstruction into two 3-c triangles, leading to a binodal (3,8)-c xly topology [56]. The

topology of the stable NU-1000 allowed for the postsynthetic linker exchange with TCPP to

produce a MOF for photodynamic therapy [57].

MOFs based on clusters with 12 POE were very rare until about 10 years ago, when the first

zirconium MOF UiO-66 was discovered [48]. The Zr6O4(OH)4(dCOO)12 SBU is decorated

with 12 carboxylate groups in a cuboctahedral geometry and, when linked with H2BDC,

produces Zr6O4(OH)4(BDC)6. The default net for linking cuboctahedra is 12-c fcu. UiO-66

shows small tetrahedral and larger octahedral cavities, and exhibits a Langmuir surface area of

1187 m2 g�1. The high coordination of the SBU, together with the strong nature of the

Zr-oxygen bond, contributes to the high thermal and chemical stability. Isoreticular MOFs with

H2BPDC (UiO-67) and H2TPDC (UiO-68) were synthesized and exhibit surface areas of 3000

and 4170 m2 g�1, respectively. Others utilized shorter linkers such as (H2EDC ¼
ethene-1,2-dicarboxylic acid, fumaric acid) to produce Zr-fum-MOF [58]. Such MOFs were

later shaped into nanoparticles for diagnostic and therapeutic applications [59]. The occurrence
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and characterization of defects on the molecular level of UiO-66 were also the subject of many

studies, but will not be further discussed in this review [60].

Another 12-c SBU was reported in a series of (4,12)-c shp topology MOFs. Rare earth metal

salts were reacted with tetratopic, square-shaped TCPP linkers (H4TCPP ¼ tetrakis

(4-carboxyphenyl) porphyrin), in the presence of 2-fluorobenzoic acid modulators, to produce

RE9O2(OH)12(TCPP)3 (RE ¼ Y, Tb), Y-shp-MOF-1 and Tb-shp-MOF-1 [61]. In the

RE9O2(OH)12(dCOO)12 SBU, three of the nine rare earth metal ions are each coordinated to

four μ3-OH and four carboxylate oxygen. A water molecule occupies the remaining

coordination site. The other six rare earth metals are bound to a μ3-oxygen, four μ3-OH, two
carboxylate oxygen, and a water ligand. The anionic (�5) charge of the cluster is balanced by in

situ generated dimethylammonium (DMA) cations. The 12 POE form an overall hexagonal

prismatic (d6R) geometry. Together with tetratopic linkers such as BTEB (H4BTEB¼ 1,2,4,5-

tetrakis(4-carboxyphenyl)benzene), a framework of formula RE9O2(OH)12(BTEB)3, termed

Y-shp-MOF-5, was afforded (Fig. 2.13) [62]. The hexagonal structure (P6/mmm) contains

triangular channels with a diameter of 11 Å, and a hexagonal prismatic cage with 9.9 Å in
Fig. 2.13
Schematic of the (4,12)-c Y-shp-MOF-5 based on the 12-c hexagonal prismatic (d6R)

RE9O2(OH)12(dCOO)12 SBU. Color code: black, C; red, O; blue polyhedra, Y. Hydrogen atoms are
omitted for clarity.
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diameter (including v. d. W. radii). It has a slightly lower apparent BET surface area and a pore

volume of 1550 m2 g�1 and 0.61 cm3 g�1, respectively, when compared to the parent

compounds.

SBUs with high coordination (12-c, 16-c) are also sustained by ring-like SBUs of formula

Al8(OH)8(dCOO)16 and, when linked with BTB, produce MOF-519 andMOF-520 (Fig. 2.14)

[63]. The Al-cluster can potentially serve as a 16-c SBU. It is composed of eight octahedrally

coordinated Al3+ cations that are each bound by two μ3-OH and four bidentate carboxylate

groups. In MOF-520 four of the total 16 carboxylate binding sites are occupied by terminal

formate ligands, producing a 12-c Al8(OH)8(HCOO)4(dCOO)12 SBU. The topology of both

frameworks was earlier observed in Be12(OH)12(BTB)4 crystallizing in a (3,12)-c sum net [64].

However, we believe that the later reassignment to (3,12)-c fon is more suitable since it takes

the whole ring-like SBU into account. In MOF-519, the SBU contains partially uncoordinated

BTB linkers instead of formate, which narrows the pore space compared to MOF-520.
Fig. 2.14
MOF-520 composed of an Al8(OH)8(dCOO)16 SBU that shows 12 points of extension. Color code:
black, C; red, O; blue polyhedra, Al. The yellow sphere represents the empty space in the framework.

Hydrogen atoms are omitted for clarity.
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MOF-519 shows a BET surface area of 2400 m2 g�1 and can adsorb 259 cm3 cm�3 methane

with a deliverable capacity of 210 cm3 cm�3 between 5 and 65 bar and 298 K. InMOF-520, the

four coordination sites occupied with formate anions at the Al8(OH)8(dCOO)16 SBU have

allowed for the binding and alignment of molecules with varying size, complexity, and

functionality [65]. These molecules are highly ordered and could be refined with atomic

precision using single-crystal X-ray diffraction. It was also demonstrated that racemic mixtures

can be separated in chiral MOF-520 crystals and that structure determination of complex

molecules is feasible.

To the best of our knowledge, the only MOF sustained by an 18-c SBUwas discovered in 2014,

when yttrium nitrate was reacted with H3BTB, in the presence of a 2-fluorobenzoic acid

modulator. The anionic Y9(OH)11(dCOO)18 SBU is linked to triangular BTB to produce

Y9(OH)11(BTB)6, gea-MOF-1 (Fig. 2.15) [66]. The metal-oxide cluster contains nine metal

ions forming a tricapped trigonal prism. Each of the six yttrium ions at the trigonal prism is
Fig. 2.15
A (3,18)-c gea topology MOF composed of an anionic Y9(OH)11(dCOO)18 SBU with 18 points of

extension in the shape of an eto polyhedron. Color code: black, C; red, O; blue polyhedra, Y.
Hydrogen atoms are omitted for clarity.
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coordinated to four carboxylate O, three μ3-OH, and a μ2-OH. The three remaining Y ions are

coordinated by four carboxylate O and two μ3-OH. The overall negative charge of the SBU is

balanced by DMA generated in situ from DMF solvent molecules. The 18 POE sit at the

vertices of an eto polyhedronwhich can be viewed as the regular 12-c cuboctahedron (cuo) with

six additional POE. Its formation is a direct consequence of the incompatibility of 12-c and 3-c

building units in terms of edge-transitive nets. Viewed along the [001] axis, the (3,18)-c gea

topology can be understood as a pillared hxl net. The structure of gea-MOF-1 exhibits three

types of cavities with diameters 22.4, 14.6, and 5.6 Å, respectively. It shows an apparent BET

surface area of 1490 m2 g�1 and a pore volume of 0.58 cm3 g�1. Y-gea-MOF-1 was also used

as a catalyst in the coupling of carbon dioxide and epoxides.

In contrast to theMOPs discussed below, the unprecedented Zn16(HPO3)4(dCOO)24 is the only

metal-oxide cluster SBUwith 24 POE (Fig. 2.16) [67]. Twelve Zn cations are each tetrahedrally

coordinated by three carboxylate O, and one μ2-O of HPO3. The four remaining Zn ions show an

octahedral geometry, with three carboxylate O in a facial coordination and three μ2-O of HPO3.
Fig. 2.16
The highly coordinated Zn16(HPO3)4(dCOO)24 SBU produces a (3,4,24)-c ddy topology MOF,
termed IFMC-200. Color code: black, C; red, O; orange, P; blue polyhedra, Zn. The yellow spheres

represent the empty space in the framework. Hydrogen atoms are omitted for clarity.
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The carboxylate C that serves as POE forms an overall 24-c rhombicuboctahedron. When the

SBU is linked with PMPOC (H8PMPOC ¼ 5,50-((2,2-bis((3,5-dicarboxyphenoxy)methyl)

propane-1,3-diyl)bis(oxy))diisophthalic acid), containing a 3-c and a 4-c node, IFMC-200 of

formula Zn16(HPO3)4(PMPOC)4 is produced. The overall tropology (3,4,24)-c ddy in its

maximum symmetry embedding consists of truncated octahedra, squares, and triangles. IFMC-

200 is stable over a wide range of pH values and was utilized as a heterogeneous Lewis acid

catalyst for esterification of fatty acids with alcohols to produce biodiesel.
2.6 Nitrogen-containing SBUs—Pyrazoles, triazoles, tetrazoles, and
bio-MOFs

Nitrogen-containing SBUs are either based on neutral N-donor ligands such as pyridine (-PY) or

anionic N-donor ligands such as pyrazole, triazole, or tetrazole (-PZ, -TRZ, -TZ).

A triazole-based framework MFU-4 of formula Zn5(BBTA)3Cl4 [H2BBTA ¼ 1,5-dihydrobenzo

[1,2-d:4,5-d0]bis([1,2,3]triazole)],with a simple 6-c pcu net, was reported in 2009 (Fig. 2.17) [68].
Fig. 2.17
Structure of the Zn5(BBTA)3Cl4 (MFU-4), which crystallizes in a simple 6-c pcu topology. Color code:
black, C; blue, N; green, Cl; blue polyhedra, Zn. The yellow ball represents the open space in the

framework. Hydrogen atoms are omitted for clarity.
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The Zn5(-TRZ)3Cl4 SBU contains two differently coordinated Zn atoms. The central Zn is

coordinated in an octahedral fashion to six triazolate N. The four remaining Zn are tetrahedrally

coordinated to three triazolate N and one terminal Cl. Therefore, the overall vertex figure is an

octahedron, when imaginary POE are placed in the middle of the triazolate moieties. The cluster

SBU allows for solvent removal at temperatures above 250°C, and a high water stability as

proven by water adsorption isotherms.

In 2006, a (3,8)-c the topologyMOF was produced from a 8-c Mn4Cl(-TZ)8 SBU together with

BTT (H3BTT ¼ 1,3,5-benzenetristetrazole) (Fig. 2.18) [69]. Mn-BTT is an anionic MOF that

contains solvated manganese(II) cations to balance the charge. In the SBU, each manganese

atom is coordinated to a central μ4-Cl and additionally by four tetrazole N. The isostructural

Cu-BTT variant of formula (Cu4Cl)3(BTT)8 shows a higher stability than the Mn variant as

reflected by their experimental BET surface areas of 1100 and 2100 m2 g�1, respectively [70].

The higher number of OMS in Cu-BTT accounts for a higher hydrogen uptake of 2.42 wt% at
Fig. 2.18
Structure of the Cu4Cl(-TZ)8 SBUs that produce Cu-BTT. The 3,8-c the topology is composed of
cubes and triangles. Color code: black, C; blue, N; green, Cl; blue polyhedra, Cu. The yellow ball

represents the open space in the framework. Hydrogen atoms are omitted for clarity.
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77 K. In 2011, a (3,8)-c the topology framework based on a closely related Cu4Cl(COO)8 SBU

was reported [71].

Another M-N cluster SBU with even higher coordination was reported in 2013 [72]. The 12-c

Ni8(OH)4(H2O)2(-PZ)12 contains eight octahedrally coordinated Ni atoms and each of them is

bound to three μ4-OH or μ4-OH2, respectively, in addition to three pyrazolate N. The overall

geometry of the SBU is a cuboctahedron and as the direct consequence of the linear linking,

Ni8(OH)4(H2O)2(BDP)6 (H2BDP¼ 1,4-di(1H-pyrazol-4-yl)benzene) the default 12-c fcu net is

observed (Fig. 2.19). In analogy to UiO-66 the framework contains small tetrahedral and larger

octahedral cavities, and shows a BET surface area of 1770 m2 g�1. An isoreticular series of

expanded and functionalized frameworks was reported. They have high hydrolytic stability,
Fig. 2.19
The 12-c Ni8(OH)4(H2O)2(-PZ)12 SBUs are directly linked with BDP to produce

Ni8(OH)4(H2O)2(BDP)6 with 12-c fcu topology. Color code: black, C; red, O; blue, N; blue
polyhedra, Ni; pink, points of extension. The yellow spheres represent the empty space in the framework.

Hydrogen atoms are omitted for clarity.
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due to the strong metal-azolate bonds. Flouro-functionalized variants showed increased

hydrophobicity and were used for capturing volatile organic compounds such as chemical

warfare agents.

In 2012, a complex 12-c adenine-containing SBU was reported for the construction of a

mesoporous framework, Zn8O2(AD)4(BPDC)6 (HAD ¼ adenine), termed bio-MOF-100 (Fig.

2.20) [73]. The SBU of formula Zn8O2(AD)4(dCOO)12, specified by the authors as a ZABU

(zinc-adeninate building unit), contains 8 tetrahedrally coordinated Zn2+ and 4 AD as well as

12 carboxylates. The SBU shows the overall geometry of a truncated tetrahedron (tte), based on
Fig. 2.20
The 12-c Zn8O2(AD)4(dCOO)12 SBU is triple cross-linked with BPDC to afford bio-MOF-100 with
4-c lcs topology. Color code: black, C; red, O; blue, N; blue tetrahedra, Zn. The yellow sphere represents

the empty space in the framework. Hydrogen atoms are omitted for clarity.
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the carboxylate C as POE. Three POE on a tetrahedral vertex are linked through BPDC to a next

neighboring SBU, which renders bio-MOF-100 into a 4-c lcs net. This topology is different

from the default net for 4-c nodes dia because of the different conformation of the six-

membered rings. Cubic crystals of bio-MOF-100 show a large cell parameter and contain only

mesopores of 28 Å in diameter. An anionic framework termed bio-MOF-1, with a closely

related SBU, was utilized to host and release cationic drug molecules [74].
2.7 Metal-organic polyhedra

Thus far, M-O- and M-N-based clusters were introduced as SBUs in MOFs since they serve as

prerequisites toward design of topology and structure. Augmentation of such SBUs into larger

clusters facilitated higher coordination and thus higher porosity, as exemplified by bio-MOF-

100. In addition, such polyhedra are generally sustained by relatively simple building units and

can be isolated as discrete structures [75]. Themost important one in this class is termedMOP-1

Cu24(mBDC)24 with a rhombicuboctahedral (rco) shape (Fig. 2.21, middle) [76, 77].

MOP-1 is composed of 12 Cu2(dCOO)4 square paddlewheel SBUs and 24 mBDC linkers and

can serve as a 24-c building unit. For the first time, linking these so-called nanoballs with a 3-c

Cu3O(-TZ)3 SBU produced a (3,24)-c rht MOF (Fig. 2.22) [78].

The rht topology is the only mathematical possibility of combining 3-c and 24-c nodes.

However, it is the subject of an ongoing discussion, whether rht should be deconstructed into a
Fig. 2.21
Different levels of porosity in MOF building units. Color code: gray, C; red, O; blue, N; and blue
polyhedra, metal. The colored spheres represent the empty space in the polyhedral building units,

including v. d. Waals radii. Hydrogen atoms are omitted for clarity.



Fig. 2.22
Schematic of rht-MOF-1 sustained by a Cu24(-mBDC)24 building unit together with a triangular Cu3O
(-PZ)3 SBU. Color code: black, C; red, O; blue, N; blue polyhedra, Cu; pink, points of extension. The
yellow spheres represent the empty space in the framework. Hydrogen atoms are omitted for clarity.
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trinodal (3,4)-c ntt topology [51]. The derived ntt net takes into account that both the MOP and

the triangular, functionalized mBDC linker can be subjected to reticular chemistry approaches.

After discovery of rht-MOF-1, many functionalized and expanded hexacarboxylate linkers

were utilized to produce isoreticular rht frameworks. These reticular chemistry approaches

mostly rely on increasing the linker length and introduce functionality. In particular, rht-MOFs

can be expanded in two directions: First, the elongation of the triangular linker by introduction

of phenylene or acetylene units [79]. Second, the augmentation of theMOP by elongation of the

mBDC moiety [80]. Therefore, the use of MOPs represents an elegant strategy toward modular

structures showing very high porosity.
2.8 Infinite rod like SBUs

A metal-cluster SBU is generally built of metal atoms (M) bound to other metal atoms in the

same SBU either by M-X-M links (X is a nonmetal) or through a common point of extension,

such as M-O-C-O-M in carboxylates or M-N-N-M in pyrazolates. In rod SBUs the metal atoms

are linked by the same patterns into infinite rods. Principles of reticular chemistry apply to rod

MOFs in the same manner as to MOFs built from discrete SBUs. We tend to introduce our

description of rodMOFs using the well-knownMIL-53 [81]. Isoreticular frameworks areMOF-

71 and MIL-47 [82, 83]. We detail the deconstruction of MIL-53 with formula Cr(OH)(BDC)

and a rod SBU composition of [Cr(OH)(dCOO)2]∞ (Fig. 2.23). As in discrete SBUs, the

pattern of POE (carboxylate C) defines the shape of the metal SBU. However, the rod SBU

lacks a well-defined barycenter, which in turn means that there is no “un-augmented” net.
Fig. 2.23
MIL-53 having a 4-c sra topology framework based upon zigzag ladders of general formula

[MX(dCOO)2]∞ (X¼O,OH). Color code: black, C; red, O; blue polyhedra, Cr. Hydrogen atoms are
omitted for clarity.
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Therefore, the SBUs inMIL-53 are zigzag ladders that are directly linked by ditopic BDC into a

3-D framework. MIL-53 is a flexible framework and was utilized for the controlled, long-term

delivery of ibuprofen under physiological conditions [84].

The 4-c sra net is one of the most common topologies in MOF chemistry. The symbol sra is

derived from the positions of the Al net in SrAl2. The same topology is found in zeolites,

denoted as the zeolite framework type ABW.

Rod MOFs can also be composed of two or more vertex figures, as observed in MOF-910 with

formula Zn3(DOOPTPC∗)2, (H4DOOPTPC ¼ 300,400-dihydroxy-50-(6-hydroxypyridin-3-yl)-
[1,10:30,100-terphenyl]-4-carboxylic acid). The unique rod SBU of general formula

[M2(dCOO)(dC2O2)(dOPY)]∞ contains octahedra and tetrahedra in a ratio of 1:2 (Fig.

2.24) [85]. DOOPTPC∗ refers to a semiquinonate produced by an in situ one-electron oxidation

from a catechol. This oxidation changes the overall charge of the linker to�3. The topology of

MOF-910 is (3,6)-c tto. The rod SBU contains three distinct bidentate coordinating groups:

carboxylates (dCOO), benzosemiquinoate (dC2O2), and pyridonate (dOPY). The three

coordinating groups are not interchangeable due to the asymmetry of the tritopic linker. The

angular portion of the linker,dC2O2, anddOPY that coordinate to the same rod are crucial for

the formation of a helical SBU. Moreover, the distance between the functional groups defines

the pitch of this threefold helix. The different functional groups would also allow for reticular
Fig. 2.24
Three coordination modes are present in the complex rod SBU of MOF-910. The POE form octahedra
and tetrahedra in a ratio of 1:2. Color code: black, C; red, O; blue, N; blue polyhedra, metal; pink,

points of extension. Hydrogen atoms are omitted for clarity.
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chemistry approaches through expansion of the benzoate moiety without altering the

underlying tto topology.

Other rodMOFs, such as the famousMOF-74 and its isoreticular frameworks, were used for the

adsorption of large biomolecules [86]. Their large pore openings, up to 9.8 nm, enabled the

adsorption of Vitamin B12, myoglobin, and green fluorescent protein. A detailed review has

been published on the deconstruction and topology of MOF-74, among other rod MOFs [87].

2.9 Concluding remarks

In summary, we highlighted the importance of the SBU approach in MOF chemistry. The

formation of many robust metal clusters and their linkage with organic moieties through strong

bonds have provided unprecedented stability to metal-organic structures. Moreover, through

variable coordination and high symmetry, SBUs facilitate the design and synthesis of

frameworks using reticular chemistry approaches. The ever-growing number of SBUs, together

with linker design by virtue of synthetic organic chemistry, enables custom design of MOFs

nearly at will, amenable for any specific application. In this chapter, some material properties

are detailed to highlight the importance of crystalline MOFs that preserve structural integrity

and thus permanent porosity. The controlled SBU approach, which is unique to reticular

chemistry, is already producing porous crystals that are superior to many traditional porous

materials. In addition, their low toxicity and high stability make them perfect candidates for a

variety of biomedical applications. Thus, MOFs are expected to have an even larger scientific

and economic impact in the near future.
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CHAPTER 3
Mixed-metal systems for the
synthesis of MOFs
Jianqiang Liu, Ying Pan

School of Pharmacy, Guangdong Medical University, Dongguan, PR China
3.1 Introduction

Metal-organic frameworks (MOFs) are a novel type of crystalline porous materials, which are

governed by the precise combination of metal atoms with the organic struts [1–4]. The multiple

coordination chemistry of the metal cations, coupled with the availability of diverse

organic ligands, enables MOFs to be an attractive platform to integrate various functional

building blocks into one MOF system for multifunctional applications [5–7]. Therefore, the
selection of the metal resources and organic ligands is crucial for the design and synthesis

of novel functionalized MOF materials for specific applications in many fields [8]. Due to the

versatility and flexibility in MOF design and synthesis, the developed mixed-metal strategy

over MOFs allows for the incorporation of more than one types of metal center within the

same skeleton to afford heterometallic-organic frameworks [9, 10].

Mixed-metal-organic frameworks (MM-MOFs), in which two or more types of metal ions are

periodically arrayed throughout the framework, endow them with an additional degree of

structural diversity and a variety of advanced applications [10–13]. Dramatically, in

comparison to MOFs constructed with a single metal, heterometallic MOFs based on diverse

metal-containing building units have the following advantages: (i) exhibit a characteristic

and novel topological network; (ii) effectively improve the type and density of active metal

sites; (iii) easily facilitate the formation of ionic skeletons; (iv) facilely construct the formation

of a hierarchical channel, which can strengthen and boost the interaction forces of the host

and guest molecules. In view of the above situation, kinds of novel heterometallic MOFs have

been reasonably designed, which have been used in many fields (such as high-efficiency

gas capture and separation) because of synergetic or cooperative effects of different metals

within one structure [14–17]. However, the systematic research and exploration on the

synthetic methodology and applications of heterometallic MOFs are still immature.

https://doi.org/10.1016/B978-0-12-816984-1.00004-4
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One commonmethodology for the building of heterometallic MOFs is to incorporate more than

one type of metal cations to react with multicoordinated sites linkers in self-assembly. In other

words, heterometallic MOFs were constructed by more than two building blocks (e.g., two

metals plus linkers), which usually combined with N-donor and O-donor coligand (Fig. 3.1A).

From the processes of chemical synthesis, these heterometallicMOFs are generally obtained by

the solvothermal conditions through the mixtures of the suitable metal salts and the organic

linker in highly polar solvents [18–20]. The second approach is to introduce metal-organic

complexes as precursors to further bind to the metal cations (Fig. 3.1B). The metalloligands are
Fig. 3.1
Routes for syntheses of heterometallic MOFs: (A) direct self-assembly; (B) metalloligand as precursor;
(C) postsynthetic metalation (PSMet). Copyright from A.D. Burrows, Mixed-component metal-organic
frameworks (MC-MOFs): enhancing functionality through solid solution formation and surface modifications,
CrystEngComm 13 (2011) 3623–3642; D.J. Evans, C.J. Sumby, C.J. Doonan, Post-synthetic metalation

of metal-organic frameworks, Chem. Soc. Rev. 43 (2014) 5933–5951; C.D. Madhab, S.C. Xiang,
Z.J. Zhang, B.L. Chen, Functional mixed metal-organic frameworks with metalloligands, Angew. Chem. Int. Ed. 50

(2011) 10510–10520.
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utilized to bind with the second metal ions or metal clusters to form the heterometallic MOFs.

This approach will tune the pore sizes and curvatures and rationally immobilize different

metal sites (such as open metal sites, catalytically active metal sites, and photoactive metal

sites). The third method is postsynthetic metalation of MOFs; postsynthetic metalation

(PSMet) can be categorized into three pathways (Fig. 3.1C) [17]: (a) metal introduction in the

functional groups; (b) ion exchange in charged frameworks; or, (c) host-guest encapsulation

of metal-containing molecules within the pores. Six general strategies have been exploited

for the postsynthetic metal introduction to frameworks, including direct introduction to

noncoordinated functional groups; construction of a binding site at the linker; liberating binding

groups by an orthogonal deprotection step; formation of a coordinating site at a node;

outright linker exchange; and direct framework addition during the formation of a new

organometallic entity. The ion exchange in charged frameworks was developed and

mainly contained two approaches, exchange of metals coordinated to organic linkers and

exchange of extra-framework cations. However, the encapsulation of various metal-based

guests from the MOF host matrix has been employed and categorized as guest introduction,

nanoparticle formation, and “ship-in-a-bottle” self-assembly.

In fact, the feature of the integrating heterometallic MOFs is also an effective way of

increasing structural variation, which can result in the synergetic or cooperative effects

[21–24]. It is foreseen that a variety of heterometallic MOFs will exhibit great promise in

gas storage and separation, enantioselective separation, heterogeneous catalysis, sensing,

and as photoactive and nanoscale drug delivery and biomedical imaging materials in

the near future.

In this chapter, we summarized the synthetic strategy and structural diversity of the mixed-

metal MOFs system. A short discussion of the still remaining challenges in this new domain of

research is also proposed at the end of this chapter.
3.2 Mixed-metal MOFs

3.2.1 Mixed-metal MOFs with alkali metals

Alkaline cations can serve as favorable components in MOFs assembly because of their

versatile coordinative geometry, low polarizability, and unique affinity for various linkers [25].

Some documents have indicated that the introduction of Na+/K+ cations can be taken as a

feasible heterometallic strategy to change the size and geometry of the clusters, which will

induce the functional properties of MOFs [26]. Thus, the incorporation of alkali-metal

ions into the heterometallic framework is attractive because the alkali cations are related to

the active adsorption sites in the context of adsorbents. It is very necessary to understand

the role of alkali-metal cations in modulating the assemblies ofMOFs with unique architectures

and excellent properties.
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Du et al. reported two isostructural heterometallic MOFs, {[Cd3M6(TDPAT)2(H2O)9]�
xsolvent} (M ¼ K and Rb, H6TDPAT ¼ 2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-

triazine) [27], which were synthesized via solvothermal reaction. Both of them are 3D chiral

frameworks constructed by interpenetration of two identical 3D cage nets, which feature a

giant double-walled heterometallic cage M36Cd24(TDPAT)8@M54Cd24(TDPAT)8 (Fig. 3.2).

Later, they also have obtained series of heterometallic MOFs using the reactions of

Pb(OAc)2�3H2O, MNO3 (M ¼ K, Rb, and Cs) with m-H2BDC (1,3-H2BDC ¼ 1,3-

benzenedicarboxylic acid) in a mixed-solvent of DMF and methanol (v/v ¼ 2/1). They show

3D coordination frameworks built by a novel 12-metal heterometallic Pb6-M6 cage [28].

A heterometallic layered complex of {[Eu2Na(Hpddb)(pddb)2(CH3COO)2]�2.5(DMA)} was

designed and synthesized. It has been used to detect the nitrofuran antibiotics and toxic
Fig. 3.2
(A,B) The cage-within-cage network. (C) The hexagonal face constructed from 1 TDPAT ligand,

9 K+ and 3 Cd2+ ions (Cd, green; K, pink; C, gray; O, red; N, dark blue). (D) The outer tetrakaidecahedral
cage K54[Cd3(TDPAT)]8. (E) The inner tetrakaidecahedral cage K36[Cd3(TDPAT)]8. Copyright

from X.W. Xu, C.B. Tian, S.W. Du, Synthesis, structure and luminescence properties of two
Cd(II)/M(I) (M ¼ K, Rb) interpenetrated heterometallic frameworks based on giant double-walled cages,

CrystEngComm 19 (2017) 4269–4272.
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inorganic anions. These interesting results indicate that heterometallic materials can serve as

favorable multiple-responsive luminescence sensors to selectively recognize different kinds of

contaminants [29]. Ptak et al. had synthesized two heterometallic perovskite-type metal-

organic frameworks (MOFs) containing the ammonium cation (NH4+, Am+): [NH4]

[Na0.5Cr0.5(HCOO)3] (AmNaCr) and [NH4][Na0.5Al0.475Cr0.025(HCOO)3] (AmNaAlCr). The

optical properties show that both of these two materials exhibit Cr3+-based emission

characteristic of intermediate ligand field strength [30]. Du have tried to design and synthesize

a series of novel MOFs assembled from PbII and 2,3,5,6-tetrachloro-1,4-benzenedicarboxylic

acid by simply adding different alkali-metal ions as templates. Some of their structures

showed 3D rod-packing PbII-carboxylate framework and a 3DNaI-BDC-Cl4 (or Li
I-BDC-Cl4)

network. The results illustrate the powerful effect of the alkali-metal templates in MOFs

assemblies [25].
3.2.2 Mixed-metal MOFs with alkaline earth metals

Earth abundant alkaline earth metal centers (Mg, Ca, Sr, Ba), which possess several unique

attributes such as low-weight, low-cost as well as low-toxic, etc., serve as good candidates to

construct multifunctional heterometallic MOFs. As an archetypical alkaline earth metal ion,

Mg2+ is most commonly used to buildMM-MOFs. The typical example isMOF-74.Mg2+ is the

cation present in the “original” MOF-74 [31], which can coexist with several metal ions in a

single-crystal structure. For example, Yaghi and coworkers reported the syntheses and

characterization of a series of isostructural MM-MOFs, containing 2 (Mg, Co), 4 (Mg, Co, Ni,

Zn), 6 (Mg, Sr,Mn, Co, Ni, Zn), 8 (Mg, Ca, Sr, Mn, Fe, Co, Ni, Zn), and 10 (Mg, Ca, Sr, Ba,Mn,
Mg Ca Sr Ba Mn Fe Co Ni Zn Cd

M2M MOF 74 (Mg, Co)--

M4M MOF 74 (Mg, Co, Ni, Zn)--

M6M MOF 74 (Mg, Sr, Mn, Co, Ni, Zn)--

M8M MOF 74 (Mg, Ca, Sr, Mn, Fe ,Co , Ni, Zn)--

M10M MOF 74 (Mg, Ca, Sr, Ba, Mn, Fe ,Co , Ni, Zn,Cd)--

Fig. 3.3
Combination of metal ions used to synthesize MM-MOF-74. Copyright from S.R. Caskey, A.G. Wong-Foy,
A.J. Matzger, Dramatic tuning of carbon dioxide uptake via metal substitution in a coordination polymer with

cylindrical pores, J. Am. Chem. Soc. 130 (2008) 10870–10871.
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Fe, Co, Ni, Zn, Cd) divalent metals (Fig. 3.3). These materials were obtained through a

one-pot solvothermal reaction. H4DOT (DOT ¼ 2,5-dioxidoterephthalate) and the equimolar

amounts of specific metal salts (nitrate salts of Mg, Ca, Sr, Ba, Mn, Co, Ni, Zn and acetate

salts of Fe and Cd) were dissolved in a [10:0.6:0.6 (v/v/v)] mixture of DMF-ethanol-water,

while the mixture was placed in a vial and heated at 120°C for 20–24 h to yield crystalline

MM-MOF-74 samples [32]. Interestingly, the EDS results implied that each of these

MM-MOF-74 crystals contains all of the expected metals, but the distribution of these metals in

MOFs may be different. It is worth noting that the final molar ratio of the metal ions in a

single-crystal is influenced by many factors, including the reactivity, solubility, and

coordination environment of the metal ions and the pH of the reaction system.

Besides the aforementioned strategy for the synthesis of alkaline earth mixed-metal MOFs

in a single step, a different stepwise synthetic strategy has also been commonly explored,

which uses the appropriate metal complexes as “ligands”, i.e., one type of the metal ion first

assembled with the ligand, leaving other coordination sites to combine the second kind of

metal ions. Chen et al. reported a series of transition/alkaline earth MM-MOFs from 1D to

3D by selected [CuII(pzdc)2]
2�/[MII(Hpzdc)2] (M ¼ Co or Ni) (H2pzdc ¼ pyrazine 2,3-

dicarboxylic acid, ampy ¼ 2-amino-4-methylpyridine) as “metalloligands” to connect with

the alkaline earth cations (Ca2+, Sr2+, Ba2+) [33]. In general, different “metalloligands”

[Co(Hpzdc)2(H2O)2] (LCo), [Ni(Hpzdc)2(H2O)2] (LNi), and [Cu(pzdc)2(H2O)2]�2ampy�6H2O

(LCu) were first synthesized through a simple reaction. Typically, 1 mmol of (LCo, LNi, or LCu)

was dissolved in 20 mL of ethanol, then 2 mmol of the alkaline earth salts (Ca(NO3)2,

SrCl2, or BaCl2) was added to the mixture with stirring at room temperature for half an hour.

After the filtrate slowly evaporates at room temperature, the rod crystals were obtained.

The above results indicated that the ionic radii of the alkaline earth cations and the different

types of the alkaline earth metal salts anions have a significant influence on the structural

diversities. Pombeiro et al. developed a new 2D heterometallic CuII/Mg coordination polymer

by using Cu(NO3)2 and H3tea (triethanolamine) as a main ligand source, then added Mg(OH)2
(pH regulator and building block) to the alkalization of the obtained mixture, followed by

the addition of lithium pyromellitate as spacer source to in situ generated LiOH and H4pma

(1,2,4,5-benzenetetracarboxylic acid) self-assembly to form the [Cu2Mg2(μ-Htea)2(μ6-pma)

(H2O)6]n�6nH2O. The crystal structure of these Cu/Mg-MOFs is composed by infinite

interdigitated 2D metal-organic layers, which extend to an intricate 3D supramolecular

framework via H-bonds, demonstrating an unprecedented [Cu2Mg(μ-O)2(μ-COO)2]� core

and a specific net topology [34].

Alkaline earth and lanthanide ions possess large radius, rich coordination geometries, and

coordination numbers, which have great potential in the design and synthesis of these novel

heterometallic alkaline earth-lanthanide MOFs with intriguing functional properties. For

instance, Li and coworkers reported a unique 2D microporous alkaline earth-lanthanide MOFs

{[Ba3La0.5(μ3-L)2.5(H2O)3(DMF)]�(3DMF)}n, which is constructed by rigid asymmetrical
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p-terphenyl-3,400,5-tricarboxylic acid (H3L) tricarboxylate ligand Ba(NO3)2 and

Ln(NO3)3�6H2O under solvothermal conditions. A 1D microporous channel with window size

of 9.151 Å � 10.098 Å can be detected along the crystallographic a axis [35]. Cheng et al.

have been successfully synthesized by ten novel LnIII-BaII MM-MOFs (Ln ¼ Pr, Sm, Eu, Gd,

Tb, Dy, Lu) under the hydrothermal reaction of H2PDA (PDA ¼ pyridine-2,6-dicarboxylic

anion), Ba(OH)2�3H2O, and Ln(NO3)3�6H2O in a mixture of water [36]. The varieties of these

10 topological structures originated from two aspects: (i) the lanthanide contraction effect,

which solely depend on the size of lanthanide ions; (ii) depending on the amount of

Ba(OH)2 added in the synthesis systems. Constructing alkaline earth metal-containing

heterometallic coordination networks with intriguing structures and outstanding properties

gives rise to a new perspective of crystallographic engineering.
3.2.3 Mixed-metal MOFs with d10 metals

MOFs with polynuclear d10 configurational metal (CuI, AgI, AuI, ZnII, or CdII) have attracted

intense interest over the past decade; these novel d10-MOFs not only possess appealing

structures, but also exhibit unique photoluminescent properties [37–39]. In recent years,

there has been a growing interest to investigate the new mixed-metal MOFs with d10 metals,

which provide abundant probabilities for structural design and property modulation. Using

metal-oxo anions (such as CrO4
2�,Cr2O7

2�) as secondary ligands to bind the other metal

cations opens up new opportunities to develop novel heterometallic MOFs [40, 41]. Wang and

coworkers reported the preparation of two heterometallic MOFs based on Ag+ and Cr2O7
2�

through solvent-mediated anion-induced crystal-to-crystal transformations using a

monometallic cationic MOF as a precursor. The inorganic Cr2O7
2� anions act as secondary

ligand to form effective AgdOdCr bonds in the formation of Ag/Cr bimetallic MOFs. When

immersing monometallic MOF Ag2(btr)2�2ClO4�3H2O, [btr ¼ 4,40-bis(1,2,4-triazole)] in the

aqueous solutions of NaBF4-K2Cr2O7 and KPF6-K2Cr2O7, respectively, red crystals of

Ag9(btr)6(Cr2O7)4�PF6�6H2O and yellow crystals of Ag2(btr)2Cr2O7�0.5H2O were successfully

synthesized. Interestingly, the presence of noncoordination KPF6 and NaBF4 in K2Cr2O7

solution serves as structure-directing agents during the solvent-mediated structural

transformations; the preparation of these Ag/Cr MOFs was fruitless under the same conditions

without BF4�/PF6� anions [42]. This work provides a new strategy for the formation of

novel heterometallicMOFs which cannot be obtained through conventional methods. Recently,

Guo et al. successfully synthesized a CuTCPP MOFs materials by using Cu(NO3)2�3H2O and

TCPP (5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin) through the solvothermal reaction.

Subsequently, the as-synthesized CuTCPPMOFs act as the carriers which were used to load the

Ag nanoparticles and successfully prepared Ag-CuTCPP MOFs. Choosing an effective

MOFs carrier to encapsulate the Ag nanoparticles not only maintains the activity of the Ag,

but also controls the release of Ag ions and prevents the long-term direct contact between Ag

ions and the normal tissues [43].
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Currently, choosing an appropriate organic ligand as structural directing is an effective

approach agent to synthesis new heterometallic MOFs. Zheng et al. using a tripodal

alcohol ligands (H3L, 2-(hydroxymethyl)-2-(pyridin-4-yl)-1,3-propanediol) as structural

directing agent to in situ formed two 4-connected heterometallic supertetrahedral SBUs with

high-nuclearity metal clusters. Two 3D novel zeolite-like MM-MOF, Cu[Cd4Cu6(L)4(H2O)18]

(Ac)9�DMA�3H2O and Cu[Mn4Cu6(L)4(Ac)3(H2O)12](Ac)6�CH3CN�13H2O, have been

successfully synthesized by solvothermal reaction, which represent the first cases of zeolite-

like cluster organic frameworks based on Cd-Cu and Mn-Cu heterometallic supertetrahedral

building units. Although both of them are composed by similar SBUs, they exhibit

entirely different framework topologies, indicating the tunability flexible structure of these

materials [44]. In brief, choosing an appropriate linker as structural directing agent to construct

unique clusters is an effective way to explore zeolite-like organic-inorganic hybrid

heterometallic frameworks.

Zinc is one of the most classic d10 metals to construct MOFs. As the increasing research on

MOFs, the mixed-metal MOFs containing Zn2+ have been widely studied. For instance, Zou

and coworkers investigated the reaction kinetics for Zn and Co ions in a bimetallic MOF

system, employing the typical ZIF-8/67 (M(2-mIM)2 , M ¼ Zn for ZIF-8, and Co for ZIF-67,

2-mIM ¼ 2-methylimidazole) as a proof-of-concept model. By substituting the single

metal salt solutions with the mixtures of two metal salts following the same steps, a series

of Co/Zn mixed-metal ZIFs were prepared (denoted as CoxZn100�x-ZIF, where x is the molar

percentage of cobalt in total metals). When both Zn and Co ions are present in the starting

solution, Co-rich cores to Zn-rich shells can be observed at low Co/Zn ratio concentration

gradient, while at high Co/Zn ratio homogeneous distributions of the two metals can be

achieved. What’s more, by adding these two metals in sequence, more sophisticated structures

are presented. Particularly, when first added the Co2+, ZIF-67@ZIF-8/67 core-shell

nanocrystals are obtained with controllable core/shell thickness ratio; when first added the

Zn2+, due to the weak nucleation ability of Zn2+, only agglomerates of irregular shape can be

observed [45].

Metal partial substitution has been employed as effective strategy to generate heterometallic

MOFs which contain different types of metal ion. Li et al. successfully synthesized

water-stable metal MM-MOFs by simply doping metal ions (Cu2+, Cd2+, or Fe2+) into the

STU-1s (Zn(BIm)) frameworks via a direct synthetic route. To improve the stability of MOFs,

metal-ion metathesis was employed by altering the existing metal ions (e.g., Zn2+) with

more inert metal species (e.g., Cu2+, Cd2+, and Fe2+), thereby reforming the thermodynamic

stability factors of the MOF skeleton. Five synthesis methods have been explored to

achieve Cu2+ doped STU-1s, including direct heating, solvothermal, slow diffusion,

microwave, and mechanical synthesis. Four different Cu2+ doped STU-1 samples (denoted

as Cu0.01-STU-1, Cu0.05-STU-1, Cu0.10-STU-1, and Cu0.167-STU-1) can be obtained by
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adjusting the Zn/Cu mole ratios (Zn/Cu: 99/1, 95/5, 90/10, and 5/1, respectively). Likewise,

Cd2+ doped Cd0.6-STU-1 and Fe2+ doped Fe0.10-STU-1 samples were also successfully

synthesized [46].

A typical and common representative MOFs, MOF-5, consists of Zn4 O-clusters and H2BDC

(benzene-1,4-dicarboxylate) linkers forming a cubic network [47]. Recently, Wang et al.

prepared a series of well-defined bimetallic MOF nanocages (Fe-substituted MOF-5, denoted

as FeII-MOF-5 and FeIII-MOF-5) through a facile one-step solvothermal method, where zinc

and ferric ions serve as metallic nodes, H2BDC as organic ligands, PVP (poly

(vinylpyrrolidone)) as stabilizing reagent, and DMF (N,N-dimethylformamide)/DMAC (N,N-

dimethylacetamide)-ethanol as mixed solvent (Fig. 3.4) [48]. Significantly, when

(NH4)2SO4�FeSO4�6H2O is added into the reaction system ofMOF-5 hollow nanospheres, FeII-

MOF-5 hollow nanospheres were yielded, indicating the coordination flexibility of the

polymeric architectures. Impressively, when Fe(acac)3 (iron(III) acetylacetonate) instead of

(NH4)2SO4�FeSO4�6H2O, Fe
III-MOF-5 could also be acquired, the PXRD pattern would be

in accordance with the simulation of MOF-5. Interestingly, it is worth noting that the addition

of PVP in the MOF-5 synthesis system leads to the formation of homogeneous FeIII-MOF-5

with hollow octahedral nanostructures. What’s more, it is also found that the solvent

played a crucial role in determining the morphology of the obtained FeIII-MOF-5. When

DMAC is used as a solvent instead of DMF, abundant well-defined hollow octahedral
H2enrichment
for catalysis

FeIII-MOF-5 hollow octahedron

FeII-MOF-5 hollow sphere

Yolk-shell
nanostructure

Crystal structures

MOF-5 hollow sphere

Fe3+

Fe2+

Zn2+

H2BDC

DMF

Ethanol

PVP

+

+

+

+

Fig. 3.4
A series of well-defined MOF hollow nanocages. Copyright from Z. Zhang, Y. Chen, X. Xu, J. Zhang, G.
Xiang, W. He, X. Wang, Well-defined metal-organic framework hollow nanocages, Angew. Chem. Int. Ed.

53 (2014) 429–433.
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nanostructures of FeIII-MOF-5 could be produced. Impressively, by prolonging the reaction

time, the morphology evolution process from homogeneous MOF nanocrystals with high-

energy facets and concave into hollow nanocages can be observed.

In recent years, lanthanide-d10 heterometallic MOFs have attracted considerable interests

because of their aesthetical structures and potential applications in different areas. Cao and

coworkers reported three pillared-layer 4d-4f Ag(I)-Ln(III) MOFs with the formula of [Ln2Ag

(hma)2(ina)(H2O)2]n�nH2O [Ln ¼ La, Pr, Nd] under hydrothermal conditions by using H3hma

(hemimellitic acid) and Hina (isonicotinic acid) as co-ligands and silver nitrate and

lanthanide oxide/hydroxide as metal sources. In this pillared-layer architecture, H3hma have

three neighboring carboxylate groups, which endow more versatile coordination modes

between d10 metal and lanthanide ions, while Hina is an excellent linear ligand containing both

N and O heteroatoms, where N atom can readily coordinate with Ag(I) ion, generating

Ag-ina pillars. This pillared-layer heterometallic structure construct by the alternate

arrangement of lanthanide-organic layers and [Ag(ina)] pillars and the layers and pillars are

connected by the Ln-O and Ag-O coordination bonds [49]. Other researchers have also used

similar hydrothermal methods to prepare novel Ln-Ag MOFs as promising functional

materials. For example, Cheng et al. synthesized two isostructural Ag(I)-Ln(III) heterometallic-

organic frameworks {[Ln3Ag3(BPDC)5(OX)(H2O)7]�7H2O}n (Ln ¼ Tb, Gd) by employing

H2BPDC (2,20-bipyridine-3,30-dicarboxylic acid) and H2OX (oxalic acid) as mixed-ligand

under hydrothermal conditions [50]. As the 4d metal ion, the coordination numbers of

Ag+ can vary from two to six and different coordination geometries such as linear, trigonal,

tetrahedral, trigonal pyramidal, and octahedral can be obtained, which may provide numerous

opportunities to form 4d-4f heterometallic-organic frameworks.

Recently, many d10-Ln mixed-metal MOFs have been reported by researchers. For instance,

two 3D solvent-stable Zn(II)-Ln(III) heterometallic MOFs

{[(CH3)2NH2]2[Zn2Ln2(FDA)6(DMF)2]�2DMF}n (Ln ¼ Eu and Tb] assembled with

Zn2Ln2(COO)10 tetrametallic clusters and H2FDA(furan-2,5-dicarboxylic acid) have been

successfully prepared by Cui and coworkers. These two yellow block crystals can be obtained

by zinc nitrates and lanthanide nitrates with H2FDA in DMF at 120°C [51]. Zhao and coworkers

successfully synthesized a 4d-4f heterometallic Yb-Cd MOF {[Yb2(L)6Cd2][Cd(H2O)6]�
6H2O}n (H2L ¼ oxidiacetic acid) under hydrothermal conditions. In detail, the mixture of

Yb2O3, Cd(NO3)2�4H2O, H2L, and H2O were heated at 180°C for 3 days to afford Yb-Cd

crystals. In this structure, each L coordinates with one Yb3+ center and chelates with two Cd2+

ions in an anti-anti configuration, where the Yb and Cd atoms are connected by OdCdO

bridges and arranged alternatively to form a cubic octahedral cage secondary building unit.

Interestingly, the [Cd(H2O)6]
2+ cations staying in the porosity of the anionic Yb-Cd

MOFs serve as the thermodynamically stable species to balance the negative [Yb2(L)6Cd
2]2� in

structure. Even more intriguing, when using these Yb-Cd as a precursor immersed in the

aqueous solution of Mn(ClO4)2�6H2O or Zn(ClO4)2�6H2O, a reversible transformation process
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Synthesis of Yb-Cd, Yb-Cd-Mn, and Yb-Cd-Zn. Copyright from Y. Wang, X.-G. Wang, B. Yuan, C.-Y. Shao,
Y.-Y. Chen, B.-B. Zhou, M.-S. Li, X.-M. An, P. Cheng, X.-J. Zhao, Cation-exchange porosity tuning in a dynamic

4d-4f-3d framework for NiII ion-selective luminescent probe, Inorg. Chem. 54 (2015) 4456–4465.
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from single-crystal to single-crystal driven by [Cd(H2O)6]
2+ cations can be observed,

generating two 4d-4f-3d heterotrimetallic coordination polymer Yb-Cd-Mn ({[Yb2(L)6Cd2]

[Mn(H2O)6]�6H2O}n) or Yb-Cd-Zn ({[Yb2(L)6Cd2][Zn(H2O)6]�6H2O}n) (Fig. 3.5) [52].

In this regard, postsynthetic cation-exchange strategy is effective to obtain different

heterotrimetallic MOFs.

Up to now, extensive efforts have been devoted to synthesize d10-Ln MOFs with attractive

features. Sun et al. synthesized a series of 3d-4f heterometallic coordination polymers

({[NH2(CH3)2]2LnCu2Br(IN)6�(DMA)2}n (Ln ¼ Sm, Eu, Gd, Tb, Dy), and [LnCu

(IN)4�DMA]n (Ln ¼ Er, Yb)) under solvothermal condition based on a linear ligand HIN

(isonicotinic acid), CuBr (cuprous halide), and lanthanide nitrate [53]. Zhang and coworkers

developed a 3D heterometallic MOF [Eu6Zn(μ3-OH)8(NDC)6(H2O)6]n by the reaction of

electron-rich π-conjugated H2NDC (1,4-naphthalenedicarboxylic acid), Zn(NO3)2, and

Eu(NO3)3 under solvothermal conditions [54]. Su’s group obtained a family of isostructural 2D

Cd(II)-lanthanide(III) heterometallic [CdCl(L)EuxTby(H2O)(DMA)](NO3)�3DMA

frameworks by taking advantage of diverse molar ratios of Ln(III) and metalloligands through

solvothermal reaction [55]. It’s worth noting that metalloligands as metal-containing

complexes have many advantages over the traditional organic ligands, such as metalloligands

are more flexible to construct MOFs with diverse topologies; metalloligands with extra



56 Chapter 3
coordination binding sites can further coordinate with the second metal ions and/or metal

clusters, which is ideal candidates to construct heterometallic-organic frameworks through

self-assembly and stepwise synthesis.
3.2.4 Mixed-metal MOFs with transition metals

Although numerous homometallic transition MOF structures have been reported, there has

been relatively little progress in the synthesis and uses of heterometallic MOFs. In fact, some

pioneering researches have already shown that the heterometallic MOFs exhibited superior

properties to their counterpart monometallic MOFs and, in some cases, it can even endow new

functionalities due to the introduction of the extra metal ions. Pombeiro and coworkers

prepared two new stable heterometallic CuII/FeII MOFs [Cu6(H2tea)6Fe(CN)6]n(NO3)2n�6nH2O

and [Cu6(Hmdea)6Fe(CN)6]n(NO3)2n�7nH2O by facile aqueous-medium self-assembly

reactions of Cu(NO3)2�2.5H2O with H3tea/H2mdea (triethanolamine/N-

methyldiethanolamine), K3[Fe(CN)6], and NaOH under ambient conditions (Fig. 3.6) [56].
Fig. 3.6
Aqueous-medium self-assembly synthesis of heterometallic CuII/FeII metal-organic frameworks.

Copyright from Y.Y. Karabach, M.F.C. Guedes da Silva, M.N. Kopylovich, B. Gil-Hernandez, J. Sanchiz, A.M.
Kirillov, A.J.L. Pombeiro, Self-assembled 3D heterometallic CuII/FeII coordination polymers with octahedral net
skeletons: structural features, molecular magnetism, thermal and oxidation catalytic properties, Inorg. Chem.

49 (2010) 11097–11105.
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These 3D frameworks are constructed by the [Cu2(μ-H2tea)2]
2+ or [Cu2(μ-Hmdea)2]

2+

nodes and the octahedral [Fe(CN)6]
4� linkers, featuring regular (1) or distorted (2) octahedral

net skeletons, suggesting that a slight modification of the main ligand source leads to

different structures.

Ohba and coworkers developed 3D pillared-layer trimetallic MOFs [Co2Ln(L)2(H2O)4][Cr

(CN)6]�nH2O (Ln ¼ La, Gd; H2L ¼ 2,6-di(acetoacetyl)pyridine) by stepwise aggregation of

trinuclear Co(II)Ln(III)Co(II) complexes (Ln ¼ La and Gd) and mononuclear [Cr(CN)6]
3�

[57]. The as-obtained trinuclear Co(II)Ln(III)Co(II) complexes were mixed with K3[Cr(CN)6]

in 1:1 molar ratio to give reddish-orange Co2Ln(L)2(H2O)4][Cr(CN)6]�nH2O crystals in

aqueous solution. The asymmetric pillared-layer structure consists of two crystallographically

independent [Co2Ln(L)2(H2O)4]
3+ and [Cr(CN)6]

3� units. The trinuclear moieties have a

linear Co(II)Ln(III)Co(II) core between two L2� ligands, which is held by four enolate-

bridgess, and the Ln(III) ion located at the 2,6-diacylpyridine site exhibits a ten-coordinate

geometry with four H2O molecules above and below the {Co2Ln(L)2} plane. The {Co2Ln(L)2}

trinuclear units serve as good precursors for the construction of trimetallic assemblies.

Martı́-Gastaldo et al. reported the one-pot synthesis of mixed-metal NiFe-MOF-74 solids under

anaerobic conditions by reaction of variable amounts of anhydrous FeCl2 and Ni(NO3)2�6H2O

with H4dhtp (2,5-dihydroxyterephthalic acid) in a mixture of anhydrous DMF and

anhydrous MeOH refluxed at 120°C for 18 h in a glovebox [58]. The as-obtained solids exhibit

as green microcrystalline powders, while increasing the iron content in the synthesis systems

produced crystals with a smaller particle size and rounder shape. Compared to the

monometallic MOF-74, the as-synthesized NiFe-MOF-74 displayed the combination of

porosity with ferromagnetic ordering. The amount of Fe doping can be simply tuned by rational

adjustment of the metals ratios in the synthesis systems. This one-step controllable doping

strategy provides more opportunities to design new mixed-metal materials which may not be

accessible by conventional synthesis.

On the other hand, Li et al. prepared partial Co-substituted Ni-MOF-74 via a postsynthetic

metal exchange strategy. Co-substituted Ni-MOF-74 (Co/Ni-MOF-74-x, where x represents the

exchange time) was prepared by immersing the as-synthesized Ni-MOF-74 in a DMF solution

of Co(NO3)2�6H2O for different times (Fig. 3.7) [59]. A gradual color change from yellow-

green to brown of the solid evidenced the successful metal-exchange process. In the same

time, the pink Co(NO3)2�6H2O solution gradually faded with the reaction time, further

confirming the metathesis between the Co2+ in solution and the Ni2+ in the MOF framework.

Interestingly, the amount of the incorporated Co2+ can be tuned by carefully adjusting

the incubation time of Ni-MOF-74 in Co(NO3)2�6H2O solution. The exchange degree can

be enhanced by appropriately prolonging the immerse time; it’s worth noting that when the

metal-exchange achieves saturation, prolonging the reaction time can only slightly influence

the incorporated amount of Co. This demonstrated that not all of the Ni2+ in Ni-MOF-74

framework can be replaced by Co2+; the access of Co2+ in solution to Ni2+ in the framework can



Fig. 3.7
Synthesis of Co-substituted Ni-MOF-74 via a postsynthetic metal exchange strategy. Copyright from
D. Sun, F. Sun, X. Deng, Z. Li, Mixed-metal strategy on metal–organic frameworks (MOFs) for functionalities

expansion: Co substitution induces aerobic oxidation of cyclohexene over inactive Ni-MOF-74. Inorg.
Chem. 54 (2015) 8639–8643.
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be restricted by the diffusional limitations of the honeycomb-like network of MOF-74. The

facile postsynthetic metal exchange strategy present in this research has great potential for the

development of mixed-metal MOFs with intriguing functionalities.

A series of [Ni6
IILnIII] heptanuclear complex have been reported by Milios and coworkers. The

brown plate-like crystals [Ni6
IIDyIII(L)4(Htea)4](ClO4)2.5(NO3)0.5�5.5MeCN�H2O was

synthesized based on the solvothermal reaction of Dy(NO3)�6H2O, Ni(ClO4)2�6H2O, H3tea

(triethanolamine), NEt3, and HL (11H-indeno[1,2-b]quinoxalin-11-one) in MeCN for 12 h,

while using Gd(NO3)3�6H2O or Y(NO3)3�6H2O as the starting lanthanide salts, the isostructural

[Ni6
IIGdIII(L)4(Htea)2(tea)2](ClO4)�4MeCN�H2O or [Ni6

IIYIII(L)4(Htea)2(tea)2]

(ClO4)0.5(NO3)0.5�2.5H2O�1.4MeCN crystals can be obtained. All of these complexes exhibit

the same [Ni6
IILnIII] metallic core [60].

Based on the theory of hard-soft acid-base, lanthanide ions act as hard acids which are

preferring oxygen to nitrogen donors, while the transition ion serves as a borderline acid which

has a strong tendency to bind N as well as O atoms [61]. Bai et al. one-pot synthesized a family

of 3D homochiral Mn(II)-Ln(III) frameworks {MnLn(D-cam)2(D-Hcam)(2,20-bpy)}n
(Ln ¼Nd, Dy, Eu, and La) assembled from Ln(NO3)3�6H2O, D-camphoric acid, MnCl2�4H2O

and 2,20-bipy under solvothermal conditions [62]. D-Camphoric acid acts as a bridge to

construct heterometallic centers as well as a chiral source for the formation of multidimensional
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MOFs. Interestingly, the D-camphoric acids unprecedentedly unfold three coordination modes

with proper degree in one structure. Very recently, the “one-pot” approach was further

developed by Rosi and coworkers in a systematical work [11]. They used the bifunctional H2ina

(isonicotinic acid) linker and its derivatives connected with one oxophilic of the hard-acid

metal cations (Zr4+, Hf4+, Dy3+) as well as second soft metal cations (Co2+ , Cu+ , Cu2+, Ni2+,

Fe3+, Cd2+ ) to construct diverse classes of bimetallic MOFs with well-established coordination

complexes and controlled topologies. These general one-pot assembly strategies can

furnish more flexible coordination modes in multicomponent heterometallic MOFs system.

Postsynthetic ion metathesis is quite effective to prepare multimetal MOFs which cannot

be obtained by one-pot solvothermal synthesis. For instance, Dinca and coworkers synthesized

a series of Ti3+-, V2+/3+-, Cr2+/3+-, Mn2+-, and Fe2+-substituted MOF-5 by postsynthetic ion

metathesis [63]. The as-prepared divalent metal ions inserted MOF-5 was denoted as M-MOF-

5, while the trivalent metal ions inserted denoted as ClM-MOF-5. To prepare M-MOF-5

or ClM-MOF-5 by direct reaction of the Zn(NO3)2 and Ti3+, V2+/3+, Cr2+/3+, Mn2+, or Fe2+

salts with BDC (terephthalic acid) were unsuccessful. On the contrary, soaking the

as-obtained MOF-5 in concentrated solution of VCl2(pyridine)4, CrCl2, MnCl2, and

Fe(BF4)2�6H2O in DMF for 7 days afforded M-MOF-5 (M ¼ V2+, Cr2+, Mn2+, or Fe2+), while

identical conditions involving TiCl3�3THF, VCl3�3THF, or CrCl3�3THF in DMF resulted in

ClM-MOF-5 (M ¼ Ti3+, V3+, or Cr3+). The MZn3O(O2C)6 clusters in MOF-5 provide

electronically unique and structurally flexible pseudotrigonal bipyramidal or dianionic

pseudotetrahedral all-oxygen coordination conditions. Liu et al. reported the synthesis of

titanium incorporated UiO-66 (UiO-66(Ti)) through a facile modified postgrafting method. In a

typical process, the as-synthesized UiO-66 was mixed with certain amount of Ti(OBu)4 in

toluene; thereafter the mixture was heated at 100°C for 24 h under N2 atmosphere to obtain the

UiO-66(Ti) with various ratio of Ti/Zr [64]. This study demonstrated that the Ti species are not

simply confined or grafted in the UiO-66 framework. Inversely, the Ti species might be

incorporated with Zr for the formation of oxo-bridged hetero-Zr-Ti clusters, which serve as the

skeleton of the UiO-66(Ti).

Recently, Zhou and co-workers demonstrated a series of heterometallic MOFs with MX2(ina)4
moieties (where ina ¼ isonicotinate; M ¼ Co2+ or Fe2+; X ¼ OH�, Cl�, Br�, I�, NCS�,
or NCSe�) based on the stepwise synthetic methods [65]. In this study, they introduced the

MX2(py)4 units (py ¼ pyridine) into Zr-MOFs (PCN-160-imine). In a typical preparation

process, PCN-160-imine frameworks were first composed by Zr6 clusters and CBAB

(4-carboxybenzylidene-4-aminobenzoate) linker (Fig. 3.8G). Subsequently, the CBAB linker

among PCN-160-imine was substituted by Co-ina moiety (Co-ina2, Fig. 3.8H) to afford

PCN-160-CoCl2. The Co
2+ center in PCN-160-CoCl2 was binding with two ina ligands, Cl�,

and solvent molecules in an opposite direction, and the solvent molecules coordinated with

the Co2+ center was further substituted by a couple of ina ligands and resulted in a square planar

metaloligand (Co-ina4, Fig. 3.8I). Then, the leaving carboxylates poised binding with Zr4+,



Fig. 3.8
Single-crystal structures of (A) PCN-160-imine, (B) PCN-160-CoCl2, and (C) PCN-161-CoCl2

with small tetrahedral cages (D, E) and cubic cages (F), respectively. (G–I) Linkers and
their topological representations. The transformation of fcu topology (J) into ftw topology (K).

Copyright from S. Yuan, J.-S. Qin, J. Su, B. Li, J. Li, W. Chen, H.F. Drake, P. Zhang, D. Yuan, J. Zuo, H.-C. Zhou,
Sequential transformation of zirconium(IV)-MOFs into heterobimetallic mOFs bearing magnetic anisotropic

obalt(II)centers, Angew. Chem. Int. Ed. 57 (2018) 1–7.
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12-connected Zr6 cluster was accommodated in a pocket, forming 12 uncoordinated

carboxylate groups of the skeleton. Thus, a new Zr6 cluster was formed at the center of the

octahedral cage of PCN-160-CoCl2. The present research not only provides an approach

for the synthesis of heterometallicMOFs, but also opens up an avenue for the interconversion of



Fig. 3.9
Schematic illustrations of 3D cationic framework with hexagonal channels of 23.0 � 23.0 Å

and polyhedral view of the 3D negative motif with irregular hexagonal channels. Copyright from J.H.
Liu, Y.J. Qi, D. Zhao, H.H. Li, S.T. Zheng, Heterometallic-organic frameworks built from trinuclear indium

and cuprous halide clusters: ligand-oriented assemblies and iodine adsorption behavior, Inorg. Chem.
58 (2019) 516–523.
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two different frameworks through sequential modifications. As we know, Hina contains

pyridyl nitrogen-donor and carboxylate oxygen-donor groups, which is selected as a

common synthon for the preparation of heterometallic cluster-based organic frameworks

according to HSAB theory. Recently, two novel heterometallic-organic frameworks built from

trinuclear indium and cuprous halide clusters, [(In3O)2(Cu2I2)3(ina)12(H2O)6](NO3)2�solvent
and [NH2(CH3)2][In3(OH)2(H2O)2(ina)8(Cu4I4)2]�solvent, where Hina ¼ isonicotinic acid,

have been successfully synthesized with the orientation of the ina ligand. They exhibit a

highly porous honeycomb-like 3D cationic framework with a trigonal-bipyramid-type cage

based on a planar [In3O(CO2)6]
+ trimer and a rhombohedral Cu2I2 cluster and displays a

3D negative motif with irregular hexagonal channels constructed from a [In3(OH)2(CO2)8]
�

trimer and a cubane-like Cu4I4 cluster, respectively (Fig. 3.9) [20].
3.2.5 Mixed-metal MOFs with rare earth metals

As multifunctional metal centers, rare earth metals have attracted increasing attention from

researchers for their intriguing coordination properties and interesting chemical characteristics

resulted from 4f electrons and the tendency to form isostructural complexes. Numbers of

monometallic coordination polymers based on rare earth metals have been synthesized.

Nevertheless, the flexible coordination geometry and high coordination number of the rare

earth ions make it difficult to prepare rare earth heterometallic MOFs.

As is well-known, rare earth metal ions have high affinity to hard donor ligands containing

oxygen or nitrogen atoms, especially carboxylate ligands, which are usually employed to

construct mixed-lanthanide metal coordination polymers. Chen and coworkers reported

the synthesis of mixed-lanthanide MOFs (EuxTb1� x)2 (DMBDC)3(H2O)4�DMF�H2O
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(EuxTb1�x-DMBDC) (x ¼ 0.0011, 0.0046, and 0.0069) (DMBDC ¼ 2,5-dimethoxy-1,4-

benzenedicarboxylate) by reacting H2DMBDC with varying molar ratios of Eu(NO3)3 to

Tb(NO3)3 through a solvothermal reaction in the mixed solvents of DMF, ethanol, and water to

yield the colorless rod-like crystals [66]. As expected, these as-obtained mixed-lanthanide

MOFs are isostructural to the monometallic Tb-DMBDC and Eu-DMBDC. Shortly afterwards,

Chen group successfully prepared another series of new mixed-lanthanide MOFs

Tb1�xEux(C13H7O4N)(C13H8O4N)(H2O)2.5 (Tb1�xEuxPIA) (H2PIA ¼ 5-(pyridin-4-yl)

isophthalic acid) based on a mixture of Tb(NO3)3 and Eu(NO3)3, H2PIA under similar

hydrothermally conditions [67]. A series of Eu and Tb codoped Ln-MOFs: EuxTb1�xL

(x ¼ 0.1–0.9) (H2L ¼ 1,3-bis(4-carboxyphenyl)imidazolium) was synthesized by Zhang and

coworkers [68]. With judicious modulation of the relative concentration of the different

lanthanide ions, a family of isostructural mixed-Ln-MOFs can be obtained. Therefore, due

to the isostructural features of these monometallic LnMOFs, it can straightforwardly prepare a

series of mixed-LnMOFs in which various types of lanthanide ions with variable molar

ratios can be systematically comprised into the frameworks.

Recently, Lin et al. reported thermal and chemical stable heterometallic MOFs by a tetra-

carboxylic ligand CBDA (5,50-(carbonylbis(azanediyl))-diisophthalic acid) with In and Tb

nitrate salts give rise to a porous In/Tb-CBDA under solvothermal conditions [69]. The

framework of In/Tb-CBDA is formed by cooperatively assembling the rarely reported tetra-

nuclear In4O2(COO)4 and trinuclear Tb3O(COO)6 clusters and a tetra-carboxylate ligand

(CBDA) with the urea group (Fig. 3.10). It is worth noting that forming multinuclear metal

clusters promotes the framework to maintain high stability under different conditions including

heating, exposure to air, and soaking in basic and acidic aqueous solutions.

As a versatile class of cyanide-based metalloligand, [M(CN)8]
3�/4� (M ¼Mo, W) serves as a

suitable platform to combine lanthanide ions with higher coordination numbers, which will

afford more complicated topologies and magnetic behaviors. For example, a new isomorphous

family of neutral cyanido-bridged LnIII-WV heterometallic complexes [LnIII(pyim)2(i-PrOH)

(H2O)2(μ-CN)WV(CN)7] (where Ln ¼ GdIII, TbIII, DyIII, HoIII and ErIII, pyim ¼ 2-(1H-

imidazol-2-yl)-pyridine), i-PrOH ¼ isopropyl alcohol) has been prepared by one-step

reaction of [Ln(pyim)2]
2+ and (NH3Bu)3[W(CN)8] [NHBu

3+¼ tri-n-butylammoniun cation]

complexes [70], in which the [Ln(pyim)2]
2+ was generated in situ by mixing 1 equiv. of

the corresponding LnIII nitrate salts and 2 equiv. of the pyim ligand in water/2-propanol

solution. In this structure, both tungsten(V) and lanthanide(III) ions are eight-coordinated, in

distorted square antiprism (WV) and distorted trigonal dodecahedron (LnIII) surrounding,

respectively. Each lanthanide (III) ion is chelating by two pyim molecules, where these two

pyim molecules act as capping ligands toward the lanthanide (III) ions. An extended 3D

supramolecular network is well-developed through the interplay of hydrogen bonds and π-π
stacking interactions induced between the binuclear entities. Moreover, Ohkoshi et al.

synthesized a series of LnIII(bis-oxazoline)[MoV(CN)8] (Ln ¼ Ce-Yb) complexes based on the



Fig. 3.10
Single-crystal structure of In/Tb-CBDA: (A) polyhedron view of the net: the organic linker and tetra-
nuclear cluster [In4O2(COO)4] simplified as a square and trinuclear cluster [Tb3O(COO)6] viewed as
a triangular prism geometry, respectively; (B) ball-stick model of the framework; (C) topology view of
the net; (D) 1D chain assembled by cages; (E) the unit cell structure. Copyright from D. Wang, Z. Liu, L.
Xu, C. Li, D. Zhao, G. Ge, Z. Wang, J. Lin, A heterometallic metal-organic framework based on multi-nuclear

clusters exhibiting high stability and selective gas adsorption, Dalton Trans. 48 (2019) 278–284.
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cyanide-based metalloligand of [MoV(CN)8]
3� [71]. The combination of LnIII with box (2,20-

bis(2-oxazoline) ligand and [MoV(CN)8]
3� via solvothermal reaction resulted in

{[LnIII(box)n(DMF)m][MoV(CN)8]}�x(solvent).
As a result, many heterometal-organic frameworks containing lanthanide ions have been well-

established, including systems associated with [Ln-M] (M ¼ Ag, Cu, Mn, Fe, Co, W, Mo, etc.)

[72–77].
3.3 Conclusions and perspectives

The past decade has witnessed the explosive development of heterometallic MOFs, not only

due to their intriguing varieties of molecular architectures and topologies, but also their

potential applications. However, heterometallic MOFs remain relatively unexplored due to

complications that arise more than two building blocks in one system; the most reported work

has been more empirical than systematic, especially the first approach. The metalloligand
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approach has enabled us to rationally immobilize a variety of different functional sites, but it is

still difficult to predesign precursors and retain microporosity. PSMet is a versatile and

effective strategy for modulating and tailoring the functionality of the heterometallic MOFs; it

is still a challenge in improving the efficiency of metalation and establishing protocols. It

should be noted that the number of literature that reported heterometallic MOFs for biomedical

applications are very limited and, certainly, an increasing number of examples will appear in

the near future, which will exploit the full potential of these mixed-metal MOFs in

biomedical field.
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4.1 Introduction

Metal-Organic Frameworks (MOFs) have been attracting the attention of several research and

industry groups, as it can be seen by the notorious increase in the number of publications in

this field (see Fig. 4.1). MOFs are a class of hybrid materials with the remarkable ability

to combine the properties of different organic ligands and metallic centres in a coordination-

based network [1–5]. Depending on the specific functionalities of both components, it is

possible to obtain materials with unique properties, which grant them applications in the

most diversified areas, such as catalysis, photoluminescence, protonic conductivity, magnetic

studies, gas storage, and separation, among others [6–19]. More recently, MOFs found their

way into biomedical applications where their physical and chemical characteristics make

them promising candidates for drug storage, drug delivery, nitric oxide storage/delivery,

bioimaging, and biosensing [20–23]. This evolution throughout time is depicted in Fig. 4.1,

with highlight to the number of publications on MOFs with biological relevance and their

massive growth in the last 10 years [4, 24, 25].
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Fig. 4.1
Evolution of published work on MOFs over time. Within the several areas of research, the increasing
interest on biological applications is highlighted. Build with data from Scopus database. Consulted in
April 15th 2019. Scopus. (2019). Scopus – Analyze search results: Metal-organic Fameworks. Available at:

https://www.scopus.com (Accessed 15 April 2019).
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4.2 Building blocks for MOFs

When envisioning the design of MOFs towards a specific application, it is easy to come

across endless possibilities. In fact, besides the tremendous amount of different metallic centres

and organic ligands available, there is also a plethora of different possible combinations

between these building blocks (see Fig. 4.2).

In the field of biomedical applications, the design of MOFs is mainly based on two different

approaches: (i) the selection of building blocks that convey the MOF with the ability to

adsorb guest molecules with biological properties or (ii) the use of biologically active organic

building blocks. MOFs prepared using the first approach are typically employed as delivery

systems, in which different drugs are impregnated into the pores of the network to be released

later under a specific stimulus. Most of the MOFs reported for biomedical applications

follow this concept [26, 27]. The second type of networks is considered the new generation

of biocompatible MOFs, also called bioMOFs. In this case, the building blocks (organic

ligands) are chosen according to their intrinsic biological properties and therapeutic action [28].

In either case, the requirements for biological applications, particularly medical applications

in vivo, are very demanding and imply a large investment in order to meet the regulatory
Fig. 4.2
Schematic representation of the composition ( metallic centres and organic ligands) and
assemble of Metal-Organic Frameworks with different dimensionalities: 0D (left), 1D chain

(middle left), 2D layer (middle right), and 3D network (right).
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requirements associated with their approval for human and animal use. These MOFs have to be

effective and their production method must be easy and reproducible [29]. Toxicological

safety is another very important condition to fulfil. Examples of MOFs with low toxicity

are MIL88A, MIL88B, and MIL100—three different MOFs containing carboxylate

ligands (with different structures and organic configurations) that exhibited no harmful

effects following intravenous administration to rats at very high doses [30, 31].

The use of biologically relevant ligands or biomolecules in the preparation of MOFs plays

a paramount role, while the network presents, on its own, the desired properties for a given

application/therapy [24, 28, 32, 33]. At this point, the therapeutic potential is no longer

dependent on the porosity of the network (volume and pore size) or the ability to

establish host–guest interactions (which sometimes hinders the application of some

materials), but on the combination of organic ligands (biomolecules) and/or metals that

can at a certain stage be released by dissociation of the network until complete dissolution

[28]. Of course, this statement may appear somewhat controversial since it is often stated

that the lack of stability hampers the potential use of MOFs. If the MOF remains intact

long enough to complete its function, it can then degrade in situ and the degradation

products are dealt by the body’s own systems. Herein, depending on the crystalline

structure, composition, particle size, and formulation, the degradation of MOFs can be

modulated from some days to several weeks (up to 3 weeks) under simulated physiological

conditions [24, 28, 31, 33].
4.3 Ligands as the core to access biomedical applications

The careful selection of the building blocks and their combination with biocompatible metal

nodes is the fundamental step to build capable bioMOFs. There are a wide variety of

compounds that may act as constitutive organic ligands for the rational design of bioMOFs,

including amino acids, peptides, proteins, nucleobases, carboxylic acids, phosphonic acids, or

even active pharmaceutical ingredients (APIs) and supplements (Fig. 4.3).

Some interesting MOFs based on these bioactive molecules are reported, along with data on

their physico-chemical properties. Nevertheless, their biological properties are poorly

studied, with insufficient data on their biodistribution and biodegradability in vivo, cell uptake

pathways, and even on their actual therapeutic activity.

This chapter intents to provide the reader with information about the organic ligands used in the

construction of bioMOFs, as well as their biological applicability, emphasizing a few

examples on how bioactive molecules can be used to construct coordination-based networks.

Compounds relevant for use as organic ligands must contain complexing groups such as

polycarboxylates, phosphonates, sulfonates, imidazolates, amines, pyridyl, phenolates, and/or

heterocycles [24, 31].



Fig. 4.3
Bioactive compounds used in the preparation of biocompatible MOFs.
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4.3.1 Amino acids and peptides

Amino acids are important biomolecules composed of an amino and a carboxylic terminal

group (dNH2 and dCOOH), as well as an R side-chain, specific to each amino acid. The

various amino acids can establish amide bonds between their terminal groups to form peptides,

while maintaining in the final molecule the free dNH2 and dCOOH groups. In fact, these

terminals are the structural feature that enables amino acids and peptides to coordinate with

metallic centres and form bioMOFs [28, 34]. The carboxylic groups in the amino acids provide

a series of strong coordination modes due to their large negative charge density. Moreover,

adjacent carboxylic and amino groups are able to coordinate with metallic centres in specific
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angles and directions (O,N—chelating modes), which is of utmost importance to obtain

extended network structures.

Additional coordination modes are possible when the side-chain of the amino acid has groups

that bind to metals, such as a carboxylic, imidazole, thioether, or phenol ring. In these cases,

the formation of networks with higher degrees of dimensionality can be promoted [34, 35].

One prolific example of the use of an amino acid having a side-chain that provides additional

coordination is the amino acid-based Zr-MOF, denoted as MIP-202(Zr), in which the

12-connected Zr6(μ3-O)4(μ3-OH)4 node and the L-aspartate spacer are assembled in water to

generate a 3D microporous framework with a UiO66 type structure [36]. MIP-202(Zr) not

only features a green and scalable synthesis, but also possesses very high hydrolytic and

chemical stability. While a high degree of dimensionality is a strongly demanded quality

in a MOF structure, the use of amino acid-based chirality within these networks is essentially

the most appealing feature associated with their use as ligands.

Two recent approaches have been particularly successful in the synthesis of chiral MOFs, both

relying on the use of chiral amino acids to form the framework of the material. The first

method, used byMorris et al., uses a chiral co-ligand (in this specific case, L-aspartate) that does

not bridge the metal centres, but forces chirality by coordinating to the metal centre [36].

On the other hand, the most common method uses a chiral organic bridging ligand to link the

metal centres in the framework. The resulting homochiral/enantiomerically pure networks

can display interesting properties for further applications in the fields of asymmetric catalysis,

enantioselective separation, circular dichroism sensors, and magnetism [37–41]. As so,
nowadays, numerous amino acid-based MOFs are reported [42]. For instance, Rosseinsky et al.

and Jacobson et al. prepared two distinctive homochiral MOFs from aspartic acid in

combination with different metallic centres (zinc and nickel, respectively). On both networks,

the three-dimensionality was enabled by three possible coordination modes of the amino

acid to the metallic centre [43, 44]. Another chiral three-dimensional network was designed by

Bernal et al., where glutamic acid was used as ligand mixed with cobalt metallic centres

(Fig. 4.4, left) [45].

On a different perspective, Marsh et al. described a series of four different networks, in

which peptides were used as organic ligands: either a tripeptide of alanine or glycine; or

a dipeptide of alanine or alanine-threonine—Cd(L-Ala3)2, Cd(Gly3)2�H2O, Cd(L-Ala2)2,

and Cd(L-Ala,L-Thr)2�4H2O, respectively (Fig. 4.4, right) [46].

It is important to notice that most of these reports emphasize mainly the description of the

synthesis and crystalline structure characterization [47, 48]. Very few papers report application

studies of the materials, which are focused on magnetism and gas adsorption [44, 45]. In

fact, although amino acids and peptides are the most widespread ligands used in the preparation

of MOFs, not all the MOFs made from them are designed for biocompatible purposes and

therefore they cannot be used as bioMOFs. Using metals as zirconium and nickel, for instance,
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increases network stability, but it also increases the inherent toxicity. Moreover, the use of such

metals completely disregards the rationale behind the preparation of bioMOFs, where the

slow release of the MOFs constituents for a given treatment is the core concept. However, it is

possible to find a few examples in the literature focused on understanding the biomedical

potential of bioMOFs. In one of these few examples, Terzyk et al. studied the antioxidant

potential of a bioMOF composed by cysteine and magnesium. In vitro studies of the bioMOF

showed an increase in the intracellular levels of cysteine over time, interpreted as the result

of network disintegration over time with release of its building blocks to the culture medium

and their subsequent uptake by human lung epithelial cells (A549 cell line). Given that this

ligand contains sulfhydryl groups in its structure, the authors expected it to be able to lower the

antioxidant activity within the cells. This was measured through a total antioxidant capacity

(TAC) test, which showed an ability to reduce Cu ions. Adding to the promising results on

the antioxidant capacity, this bioMOF also presented low toxicity on healthy cells [49]. In a

prior study, Ueda et al. prepared a coordination polymer constructed by the glycine-threonine

peptide and zinc, denominated [Zn(glythr)2(H2O)2]�nH2O. This material was analyzed

concerning its ability to inhibit the adrenalin-induced release of free fatty acids (FFA) from

isolated rat adipocytes. The results showed a high insulinomimetic activity for the MOF

when compared with standard ZnSO4, with IC50 values of 0.96 � 0.05 and

1.58 � 0.05 mmol L, respectively [50].
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4.3.2 Nucleobases

Nucleobases, the key constituents of nucleic acids (deoxyribonucleic acid, DNA and

ribonucleic acid, RNA), have been explored as ligands for the construction of MOF-based

materials. The structural feature that turns these molecules into suitable ligands is the presence

of multiple coordination sites by (i) accessible nitrogen and oxygen lone pairs and/or (ii) by

strong hydrogen bonds [28, 34, 35, 51]. Adenine (ade/ad), having five potential metal-binding

sites (Fig. 4.3), is thus the most frequently used nucleobase [28, 34]. Despite the several

coordination possibilities, it is important to notice that the low symmetry and limited length

of adenine molecules (and other nucleosides) restrict their ability to afford three-dimensional

MOFs [52]. When porosity is a desired property, the use of a secondary auxiliary ligand is

crucial to construct 3D networks [35].

A significant amount of literature reports addresses the design and preparation of nucleoside-

based bioMOFs [24, 28]. As described below, the applications of such materials are varied,

with some of them directed to CO2 capture opposing a surprising handful of them that are

focused on biomedical applications. For instance, Rosi et al. and Rosseinsky et al. described

two adenine-based MOFs with different compositions and crystalline structures:

[Zn8(ade)4(BPDC)6O]�2Me2NH2 and [Ni3(pzdc)2(7Hade)2(H2O)4]�(H2O)2.18, respectively

[53, 54]. Both materials are 3D networks and were efficiently applied on CO2 adsorption,

the last one showing a good selectivity of CO2 over CH4. In fact, for this specific application,

the three-dimensionality and inherent porosity of the network were imperative and could

only be achieved with the use of secondary ligands (as previously mentioned): either the

biphenyldicarboxylate (BPDC) or the 3,5-pyrazoledicarboxylic acid (pzdc), respectively

[53, 54]. In the first case, BPDC interconnects one-dimensional chains of Zn-adenine, which

results in a 3D structure with large 1D channels. In the second case, pzdc established a

bridge between dimeric units of Ni-adenine, forming a one-dimensional chain along the c axis.

The porosity of the material was then achieved due to interactions between parallel chains,

by means of strong and weak hydrogen bonds (from the adenine amino group N10) to

two carboxylate oxygen (from the carboxylic acid) and via π-π interactions (between the

pyrimidine rings of adenine).

Further developments on nucleobase-based MOFs include the pioneer work of Rosi et al. with

the development of [Zn8(ad)4(BPDC)6O]�2Me2�NH2, a MOF suitable both for CO2 capture

and for cationic drug delivery [53, 55]. The promptly denominated bioMOF-1 has a three-

dimensional structure with channels containing an intrinsic anionic nature balanced by the

presence of dimethylammonium cations (a product of DMF decomposition as well as DMF and

water molecules). This cationic nature proved to be a crucial characteristic, when the authors

loaded cationic drugs into the channels via cation exchange with the dimethylammonium

cations. This was performed with procainamide�HCl (an antiarrhythmic drug), without

changing the crystalline integrity, [Zn8(ad)4(BPDC)6O]�3.5(procainamide-H)�
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1.5Cl�16.5H2O. Furthermore, the controlled release of procainamide�HCl, over the course of
72 h, was possible when exogenous cations from biological fluids (e.g., Na+) were used to

trigger its release (Fig. 4.5A). These results show that it is possible to circumvent the short half-

life of procainamide in vivo, making way for ingenious new strategies of delivering this drug to

patients in a controlled fashion. Nevertheless, it would be recommended to use another metallic

centre because of the high doses of procainamide needed. In its current dosage forms,

procainamide needs to be taken every 3–4 h to maintain the therapeutic seric levels, with total

daily doses of 500–1000 mg. Given the high amounts of zinc in its composition, the direct

application of the bioMOF-1 to deliver procainamide would imply an intake of c.a. 600 mg

Zn for each 1000 mg of the API. This makes the bioMOF-1 unlikely to be approved for

human use, because of zinc-related toxicity. Indeed, the Recommended Dietary Allowance
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(RDA) of zinc is as low as 8 mg per day for women and 11 mg per day for men and pregnant

women [56]. Acute toxicity is associated with gastrointestinal complications, while chronic

intake of excess zinc induces copper deficiency, altered iron function, and reduced immune

function [56, 57].

BioMOF-1 was further demonstrated to serve as a luminescent and prospect sensing material

when visible and near-infrared emitting lanthanide cations are encapsulated in its pores

(Fig. 4.5B) [58]. When loaded with Yb3+, bioMOF-1 showed a luminescence signal dependent

on the presence of O2 gas. Upon excitation with 340 nm light and exposure to pure O2 gas

for at least 5 min, the luminescence signal of the material decreased by approximately 40%;

luminescence intensity could then be restored after exposure to N2 gas.

The zinc-adenine building units that are the base of construction of bioMOF-1 can also be

employed as discrete metal-organic vertices for the assembly of new bioMOFs with larger

pores. To this end, the reaction conditions used to prepare bioMOF-1 are optimized to avoid

the growth of monodimensional zinc-adenine chains and form discrete clusters instead.

These clusters comprise eight zinc cations in coordination with four adenine ligands,

thus being significantly larger in size than their well-known zinc-carboxylate

equivalents (14.3 Å versus �10.5 Å in diameter). As a result of this exceptionally large size,

each cluster connects to a neighbor unit via three auxiliary BPDC ligands (instead of one,

as in the bioMOF-1), being also connected to a total of four neighboring zinc-adenine clusters.

The periodical repetition of this connectivity over an extended three-dimensional

framework results in a new material with incredibly large cavities, [Zn8(ad)4(BPDC)6O2]�
4Me2�NH2�49DMF�31H2O, also known as bioMOF-100 [59]. With a pore volume of

4.3 cm3 g�1, bioMOF-100 presents an extraordinary potential for biological applications,

either in drug delivery systems or for the immobilization of large biomolecules. In fact, a later

work, focused on Monte Carlo simulations, showed that bioMOF-100 could store an

outstanding 2 g of ibuprofen (α-p-isobutylphenylpropionic acid) per gram of material

(Fig. 4.5C). Moreover, the presence of dimethylammonium cations on the channels of

bioMOF-100 helps reinforce the interactions between the network and the ibuprofen molecule,

which in turn allows a slow release of kinetics [60].
4.3.3 Carboxylic acids

Carboxylic acids and their carboxylate salts are abundant in the organism and participate in

many biochemical processes of cell machinery; some of them even have more than one

carboxyl group. The best example is the Krebs cycle, a sequence of metabolic reactions crucial

for the production of energy, in which the intermediates are carboxylic acids (e.g., fumaric,

malic, and succinic acids). The COOH functional group of these molecules, besides the

biochemical reactivity, also conveys them with the ability to bind metallic centres under

different modes of coordination, which makes them promising ligands to be incorporated in

bioMOFs [34].
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Yaghi et al. recently reported MOF-1201 and MOF-1203, two porous chiral MOFs

comprising L-lactate and calcium ions and capable of encapsulating and delaying the release

of cis-1,3-dichloropropene, a pesticide used as a preplant soil fumigant to control nematodes

and other pests in soils [61]. The carrier materials decompose naturally in water, decreasing

their environmental impact. Although not yet used in biomedical applications, these two

materials have a biocompatible composition and degradation profile, thus being a good

example of safe, eco-friendly MOF with potential interdisciplinary integration.

Carboxylic-based MOFs with demonstrated application in medicine are also known

(see Fig. 4.3). Serre et al. reported BioMIL-3 or [Ca2(azbz-TC)(H2O)(DMF)]�xH2O�yDMF

(x ffi 0.4 and y ffi 0.2), a porous network constructed with 3,30,5,50-azobenzenetetracarboxylate
(azbz-TC) as a ligand in coordination with calcium metallic centres. When dried,

BioMIL-3 can adsorb NO into its pores. The pores of BioMIL-3 bear unsaturated Ca2+ sites that

interact with gaseous NO gas and allow it to be slowly released from the network over a

period of more than 10 h. BioMIL-3 is, according to the authors, an interesting approach for

the delivery of NO gas in biomedical applications [62]. It is important to notice that, in this

case, even though the carboxylic-based MOF may be applied in biological functions, the

carboxylic acid does not have a direct role in this application. As a ligand, its relevance was

merely towards the construction of a network with adequate porosity and geometry for the

mentioned application. Nonetheless, there are also a few studies in which the carboxylic acid

as a ligand has a more active function.

In the work of Gref et al., a series of porous MOFs was prepared with iron as the metallic

centre and various carboxylic acids as the ligands. MIL-53, MIL-88A, and MIL-100 contain

terephthalic, fumaric, and trimesic acids, respectively. As a result, the different frameworks

present pores with distinct dimensions, the larger being MIL-100 (25–29 Å) followed by

MIL-88A (8.6 Å) and finally MIL-53 (6 Å). In vitro studies on the degradation of these

materials under physiological conditions showed that the networks of MIL-88A and MIL-

100 disintegrated during 7 days at 37°C and released large amounts of the respective

carboxylic acids (fumaric and trimesic acid). Note that these molecules are endogenous in

the body and present low toxicity (fumaric acid, LD50 ¼ 10.7 g kg�1; trimesic acid,

LD50 ¼ 8.4 g kg�1), thus they could be further used by the organism or excreted without

posing a threat. The loading capacity of these MOFs was tested with a wide range of

anticancer and antiviral drugs. Efficient loading and release occurred for the combinations

of MIL-53 with cidofovir (cytosine phosphate analogue, antiviral), of MIL-88A with

busulfan (1,4-butanediol dimethanesulfonate, antitumoural), and of MIL-100 with cidofovir

and azidothymidine triphosphate, an antiretroviral (Fig. 4.6, left). The release of

azidothymidine triphosphate from MIL-100 occurred over 3 days of immersion in simulated

physiological conditions (phosphate buffered solution, PBS at 37°C) [30]. The versatility of

MIL-100 is evidenced by numerous literature reports, in which further surface engineering

improved its stability without disrupting its porosity, crystallinity, structure, and adsorption/

release abilities [63–65].



Fig. 4.6
MIL-100 structure adsorption (top left); MIL-100 adsorption and release of three APIs (bottom left);
Mg(H2gal).2H2O structure (top right); released gallic acid over time in H2O and cell culture medium
(bottom right). Based on Horcajada, P., et al., 2009. Porous metal–organic-framework nanoscale carriers as a
potential platform for drug delivery and imaging. Nat. Mater. 9, 172; Cooper, L., et al., 2015. A biocompatible
porous Mg-gallate metal-organic framework as an antioxidant carrier. Chem. Commun. 51 (27), 5848–5851.
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Another microporous carboxylic-based MOF was prepared by Devic et al., having gallate as

the ligand and coordinated magnesium as the metallic centre. Studies on the stability at 37°C
of Mg(H2gal)�2H2O in both water and RPMI cell culture medium showed that the network

slowly disintegrates and releases the ligand, gallic acid, into the solution (Fig. 4.6, right).

The degradation is faster in RPMI, with ca. 48 � 5% of the carboxylic acid being released to

medium after 24 h, versus 37 � 1% when it is in pure water. Gallic acid also has antioxidant

properties, being further demonstrated that Mg(H2gal)�2H2O lowers the production of Reactive

Oxygen Species (ROS) by cells of the human promyelocytic leukemia line (HL-60) [66].

In follow-up studies, two novel 3-D bioMOfs, MIL-155 and MIL-156, were built from calcium

and the same ligand [67]. These solids present different inorganic subunits: MIL-155 or

[Ca2(H2O)(H2gal)2]�2H2O has infinite chains of edge-sharing dimers of CaO7 polyhedra linked
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through partially deprotonated gallate ligands and MIL-156 or [Ca3K2(H2O)2(gal)2]�nH2O

(n � 5) is made from ribbon-like inorganic subunits containing both eight-fold and six-fold

coordinated calcium ions linked through fully deprotonated gallate ligands. While made from

the same constituents, the two materials exhibit very distinct solubility profiles in relevant

simulated biological media.MIL-156 does not present any antioxidant effect because of its high

chemical stability, while the progressive release of the gallate ligand from the less stable

MIL-155 leads to a remarkable antioxidant effect, which is even higher than that previously

reported for Mg(H2gal)�2H2O. Taken together, these results demonstrate how carboxylic

acids can be successfully applied in the design of bioMOFs having interesting therapeutic

properties that can be further explored for future applications.
4.3.4 Phosphonic acids

MOFs with phosphonic acids as ligands are characterized by the presence of strong metal to

O3PdC bonds. Along with the high stability of PdC bonds to elevated temperatures, this

allows the preparation of MOF materials with high chemical and thermal stabilities [9].

With such favorable characteristics, it is not surprising to find numerous examples of MOFs

with phosphonic acids as ligands in the literature. Nonetheless, only a few of these are

designed and prepared with ligands holding interesting biomedical properties. Highlighted is a

very specific class of bioMOFs that contain bisphosphonic acids (BPOs) as ligands.

BPOs are a class of compounds composed by two phosphonate groups linked by

nonhydrolysable phosphoether bonds to a central carbon atom (a PdCdP core, Fig. 4.3). [68].

The PdCdP bonds in the core give BPOs the ability to bind strongly and selectively to

bone tissue and to modulate bone growth and remodeling [68–74]. Nowadays, the drug class of
BPOs comprises a broad set of commercially available molecules, employed in the

treatment and prevention of osteoporosis and other several bone-related disorders [75–79]. The
medicinal properties of BPOs, allied with the availability of several coordination sites in

their structures, make them very attractive ligands for the preparation of MOFs. A wide variety

of BPO-MOFs is already reported, with the main focus on the structural description and

physical properties [80–86]. The reported applications cover a variety of fields, but biological

and medicinal uses are strongly unexplored. Nonetheless, there are still a few reports on the

therapeutic potential of the prepared BPO-based MOFs (Fig. 4.7) [87–89].

A network composed by calcium metallic centres in coordination with the BPO ligand

alendronate, [Ca(H3alen)�H2O], was recently reported to promote in vitro osteoblast

differentiation along with the inhibition of the proliferation and differentiation of osteoclasts

[88]. Another study, by Alvarez et al., reports a material obtained from the same calcium

and alendronate precursors, but having inert behavior, i.e., no bioactive properties were

observed in simulated body fluid (SBF) [87]. Since different approaches were used to study the

biological properties of both materials, a practical direct comparison of the results is
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Structure and activity of two BPO-based MOFs: on the left, the structure of an alendronate-

containing bioMOF; on the right, the structure of CaP1 bioMOF and its effect on the activity of MG63
osteosarcoma cell line. Cells were treated with CaP1 for 15 days, followed by extraction and

quantification of the levels of Runx2 and Spp1 mRNA by qPCR (quantitative polymerase chain
reaction). Runx2 is a multifunctional transcription factor that controls skeletal development by

regulating the differentiation of osteoblasts and the expression of many extracellular matrix protein
genes. During osteoblast differentiation, Runx2 upregulates the expression of bone matrix protein
gene Spp1. Based on Boanini, E., et al., 2013. Crystalline calcium alendronate obtained by octacalcium phosphate
digestion: a new chance for local treatment of bone loss diseases? Adv. Mater. 25 (33), 4605–4611; Shi, F.N.,

et al., 2015. Calcium phosphonate frameworks for treating bone tissue disorders. Inorg. Chem. 54 (20),
9929–9935.
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impossible. However, given that both present the same composition [Ca(H3alen)]�H2O, we can

postulate that the different biological activity results from different crystallographic

structures. While the first crystallizes on the spatial group P21/n, the latter belongs to the

P212121 spatial group [87, 88]. The different spatial arrangements of the atoms could have

an influence on their interaction with the surrounding medium.

Starting from two different BPOs, pamidronate (pam) and zoledronate (zol), Lin et al. prepared

two interesting cytotoxic bioMOFs. Both feature calcium metallic centres and they are

named Ca-pam [Ca(H2-pam)(H2O)]�H2O and Ca-zol [Ca(H2-zol)(H2O)]. Following the

preparation step, the MOFs were coated with single lipid bilayers (SLBs) and further

conjugated with anisamide to improve the network stability and enable them to target cancer

cells. In vitro studies showed that both MOFs were able to induce apoptosis on H460

human nonsmall lung cancer cells (with IC50 values of 1.0 � 0.1 μM and 0.84 � 0.2 μM,

for Ca-pam and Ca-zol, respectively), while only Ca-zol revealed a cytotoxic effect on

AsPC-1 human pancreatic cancer cells (with IC50 values of 3.6 � 2.3 μM) [89].

Using a similar approach, Wang et al. developed a new bio-resorbable sub-100 nm diameter

pH-responsive MOF of calcium zoledronate (Ca-zol) as a potential cytotoxic anticancer

agent [90]. Folate (Fol) was also incorporated in the MOF, because folate receptors (FR)
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are known to be overexpressed in several tumors and thus this ligand may facilitate tumor

uptake. TheMOF had excellent chemical and colloidal stability under physiological conditions,

and it was able to encapsulate more zol than any other existing drug delivery system.

It outperformed pure zoledronate regarding the in vitro ability to inhibit cell proliferation and

induce apoptosis in two tumor cell lines (FR-overexpressing nonsmall-cell lung carcinoma

line, H460, and prostate cancer line, PC3). In vivo studies using mouse xenograft models

of H460 and PC3 confirmed the superior activity of the MOF, which is 80%–85% more active

than pure zoledronate.

BioMOFs with other BPOs, besides the commercially available ones, are very rare. To the best

of our knowledge, there is only a single study in which a noncommercial BPO was used to

prepare MOFs directed towards biomedical applications. Using calcium as metallic centre and

the BPO tetraethyl-p-xylylenebisphosphonate as ligand, Rocha et al. obtained two distinct

MOFs, [Ca(H2O)3(HPXBP)] (CaP1) and [Ca2(H2O)2(HPXBP)1.5] (CaP2) (Fig. 4.7, top right),

which are organized into three-dimensional networks. The differences in their crystalline

structures, with different spatial arrangement of the components, may account for the different

bioactivities of these materials: CaP1 promotes the formation of bone-precursor phases

(calcium phosphates and hydroxyapatite) and stimulates the activity of osteoblasts,

while CaP2 does not show any bioactive behavior [91].
4.3.5 Active pharmaceutical ingredients and dietary supplements

Until recently, MOFs developed with the intended application of drug delivery would be

regarded only as carriers. Such application requires, as mentioned before, a framework with

three-dimensionality and large pores, along with additional characteristics to ease the

incorporation of the desired drug (such as the ability to establish host-guest interactions).

Moreover, the whole process for the encapsulation and release of the drug is strongly dependent

on diffusion rates and matrix degradation kinetics, which in turn could also be associated

with the release of exogenous ligands with added toxicity issues [24, 28, 31, 92]. An alternative

is to use APIs or other actives as endogenous ligands to construct bioactive networks,

similar to the majority of the bioMOFs described this far. In fact, a strong and preponderant

factor that propels the design and preparation of such materials is that most of the drugs in

the market already possess multiple coordinating groups in their structure (e.g., carboxylic and

phosphonic acids) (see Fig. 4.8) [93].

In 2010, Serre et al. reported the first bioMOF containing pyridine-3-carboxylic acid, also

known as niacin or vitamin B3. As an essential nutrient, vitamin B3 deficiency induces a

skin disease called pellagra, and its regular intake is needed to maintain adequate cellular

metabolism, intestinal and brain functions, and the regulation of lipoproteins. The vitamin

B3-based material, named bioMIL 1 by the team that developed it, contains iron as metal

centre [90]. The stability of bioMIL-1 is relatively low and studies show it decomposes in



Fig. 4.8
Structure and decomposition profile of bioMIL-1 (left); structure and decomposition profile of

Zn-Azelate bioMOF (right). Based on Miller, S.R., et al., 2010. Biodegradable therapeutic MOFs for the delivery
of bioactive molecules. Chem. Commun. 46 (25), 4526–4528; Tamames-Tabar, C., et al., 2015. A Zn azelate

MOF: combining antibacterial effect. CrystEngComm. 17 (2), 456–462.
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approximately 1 h under simulated physiological conditions (PBS, pH ¼ 7.4, 37°C, Fig. 4.8,
left). It should be further noted that the use of iron as a metal centre for bioMOFs is not

recommended due to the daily intake limit associated with elemental iron, that is, iron

should not be taken at doses higher than 20 mg kg�1 day�1 [94]. Furthermore, iron is to be

taken only in case of deficiency, since it is known to bioaccumulate in the body due to the

lack of active physiological excretion pathways making iron loss very low (estimated

around 1–2 mg per day) [93, 95, 96]. A second bioMOF, bioMIL-2, was obtained using calcium

and glutaric (propane-1,3-dicarboxylic) acid as a ligand, but it also decomposes rapidly in

aqueous medium [97]. These two reports, although describing bioMOFs that decompose quite

rapidly, can be regarded as a driving force towards similar studies in the future, in which

the degradation profiles will be modulated to meet the length of the treatment.

A series of bioMOFs with deferiprone (Hdfp) was reported in 2013 by Spencer et al. [98].

Deferiprone is a second-line iron-chelating agent used in the treatment of patients with

transfusional iron overload due to thalassemia syndromes (when current chelation therapy

is inadequate) [99, 100]. In these networks, the drug was coordinated with zinc metallic

centres. One of these MOFs, [Zn3(bdc)2(dfp)2]�2DMF, does not release the drug when
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suspended in DMSO or methanol; however, when suspended in phosphate buffered saline

(PBS buffer), HCl-PBS buffer (pH 5.5), 1 N HCl, or saturated citric acid solution, the network

rapidly decomposes into the corresponding components and the drug was released.

Blanco-Prieto et al. reported a material constituted by azelaic (1,7-heptanedicarboxylic) acid as

a ligand in coordination with zinc metallic centres (Fig. 4.8, right). With this approach, the

authors intended to combine the therapeutic effects of the network components: azelaic acid

is approved for the topical treatment of rosacea [101], being also popular in acne products,

and cationic zinc (Zn2+) also exhibits some antibacterial action [102]. Additionally, the

controlled release of azelaic acid from the network would be expected to help curb the low

solubility and bioavailability issues. The new three-dimensional bioMOF [Zn(C9O4H14)] was

called bioMIL-5. Studies on its decomposition profile showed two different rates in MilliQ

water andMHCA bacteria broth. After 70 days, only 55% had decomposed in water, whereas in

MHCA broth almost all the material had decomposed (95%). This was attributed to

differences in the pH of the medium (pH of water is lower than of the MHCA) and to the

presence of several amino acids, sugars, and salts in the MHCA broth, which could compete

for the zinc metallic centre sites. The antibacterial activity of bioMIL-5 was tested on two

Gram-positive bacteria (Staphylococcus aureus and Staphylococcus epidermidis), and the

material maintained the biological activity of its components. More importantly, it was showed

that, at long-term, bioMIL-5 can control the growth of S. epidermidis in a suspension. All

together, these results showed the potential of bioMIL-5 to be further used as an antibacterial

agent for further applications, such as skin care or cosmetics [92].

MOFs can be further optimized for the delivery of combination therapy, by building

networks that bear a bioactive molecule as ligand and loading them with a second active

molecule in the pores (Fig. 4.9). This way, upon diffusion and further dissociation of the

network, two bioactive compounds are released, and by controlling the properties of the pores

and the stability of the network, the release profile of the two substances can be adjusted to

different kinetic profiles.

Following this concept, Zhu et al. [102a] designed a new bioMOF with curcumin as the ligand

and zinc as the metallic centre. Stability studies of [Zn3(curcumin)2�7(DMA)�3(ethanol)] in
PBS showed a two-stage decomposition kinetics, with degradation starting in the first hour to

release 30.5% of the ligand, and a slower rate of decomposition over the next 10 h, with only

21% of the curcumin being released (most likely due to saturation associated with the low

solubility of curcumin in aqueous media). Afterwards, [Zn3(curcumin)2�7(DMA)�3(ethanol)]
was loaded with ibuprofen and tested as sustained release system in PBS (pH ¼ 7.4) at 37°C.
Interestingly, 97% of ibuprofen was released in around 80 h and again a two-stage kinetics

was observed; in the first 2 h, ca. 52.5% of the loaded-drug was released, while the remaining

was released more gradually. [Zn3(curcumin)2�7(DMA)�3(ethanol)] was further evaluated
regarding its growth inhibition properties on the BxPC-3 pancreatic adenocarcinoma cell line,
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Structure of Mg-Olsalazine bioMOF (top left)with release and decomposition profile (bottom left); Structure of Zn-curcumin bioMOF (top
right)with drug release and decomposition profiles (bottom right). Based on Levine, D.J., et al., 2016. Olsalazine-based metal–organic frameworks
as biocompatible platforms for H2 adsorption and drug delivery. J. Am. Chem. Soc. 138 (32), 10143–10150; Su, H., et al., 2015. A highly porous

medical metal–organic framework constructed from bioactive curcumin. Chem. Commun. 51 (26), 5774–5777.
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but results show that the activities of curcumin and the MOF are similar. At the highest

concentration tested, 50 mg L�1 (or a mass equivalent to the mass of curcumin, in the case of

the MOF), both curcumin and the MOF, reduced the viability of BxPC-3 cells by 60% [95].

The use of zinc as metal centre was, most likely, not innocent, since one of the specificities

of pancreatic adenocarcinoma ductal and acinar epithelium cells is a uniform and marked

decrease in the zinc levels [103]. Zinc was, however, unable to create a synergic effect with the

curcumin regarding the cytotoxic performance of this MOF. A word of caution is also

required on the use of zinc in MOFs aiming at medicinal use on human patients, given its

aforementioned low dietary allowance (RDA).

In 2016, Long et al. reported a series of new mesoporous MOFs that follow the same rationale

of double drug loading. The networks have as ligand the drug olsalazine (used in the

treatment of ulcerative colitis, other gastrointestinal diseases, and colorectal cancer) and

different metal centres, namely Mg, Fe, Co, Ni, and Zn. [Mg2(olz)], was chosen as model MOF

because it contains magnesium, an essential element. The stability of [Mg2(olz)] in PBS

(pH 7.4) at 37°Cwas evaluated, showing the release of 80% of olsalazine in the first 4 h, and the

remaining 20% over the next 6 h. The high surface area and porosity of [Mg2(olz)] allowed

including phenethylamine as a guest to form [Mg2(olz)(PEA)2]. Phenethylamine, a

neurotransmitter, is also sold as dietary supplement for improving mood. Upon immersion

of [Mg2(olz)(PEA)2] in PBS with shaking at 37°C, PEA release was faster than that of

olsalazine. After 3 h, ca. 95% of PEA was released when compared to 50% of the olsalazine.

This was attributed to rapid displacement of PEA from the pores upon soaking, which

happens prior to network disassembly [104]. This work is a great example of how

drug-based MOFs can be useful tools for the delivery of combination therapy, with the

added advantage of featuring two kinds of release kinetics: a fast one for the drug in the pores,

and a slower one for the drug that forms the network.
4.4 Concluding remarks

This field of research, which has emerged only very recently, has focused on the use of selected

MOFs for a few given applications. Thus, considering the large number of existing MOFs and

the wide range of possible bio-applications, there is still a lot to do in this domain.

For instance, in terms of bio-application, many practical problems of bioMOF materials

warrant serious consideration, such as toxicity, morphology, machinability, dissolvability, and

the preparation of homogeneous nanocrystals. Their biosafety, bio-distribution, and efficacy

in vitro and/or in vivo still need to be revised and adjusted before real biomedical applications.

Most of these problems arise because the preparation and prediction of new structures from

biomolecules are still demanding due to the low symmetry of bio-ligands, the chemical stability

of bioMOFs does not yet meet the requirements of traditional biomaterials, and the
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development of practical and stable formulations meeting the requirements of a given

administration is still complex.

Nonetheless, some results show that MOFs have some significant advantages over existing

bioorganic or inorganic systems, and throughout this chapter, we intended to direct the reader to

these advancements.

Importantly, it is possible to perceive that a significant structural progress has been made in the

preparation of MOFs with the prerequisites to act as a bioMOF. Characteristics such as the use

of metals and ligands with low toxicity as well as their degradability under in vitro

physiological conditions can be used as an advantage since a combination of bioactive

molecules and metals is used as the MOFs constituents. Thus, these can provide the therapeutic

capabilities without any complex third-party biomolecules load and release mechanisms for a

therapeutic delivery. However, these studies are scarce and should be standardized for all

MOFs composed of biocompatible ligands and metal centres.

In this regard, it seems that a judicious selection of the metal centres and ligands based on their

charges, geometries, and bioactive sites is key to engineering bioMOF architectures. We firmly

believe that bioMOFs, especially those with bio-ligands of the phosphonate family with

calcium or magnesium metal centres, have a promising future once the structures are unveiled

as well as the degradation profiles are thoroughly studied.
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CHAPTER 5
The role of flexibility in MOFs
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5.1 Introduction

MOFs can be subjectively categorized as rigid or flexible. Rigid MOFs have permanent

porosity and robust porous frameworks similar to inorganic porous materials. Flexible MOFs

are known to have dynamics and respond external factors in nature such as temperature,

pressure, and light [1–3]. Structural flexibility makes these MOFs able to reversibly modulate

their pore size according to the situation; hence these MOFs are promising in applications of

molecular sensing and sieving. In the literatures, because of flexible frameworks and lack the

rigidity, they are known as flexible MOFs, soft porous crystal [4], spongelike MOFs [5],

dynamicMOFs [6], or springlike [7]. The structure of flexible MOFs is capable of transforming

through different ways like gate opening or a phase change [8, 9]. Such flexibility is more

possible to be seen during the adsorption-desorption process, where the interaction between the

pore surface and adsorbed molecules is believed to be the origin of flexibility [10]. A large

number of flexible MOFs with different applications have been reported these years. They are

also so popular in nanobiotechnology advances such as specific gas separations [11, 12],

sensing for detecting traces of organic molecules [13], and slow release of drugs for

long-release single-injection therapies [14].

The efficiency of drug delivery in the body by using nontoxic nanocarriers is the most

significant challenge in this research field. Some important requirements for an efficient

therapy with nanocarriers include biocompatibility, controlling the release and avoiding the

“burst effect,” controlling matrix degradation and engineering its surface, being detectable by

various imaging techniques, and efficiently entrapping drugs with high loading capacity. As

MOFs contain transition metal ions, toxicology is another important property of MOFs that

must be taken into consideration, particularly when these materials are used in health-related

applications: biomedical or biological. Hinks et al. employed a research into toxicology of

https://doi.org/10.1016/B978-0-12-816984-1.00006-8
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iron(II) fumarate that has the same chemical composition as the MOF designated Fe-MIL-88A

[15]. They reported that iron fumarate can be consumed an oral iron supplement. This approval

supported the optimistic view about toxicology of MOFs. Fe-MIL-88 and Fe-MIL-101 also

showed similar results [15]. Due to the ability to adapt their porosity to the shape of the guest

molecule and adjust the framework’s functional groups, flexible MOFs are considered as

optimal drug delivery materials [16, 17]. The capacity to be generated as controlled localized

delivery of drugs may well contribute to the effective treatment and reducing side effects

(Fig. 5.1) [18].

Horcajada et al. [19] also studied the structure of a flexible MOF, MIL-53, upon heating to

investigate the delivery of ibuprofen. It showed expansion upon dehydration-hydration

(Fig. 5.2A). It is also found that the chromium (Cr) and aluminum (Al) MIL-53lt (lt ¼ low

temperature) solids could show a reversible pore opening, involving atomic displacements by

5.2 Å during dehydration [18], while the iron analogue [20, 21] opened the pores over the

adsorption of molecules. In fact, formation of hydrogen bonds between the inorganic
Loading of  drug
into MOFs

(A)

(B)

Slow release of
drug from MOF

TissueBlood

Intracellular
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Administration
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Serum
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Fig. 5.1
(A) Generalized scheme for the use ofMOFs as drug delivery vehicles. (B) In vivo conditions involved in

the slow release of drugs [18].
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(A) Schematic representation of the breathing effect of the Cr-MIL-53 hybrid solid upon dehydration-

hydration. (B) Ibuprofen delivery from Cr-MIL-53 and Fe-MIL-53 [18].
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hydrophilic parts of the pore and the water molecules explains that Cr and Al solids experience

structural change over dehydration. The complete process of delivering ibuprofen fromMIL-53

took about 3 weeks (Fig. 5.2B). It was explained that the flexibility of the material led to

bending around the drug molecules, resulting in such long duration of delivery [19].

The concept of stress-induced chemical detection was studied through integration of a thin film

of HKUST-16, a MOF composed of Cu(II) ions linked by 1,4-benzenedicarboxylate (BTC)

ligand [Cu3BTC2(H2O)3]n [22]. It was expected that the greater structural flexibility, the higher

sensitivities would be achieved. It was shown that the energy of guest adsorption in MOF

structure could be transformed to mechanical energy. The energy might be used in creating a

reversible, selective, and responsive sensor.



96 Chapter 5
5.2 General aspects of framework flexibility

Different modes of framework flexibility are described by Coudert et al. (Fig. 5.3) [23].

Supramolecular host-guest interactions are the most common origin of framework flexibility.

However, MOFs are also able to show framework flexibility without desorption and adsorption

phenomena. Flexibility is a desired response to external force fields, ranging from mechanical

stress to temperature and interactions with light.

5.2.1 Breathing, swelling, linker rotation, and subnetwork displacement

The breathing phenomenon allowsMOFs tomake reversible transitions,which lead to a change in

unit cell volume (ΔV 6¼ 0). Angles and characteristic distances of the unit cell change, and two

distinct phases of crystallographic space groups (np and lp) may be different. The MIL-53(M)

family ([M(BDC)(OH)]n with BDC¼ 1,4-benzenedicarboxylate andM ¼ Al, Fe, Cr, Sc, Ga, In)
Fig. 5.3
Different categories of dynamic MOFs, each illustrated by a material displaying the phenomenon. The
lower panel also depicts the typical hysteretic two-step adsorption-desorption isotherms of breathing
materials (red and blue, respectively, upper half ), along with evolution of phase composition (lower

half ) [23].
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is a typical instance for this kind of flexibility. The impact of distinctive structure building units on

the framework flexibility has been broadly studied, theoretical and experimental, due to the

various kinds of linker derivatives and structure forming metals.

The swelling mode is also known by a rather small expansion of the MOF unit cell volume (ΔV
6¼ 0), although the unit cell shape and space group do not change. MIL-88 might be one of the

most representative materials having the swelling mode of flexibility that is based on a trimeric

iron(III) subunits [24]. The changes in the cell volume and unit cell parameters are guest

dependent to a large extent. For example, in the case of MIL-88A, the unit cell growths from

1135 to 1840 Å3 after adsorption of n-butanol, to 1970 Å3 for the ethanol filled material, to

2090 Å3 in methanol, and to 2110 Å3 after soaking in water [24]. Shrinking in the absence of

guest molecules (or not triggered by guest adsorption/desorption) or thermal expansion are also

a flexibility mode linked to swelling. Some of archetypal “rigid” MOFs such as MOF-5 are

known flexible because of these features [25].

Linker rotation is regarded as a continuous transition, meaning that the spatial alignment of a

linker turns around a rotational axis continuously. Zeolitic imidazolate framework (ZIF-8, [Zn

(mIm)2]n, mIm ¼ 2-methylimidazole) may be a typical type of this flexibility mode [26]. To

explain this phenomenon, pore window size with the adsorption properties of the material is

determined.

The theoretical and experimental studies have concluded that the rotational linker movements

lead to the expansion of the pore windows, and thus MOFs absorb guest molecules more than

expected. Framework flexibility based on linker rotation is used for special engineering

functions such as selectivity in adsorption of certain guest molecules [27].

Another phenomenon that includes some MOFs in flexible category is subnetwork

displacement. This is limited to such systems that are connected to each other by relatively

weak forces (van der Waals interactions), not strong chemical bonds. In these frameworks,

subnets are able to relocate, drift, or shift. Subnetwork displacement includes interdigitated and

stacked two-dimensional (2-D) frameworks as well as interpenetrated three-dimensional (3-D)

frameworks [28]. The 2-DMOF [Cu(dhbc)2(bipy)] (Hdhbc ¼ 2,5-dihydroxybenzoic acid, 4,40-
bipy ¼ 4,40-bipyridine), for example, can response to a certain threshold pressure of methane

oxygen, or nitrogen is applied via a gate opening/closing [29].
5.2.2 Photoinduction

Photoinduction means that molecules can respond to the light through changing their

conformation or structure. If this feature is implemented intoMOFs, the shape and size of pores

could be controlled by light irradiation, leading to the ability to adsorb certain guests. Adding a

functional side group to the linker may be the most widely used method to produce

photoswitches. In most cases the prototypical azobenzene groups are incorporated into MOFs.
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Dangling in thepores, azobenzenephotoswitcheschange their conformations from trans tocisafter

light exposure (365 nm), accompanyinggenerallybyavariation in theaccessibilityof thepore size.

Modrow et al. used an azobenzene-functionalized bipyridine derivative in the synthesis of the

pillared layer-based framework [Zn2(2,6-ndc)2-(azo-bipy)]n (azo-bipy ¼ 3-azo-phenyl-4,40-
bipyridine),whichwas the first usageof a photoswitchable linker [30].Material’s exposure to light

of awavelength of 365 nm causes the linker transits from the trans- (thermodynamically stable) to

the cis-isomer. By either thermal treatment or irradiation with light of a wavelength of 440 nm, a

reversibleswitchingbackcanbeachieved.Othergroupspursued theconceptover thepast10 years.

Park et al. used azobenzene-functionalized bdc-type linker to prepare an IRMOF-1 derivative

containing [31]. Then,Brown et al. [32] developed an azobenzene-functionalized linker in order to

introduce it into IRMOF-74-III [Mg2(C26H16O6N2)]n, expanding from 8.3 to 10.3 Å by switching

from trans to cis. The light-induced releaseof adsorbeddyewas alsodemonstratedby adjusting the

conformation of the azobenzene with the light wavelength. It also should be noted that we can

uptake much more CO2 if the azobenzene is in the trans-conformation.

Yanai and coworkers undertook a different approach [33]. As guest molecules, they used

azobenzene photoswitches and loaded them with [Zn2(bdc)2(DABCO)]n (bdc, 1,4-

benzenedicarboxylate; DABCO, 1,4-diazabicyclo [2.2.2]octane) framework. The [Zn2(bdc)2
(DABCO)]n frameworks are also able to show the behavior of the photoswitch, and upon

exposure to different solvents, they perform minor changes in the crystal structure. These

materials transform between open pore and closed pore (cp), or narrow pore (np) and large pore

(lp) forms. That is why the MOF is contracted around the azobenzene guest, when azobenzene

in the cis form and after contact to light, the conformation of the guest changes to trans and the

framework expands to the lp form [34].
5.2.3 Thermal-induction

It is a feature of those MOFs that are able to show a reversible change in their lattice parameters

after exposure to an extent temperature without alteration of the molecular composition. That is

why materials containing solvent guests are categorized in this class. In this case, higher

temperature would only result in a phase transition induced by guest desorption [35]. It is

needed to make a distinction between two phenomena in suchMOFs based on their structures at

room temperature. The first one is those systems that are present in their large pore form after

activation. And the second one is those that are contracted and possess narrow pores after

activation. The former are most likely to undergo a phase transition when cooled, and the latter

undergo a reversible phase transition when heated. Before the complete phase transition occurs,

the expansion or shrinkage of a framework is described by positive or negative thermal

expansion (PTE or NTE, respectively). In other words, PTE and NTE are continuous processes

[36]. In order to compare PTE and NTE of materials, we usually compare their thermal

expansion coefficients (α).
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MIL-53 system is a clear example for describing that. At around 125 K, a lp-np phase transition

is observed via cooling down to low temperatures [37]. Material transforms gradually turn into

the lp form above 325 K, and a relatively large hysteresis is observed. Phase transition is

finished at approximately 375 K. Decreasing the benzene ring motion is assumed to be

responsible for this behavior, and their fast rotation is believed to help span the diamond-shaped

channels of MIL-53(Al). A closer look at the origins of the thermally induced flexibility of

MIL-53 was taken, finding that dispersive interactions stabilize the np at low temperatures [38].

The higher entropy of the rotating linker molecules was seen at higher temperature, resulting in

the formation of the lp phase. A functionalized analogue of the [Zn2(bdc)2-(DABCO)]n

62 system, namely, [Zn2(BME-bdc)2(DABCO)]n (BME-bdc, 2,5-bis(2-methoxyethoxy)

benzenedicarboxylate) also shows a np-lp transformation [39].

DeVries et al. [40] presented other example of thermoresponsive MOF named hinged metal-

organic framework (HMOF), which is prepared from a meso-tetra(4-pyridyl)porphine linker

(MTPP) and CdI2. Each cadmium (Cd) ion possesses an octahedral coordination sphere, with

four pyridyl groups of different porphine linkers coordinating to the Cd in the equatorial

position and two iodines coordinating in the axial position. A 2-D sheet is formed by

contribution of two equatorially coordinating porphines. The two other porphines of the second

grid skew to the first grid, leading to a lattice fence-like topology. This form let the coordinating

iodine ions be close. However, after a certain temperature, the lattice fence-like structure starts

dangling due to repulsing neighboring iodine molecules, which is an inevitable result of rising

in iodines’ thermal movement.

Some materials have another feature called thermal amorphization that allows them be

categorized in flexible MOFs. A series of ZIF-like materials are amorphous at 300°C, but
increasing temperature to 450°C generates a new and dense phase. The new phase and the

amorphous one are reversible at room temperature [41].

5.3 Origins of flexibility in MOFs

Many parameters have effect on the flexibility of MOFs. The noticeable factors are known as

secondary building units (SBUs) and the organic ligand that affect the contraction and/or

expansion of MOFs. Through having impact on the pore shape and the nature and strength of

the bonds of the framework, aforementioned parameters could noticeably affect the flexibility

in MOF structures.

5.3.1 Secondary building units (SBUs)

It is obvious that not every SBU is able to show proper response like expansion or contraction in

specific circumstances. Although some researches have formulated empirical rules that ought

to be provided simultaneously to let the structure breathe [42], there has hitherto been no full
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theory established that provides full understanding and predicting of the key flexibility

parameters of MOFs. Some of these rules concern metal clusters: the inorganic brick should

have a mirror plane with the carboxylates ordered in symmetrical positions around it. This was

detected in MIL-88 (Fe and Cr) framework [43]. Another rule is based on the number of carbon

atoms of the carboxylic groups surrounding the cluster and number of metallic atoms within the

cluster. These rules were seen in many flexible MOFs such as [Zn2(bdc)2(DABCO)]n [44] and

MIL-88 (Fe and Cr) [43]. Schneemann et al. [45] reviewed the effect of the metal nodes on the

flexibility of MOFs. For instance, the MIL-53(M) family [M(bdc)(OH)]n (M ¼ Al [20], Fe

[46], Cr [8], Sc [46], Ga [47], In [48]) showed different flexibility behavior based on the metal

center nature. The Al, Ga, and Cr analogues of MIL-53 behaved the same, where after reaching

the activation temperature (300°C), the expansion of the pore was seen. The Fe and Sc

analogues, however, behaved completely different. These flexible MOFs showed pore

contraction (narrow pore to closed pore transition) after activation.

F�erey and Serre announced another approach, which proposed that using some SBUs can directly

result in the flexibility of the structure and then allow breathing [42]. For example, MOFs with

trigonal prismatic SBUs,M3O(COO)6(H2O)2.X (M¼ Cr, Fe, Al; X ¼ F�, OH�), because of their
rotation around OdO axis of the carboxylate groups (kneecap-like rotational axis), can show a

change in theorientationof themetal trimer and thephenyl rings [43].Ametal paddlewheelSBUis

another SBU that allows the breathing of the structure [49]. A paddle wheel, also known as “soft

SBU” [50], is composed of ametal dimer interconnected by four carboxylic groups, representing a

pseudosquare SBU. They function as an inorganic element for most flexible MOFs [51]. Their

connection to linear linkers creates [M2L2]n planar grids, which are generally connected to pillar

ligands (like DABCO or bipy) in the third direction, making a 3-D α-Po topology framework.

A typical example of them is [M2(bdc)2(DABCO)]n (M ¼ Zn, Co, Cu) [52, 53]. Linkers (bdc) and

paddlewheels build the planar grid inwhich the paddlewheels are interconnected byDABCOand

formthe3-Dnetwork. [Zn2(bdc)2(DABCO)]n isanotherexampleof these flexibleMOFs that show

a phase transition during the activation process [53]. The paddle wheel deformation in them plays

an important role in the transformation when the particular SBU cannot get involved in the

breathing process, in contrast to MIL-53. After guest molecule adsorption, the angle of O-Zn-O

adjacent was originally 90 degree in the lp phase and changes to 87 degree in the np structure.

Simultaneously, the “kneecap”O-Zn-Zn-O andO-C-Odihedral angle,which is breathing cause in

MIL-53, changes from 0 degree in the lp phase to 9.81 degree in the np structure. Isomorphic

compound [Co2(bdc)2(DABCO)]n also showed the same transition [54]. All these observations

supplementary emphasize how the metal nodes/SBUs can affect the flexibility of the framework.
5.3.2 The impact of organic ligand

Structural diversity is another important structural feature of flexible MOFs. The syntheses,

design and applications of MOFs based on flexible ligands (FL-MOFs) are now really

distinguished. In principle, versatile conformations resulted from the ability of the metal
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ligating functional groups in a flexible ligand, which is rotating around the single bond. This

couples with coordination preferences of metal ions (clusters), providing a method to generate

structural diversity. A clear instance is ligand 5-(3,5-dicarboxybenzyloxy)isophthalic acid.

This can act as tetrahedral nodes and planar with two special conformations that correspond to

the two phenyl rings in the ligand coplanar [55]. By contrast, those rigid ligands with two

similar phenyl rings, such as 1,10-azobenzene-3,30,5,50-tetracarboxylic acid and 3,30,5,50-
biphenyltetracarboxylate, are always coplanar and categorize as four-connected planar nodes in

nbo-type MOF materials [56]. A wide variety of FL-MOFs have been synthesized, and some

reviews studying the structural diversity of FL-MOFs have been reported [57]. Having cis- or

trans-conformation can have significant effect on the produced MOF. Assembling, for

instance, the trans-H2CDC and Al(III) produced a MIL-53-like porous network, but that of the

cis-H2CDC (1,4-cyclohexanedicarboxylate acid) generated a layered structure [58]. A self-

casemated and interdigitated layered framework was synthesized by using 4,40-oxybis(benzoic
acid) (H2obb) ligands and Co(II) [59]. As the number of various flexible ligands used in

FL-MOFs is really huge, it might be too difficult to review all of the reported FL-MOF

structures. Various conformations can be achieved when the four arms rotate around –O-CH2–
moieties, altering relative orientation. Carbon atoms in carboxylic group, Ccarboxyl, facilitate,

distinguishing the conformations of H4tcm by a tetrahedron (known as carboxyl tetrahedra).

H4tcm has been used in more than one hundred FL-MOF structures. Almost all H4tcm

conformations in these FL-MOFs are similar. Isomorphous conformation is an exaptation in

this area. The carboxyl-core-carboxyl angle is completely various, ranging from 41o to 174o.

This pattern is also seen in the distance of carboxyl-carboxyl, changing from 5.176 Å to

15.341 Å. That is why geometries of the carboxyl tetrahedron could be regular, irregular, or

closely flattened. Responding to diverse coordination environments of metal ions is possible

because of these various conformations of H4tcm, bringing about a wide range of FL-MOF

structures.

Even though numerous examples of such FL-MOFs were recognized, preparing

noncentrosymmetric FL-MOFs with H4tcm was somehow unexpected, meaning that no matter

whichH4tcmconformationswere used,most final FL-MOFs ofH4tcmwere centrosymmetric. For

instance, under solvothermal conditions, a centrosymmetric FL-MOF with Zn4O(CO2)6 building

units, {[Zn4O(tcm)1.5]�4DMA�10DEF�10H2O}n (DEF ¼ N,N0-diethylformamide), was

synthesized [60]. In this case, the tcm4� ligand is seen at C2 axis and belongs to C2 point group.

Three carboxylic groups of Zn4O(CO2)6 cluster function as a tritopic subunit with angles of

86 degree and the carboxyl-core-carboxyl angles in the tcm4-ligand are nearly 90o (Fig. 5.4A).

Finally, three carboxyl-core-carboxyl edges from three ligands and twoZn4O(CO2)6 vertices form

a nanoscale trigonal bipyramidal cagewith a diameter of ca. 2.0 nm.Rotation of –O-CH2-moieties

provides the curvature needed at the vertices. The remaining two arms from each ligand link the

neighboring cages so that each nanocage is doubly cross-linked to six adjacent nanocages (Fig.

5.4B). A pcu network is generated through the above cage-to-cage connections by considering the

cages as nodes.A specific affinity to polarmolecules can be seen in this FL-MOFdue to theO-rich



Fig. 5.4
(A) Trigonal bipyramidal cage built by tcm4� and Zn4O(CO2)6 cluster. (B) Representation of

nanoscale cages covalently linked into a FL-MOF with pcu network in order to form intersecting
channels [60].
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environment at molecular cavity walls. The adsorption amounts of ethanol, water, and methanol

vary incrementally from 5.12 to 12.3 wt%. In contrast the cyclohexane uptake is nearly zero even

at the high pressure (0.007 wt%).
5.3.3 Biomedical applications of flexible MOFs

Today, flexibleMOFs are considered as one of the useful materials in the field of environmental

remediation. For example, flexible MIL-53(Cr) is used for the adsorption of two typical

pharmaceuticals: clofibric acid (CA) and carbamazepine (CBZ) [61]. CA is the metabolite and

active principle of blood lipid regulators, which is one of the most persistent drug residues

detected in aqueous environment. CBZ is described as an anticonvulsant medication that is

used primarily in the treatment of epilepsy and neuropathic pain. CBZ is also a high

environmental risk in the aquatic environment worldwide. Regarding the flexible MIL-53(Cr),

the breathing effect was accompanied by amodification of the hydrophobicity/hydrophilicity to

absorb these pharmaceuticals. After the adsorption of CBZ, the form of MIL-53(Cr), in the lp

version, is identical, while at the initial stage of adsorption, the np version with partial opening

of the pores and relatively small free volume accessible to guest molecules was seen in the

diffraction pattern (Fig. 5.5).

Recently, polysaccharide-based metal-organic frameworks (polysaccharide-MOFs), which are

mostly flexible, as a self-assembled highly ordered functional nanostructure, have drawn great

attention. Polysaccharide-MOFs have shown several promising and outstanding biological

properties such as biocompatibility, bioavailability, and biosafety. These exceptional properties

are providing a new field of awide range of biological applications. They are categorized in green,

renewable framework material composite [62]. In flexible bio-MOFs, biomolecules such as



Fig. 5.5
XRD pattern of MIL53(Cr) before and after adsorption [61].
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peptides, amino acids, nucleobases, and saccharides are presented as building units of MOFs

produced from renewable rawmaterials, which are generally biodegradable and nontoxic [63]. In

comparison with conventional ligands in MOFs, polysaccharide-based ligands could have access

to substantial conformational space via low-energy rotations, which highly differ from the

classical rigid aromatic-based MOFs. They also contain varied functional groups, suitable for

binding metal ions [64]. These bioligands also bring about other benefits like ease of synthesis,

easy availability, multiple reactive sites, tailor-made structure, and preexisting chirality [65]. It

should be noted that the incorporation of such ligands not only does improve the biocompatibility

of MOF but also results in functional composites, which is in itself a motivation factor. Thus, not

surprisingly, the scientific community have greatly noticed the properties of bio-MOFs such as

sensing, gas storing, separating, catalyzing, and providing new openings for applications in bio-

medicines [66, 67]. Kim et al. [68] clarified how interactions between cellulosic material and

MOFs can affect the properties ofMOFs. The flexible bonds make theMOFmechanically robust

for various environmental remediation applications in biomechanical applications. The presence

of hydroxyl groups of cellulose undergoes chemicalmodifications that help in the incorporation of

MOFon the surface of cellulose. The presence of cellulose provides some additional features such

as low density, hydrophilicity, biodegradability, and significantly higher surface area compared

with pure MOF.

Another use of flexible MOFs is xenon (Xe) and krypton (Kr) selectivity. Xe is a noble gas with

substantial usages in the medical industries, semiconductors, lighting, and ion propulsion. It

plays an important role as a probe molecule to examine the chemistry of biomolecules like
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proteins. In addition, numerous research have been conducted into the use of Xe as part of

theoretical or experimental studies on ligand–protein binding due to the “simplistic” nature of

Xe as a probe. Pure Xe can be difficult to produce because of its rarity; thus absorption of it has

attracted great attention today. Kaskel and coworkers conducted on the activation-induced

flexibility in a flexible porous MOF, namely, Ni2(2,6-ndc)2(DABCO) (DUT-8(Ni);

2,6-ndc ¼ 2,6-naphthalenedicarboxylate), to examine the absorption of Xe by this MOF

(Fig. 5.6) [69].

Another research was carried out by Witman et al. [70] to show the ability of flexible MOFs to

selectivity of Xe and Kr in comparison with rigid MOFs. They used a rare-earth polymeric

framework and a microporous calcium dicarboxylate, denoted as BioMIL-2, to do so. It should

be noted that flexibility somewhat enhances selectivity. Owing to the ring rotation and large

pore shifts to a higher mean value, pore can essentially be blocked. Ring rotation and pore shifts

both aid to decline the Henry coefficients in the flexible structure but in such a way as to overall

increase the selectivity. BioMIL-2 [71] is known to be Kr selective under the rigid pore
Fig. 5.6
(A) The paddle wheel unit. (B) View along the crystallographic [001] direction of

Ni2(2,6-ndc)2(DABCO). (C) 129Xe NMR spectra showing the phase change: (top) narrow pore at
room temperature, (middle) large pore state at 200 K, and (bottom) large pore state at room

temperature after sample cooling and subsequent heating [69].
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approximation. However, when flexibility is considered, it is Xe selective as a result of an

overall rise in pore size. BioMIL-2 is just one of the several MOFs that are able to show this

phenomenon. Xe can also induce strong cardioprotection through a range of mechanisms [72]. It

can be possible by activating protein kinase C-epsilon and downstream p38 mitogen-activated

protein kinases [73]. Detailed discussion on the biological role of Xe has been reviewed in a

recent study [74]. According to the literature and clinical studies, it is clear that Xe offers a safer

anesthetic solution than existing technology [72, 74, 75]. Such recovery and recycling of Xe gas

within a closed system would likely involve pressure swing adsorption (PSA) or vacuum swing

adsorption (VSA) type of porous materials as adsorbents (Fig. 5.7) [76].

Li et al. [77] studied the effect of flexibility in MOFs in inducing the nitric oxide (NO) forming

decomposition of S-nitrosothiols (RSNOs [R denotes some organic group]), a class of

NO-donating compounds that stands unique in biological applications. A group of NO synthase

enzymes endogenously produce NO, which contributes to the neurotransmission, immune

response, and regulation of vascular tone [78]. In addition, the production of biological NO is

vital for wound-healing process, promoting accelerated wound closure [79, 80]. These

properties emphasize the importance of inducing the release of NO directly from RSNOs. As

RSNOs can naturally be found present in blood, this function is hypothesized to permit the

controlled production of NO through the use of MOF-based blood-contacting materials. Li [77]

suggested that free copper ions in solution are able to interact with an initial RSNOmolecule to

form a Cu–S bond, accompanied by the release of NO. It is a repeatable process with a second

RSNO molecule to form a CH3S–Cu–SCH3
+, consequently results in disulfide formation and

copper regeneration. Li also proved that this specific reaction could merely be possible for a

flexible MOF that allows for distortion around the copper center to accommodate the additional

RSNO molecule [77].
Fig. 5.7
Schematic representation of Xe recycling and recovery usingMOFs at room temperature. Reprinted with
permission from D. Banerjee, C.M. Simon, S.K. Elsaidi, M. Haranczyk, P.K. Thallapally, Xenon gas separation and

storage using metal-organic frameworks, Chem 4 (2018) 466–94.
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In another work, Farha et al. [81] described a new class of metal-adeninate MOFs containing

adenine biomolecular linkers. They explained how controlling the coordination mode of

adenine can impact the structure and function of these materials. Due to the size and flexibility

of the structure in bio-MOF-100, distance restraints were applied with standard values for the

adenine taken from the Nucleic Acid Database. Rosi et al. [82] also reported a significant

encapsulation of the cationic antiarrhythmic drug, procainamide, into an anionic zinc-adeninate

framework Zn8(adeninate)4(biphenyldicarboxylate)6O2Me2NH2.8DMF.11H2O. Due to the

short in vivo half-life of procainamide, it is needed to control this compound every 3–4 h, and

this MOF has enabled us to achieve a controlled release of this drug, meaning that the loading

process was accomplished through a slow ionic exchange by single suspension of the solid in a

drug solution, leading to a loading up to 22 wt% after 15 days.
5.4 Conclusion

Flexibility is a unique physical phenomenon in MOFs. Flexible MOFs possess properties that

can be rare in rigid MOFs. The most common method to synthesize and design a flexible MOF

is probably the use of flexible linkers. However, other parameters, like types of secondary

building unit (SBU), can also play a role to be flexible in nature. The flexibility causes MOF to

show proper response to external stimuli such as pressure, temperature, and light. These

properties have made flexible MOFs remarkably useful biomedical applications. Flexible

MOFs through their structure, tunable composition, pore size, volume, flexible network and/or

accessible metal sites, and easy functionalization have many benefits for the adsorption and

release of biomolecules. Their biodegradable character can also be modified through an

adequate choice of the metal, linker, and structure, which results in a degradation in body fluid

from a few minutes up to weeks. An alternative method of releasing high amounts of drugs

consists in making a bioactive MOF based on the drug itself as the linker and release it through

the degradation of the MOF itself, or use a bioactive metal (Ag, Fe, Zn, Sc, Mn, In, Gd,…) as

the inorganic cation, to introduce additional properties such as antibacterial activity or imaging

properties. Research on biomedical applications of MOFs is gaining momentum, and this

emerging new class of porous materials is likely to replace the traditional nanoporous materials

in drug delivery and storage in the future. Early studies of toxicology and degree of

biocompatibility of MOFs are encouraging, and these fascinating materials may be suitable for

further trials in different medical applications. Finally, the MOF research community has made

a great progress in the past decade, and the future of the field seems very bright with the new

opportunities that will become available for MOFs.
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a metal-organic framework material controlled by weak dispersion forces: The Bistability of MIL-53(Al),

Angew. Chem. Int. Ed. 49 (2010) 7501–7503, https://doi.org/10.1002/anie.201002413.

https://doi.org/10.1016/j.solidstatesciences.2005.03.007
https://doi.org/10.1016/j.solidstatesciences.2005.03.007
https://doi.org/10.1021/ja805235k
https://doi.org/10.1021/jz4013849
https://doi.org/10.1021/jz4013849
https://doi.org/10.1021/ja054900x
https://doi.org/10.1021/ja054900x
https://doi.org/10.1126/science.283.5405.1148
https://doi.org/10.1021/ja202154j
https://doi.org/10.1021/ja904363b
https://doi.org/10.1002/anie.201002259
https://doi.org/10.1002/anie.201002259
https://doi.org/10.1002/anie.200390130
https://doi.org/10.1002/anie.200390130
https://doi.org/10.1039/c0dt01629b
https://doi.org/10.1021/ja209197f
https://doi.org/10.1039/c3sc21659d
https://doi.org/10.1039/c3sc21659d
https://doi.org/10.1021/ja2115713
https://doi.org/10.1016/j.ccr.2019.03.008
https://doi.org/10.1016/j.ccr.2019.03.008
https://doi.org/10.1039/c2sc20596c
https://doi.org/10.1021/ja401671p
https://doi.org/10.1021/ja401671p
https://doi.org/10.1021/ja803669w
https://doi.org/10.1021/ja803669w
https://doi.org/10.1002/anie.201002413


The role of flexibility in MOFs 109
[39] C. Yang, X. Wang, M.A. Omary, Crystallographic observation of dynamic gas adsorption sites and thermal

expansion in a breathable Fluorous metal-organic framework, Angew. Chem. Int. Ed. 48 (2009) 2500–2505,
https://doi.org/10.1002/anie.200804739.

[40] L.D. DeVries, P.M. Barron, E.P. Hurley, C. Hu, W. Choe, “Nanoscale lattice fence” in a metal–organic
framework: Interplay between hinged topology and highly anisotropic thermal response, J. Am. Chem. Soc.

133 (2011) 14848–14851, https://doi.org/10.1021/ja2032822.
[41] R.E. Morris, L. Brammer, Coordination change, lability and hemilability in metal–organic frameworks, Chem.

Soc. Rev. 46 (2017) 5444–5462, https://doi.org/10.1039/C7CS00187H.
[42] G. F�erey, C. Serre, Large breathing effects in three-dimensional porous hybrid matter: Facts, analyses, rules

and consequences, Chem. Soc. Rev. 38 (2009) 1380, https://doi.org/10.1039/b804302g.

[43] K.J. Gagnon, C.M. Beavers, A. Clearfield, MOFs under pressure: The reversible compression of a single

crystal, J. Am. Chem. Soc. 135 (2013) 1252–1255, https://doi.org/10.1021/ja311613p.
[44] A.L. Goodwin, D.A. Keen, M.G. Tucker, Large negative linear compressibility of Ag3 [co (CN) 6], Proc. Natl.

Acad. Sci. 105 (2008) 18708–18713.
[45] A. Schneemann, V. Bon, I. Schwedler, I. Senkovska, S. Kaskel, R.A. Fischer, Flexible metal-organic

frameworks, Chem. Soc. Rev. 43 (2014) 6062–6096, https://doi.org/10.1039/c4cs00101j.
[46] J.P.S. Mowat, V.R. Seymour, J.M. Griffin, S.P. Thompson, A.M.Z. Slawin, D. Fairen-Jimenez, et al., A novel

structural form of MIL-53 observed for the scandium analogue and its response to temperature variation and

CO2 adsorption, Dalton Trans. 41 (2012) 3937–3941, https://doi.org/10.1039/C1DT11729G.
[47] C. Volkringer, T. Loiseau, N. Guillou, G. F�erey, E. Elkaı̈m, A. Vimont, XRD and IR structural investigations of

a particular breathing effect in the MOF-type gallium terephthalate MIL-53(Ga), Dalton Trans. (2009) 2241,

https://doi.org/10.1039/b817563b.

[48] E.V. Anokhina, M. Vougo-Zanda, X. Wang, A.J. Jacobson, In(OH)BDC�0.75BDCH 2 (BDC ¼
Benzenedicarboxylate), a Hybrid inorganic-organic vernier structure, J. Am. Chem. Soc. 127 (2005)

15000–15001, https://doi.org/10.1021/ja055757a.
[49] W.-Y. Gao, M. Chrzanowski, S. Ma, Metal–metalloporphyrin frameworks: A resurging class of functional

materials, Chem. Soc. Rev. 43 (2014) 5841–5866.
[50] J. Seo, C. Bonneau, R. Matsuda, M. Takata, S. Kitagawa, Soft secondary building unit: Dynamic bond

rearrangement on multinuclear core of porous coordination polymers in gas media, J. Am. Chem. Soc.

133 (2011) 9005–9013.
[51] A. Pichon, C.M. Fierro, M. Nieuwenhuyzen, S.L. James, A pillared-grid MOF with large pores based on the

Cu2(O2CR)4 paddle-wheel, CrstEngComm 9 (2007) 449–451.
[52] K. Seki, W. Mori, Syntheses and characterization of microporous coordination polymers with open

frameworks, J. Phys. Chem. B 106 (2002) 1380–1385.
[53] D.N. Dybtsev, H. Chun, K. Kim, Rigid and flexible: A highly porous metal–organic framework with unusual

guest-dependent dynamic behavior, Angew. Chem. Int. Ed. 43 (2004) 5033–5036.
[54] R. Kitaura, K. Fujimoto, S. Noro, M. Kondo, S. Kitagawa, A pillared-layer coordination polymer network

displaying hysteretic sorption:[Cu2 (pzdc) 2 (dpyg)] n (pzdc¼ Pyrazine-2, 3-dicarboxylate; dpyg¼ 1, 2-Di

(4-pyridyl) glycol), Angew. Chem. Int. Ed. 41 (2002) 133–135.
[55] Z.-J. Lin, L.-W. Han, D.-S. Wu, Y.-B. Huang, R. Cao, Structure versatility of coordination polymers

constructed from a semirigid tetracarboxylate ligand: Syntheses, structures, and photoluminescent properties,

Cryst. Growth Des. 13 (2012) 255–263.
[56] Y. Liu, J.F. Eubank, A.J. Cairns, J. Eckert, V.C. Kravtsov, R. Luebke, et al., Assembly of metal–organic

frameworks (MOFs) based on indium-trimer building blocks: A porous MOF with soc topology and high

hydrogen storage, Angew. Chem. Int. Ed. 46 (2007) 3278–3283.
[57] N.N. Adarsh, P. Dastidar, Coordination polymers: What has been achieved in going from innocent 4,40-

bipyridine to bis-pyridyl ligands having a non-innocent backbone? Chem. Soc. Rev. 41 (2012) 3039–3060.
[58] F. Niekiel, M. Ackermann, P. Guerrier, A. Rothkirch, N. Stock, Aluminum-1, 4-cyclohexanedicarboxylates:

High-throughput and temperature-dependent in situ EDXRD studies, Inorg. Chem. 52 (2013) 8699–8705.
[59] D.P. Martin, R.M. Supkowski, R.L. LaDuca, Self-catenated and interdigitated layered coordination polymers

constructed from kinked dicarboxylate and organodiimine ligands, Inorg. Chem. 46 (2007) 7917–7922.

https://doi.org/10.1002/anie.200804739
https://doi.org/10.1021/ja2032822
https://doi.org/10.1039/C7CS00187H
https://doi.org/10.1039/b804302g
https://doi.org/10.1021/ja311613p
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0215
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0215
https://doi.org/10.1039/c4cs00101j
https://doi.org/10.1039/C1DT11729G
https://doi.org/10.1039/b817563b
https://doi.org/10.1021/ja055757a
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0240
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0240
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0245
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0245
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0245
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0250
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0250
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0250
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0250
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0255
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0255
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0260
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0260
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0265
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0265
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0265
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0265
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0265
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0265
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0265
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0270
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0270
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0270
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0275
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0275
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0275
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0280
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0280
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0280
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0285
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0285
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0290
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0290


110 Chapter 5
[60] T.-F. Liu, J. L€u, X. Lin, R. Cao, Construction of a trigonal bipyramidal cage-based metal–organic framework

with hydrophilic pore surface via flexible tetrapodal ligands, Chem. Commun. 46 (2010) 8439–8441.
[61] Y. Gao, K. Liu, R. Kang, J. Xia, G. Yu, S. Deng, A comparative study of rigid and flexible MOFs for the

adsorption of pharmaceuticals: Kinetics, isotherms and mechanisms, J. Hazard. Mater. 359 (2018) 248–257,
https://doi.org/10.1016/j.jhazmat.2018.07.054.

[62] Z. Ajoyan, P. Marino, A.J. Howarth, Green applications of metal–organic frameworks, CrstEngComm

20 (2018) 5899–5912.
[63] S.L. Anderson, K.C. Stylianou, Biologically derivedmetal organic frameworks, Coord. Chem. Rev. 349 (2017)

102–128.
[64] H. Cai, Y.-L. Huang, D. Li, Biological metal–organic frameworks: Structures, host–guest chemistry and bio-

applications, Coord. Chem. Rev. 378 (2019) 207–221.
[65] R.S. Forgan, Metal-organic frameworks: Edible frameworks, Encycl Inorg. Bioinorg. Chem. (2011) 1–13.
[66] S.S. Nadar, V.K. Rathod, Encapsulation of lipase within metal-organic framework (MOF) with enhanced

activity intensified under ultrasound, Enzyme Microb. Technol. 108 (2018) 11–20.
[67] T. Rajkumar, D. Kukkar, K.-H. Kim, J.R. Sohn, A. Deep, Cyclodextrin-metal–organic framework (CD-MOF):

From synthesis to applications, J. Ind. Eng. Chem. (2019).

[68] M.L. Kim, E.H. Otal, J.P. Hinestroza, Cellulose meets reticular chemistry: Interactions between cellulosic

substrates and metal–organic frameworks, Cellul. 26 (2019) 123–137.
[69] N. Klein, C. Herzog, M. Sabo, I. Senkovska, J. Getzschmann, S. Paasch, et al., Monitoring adsorption-induced

switching by 129Xe NMR spectroscopy in a new metal–organic framework Ni2 (2, 6-ndc) 2 (dabco), Phys.

Chem. Chem. Phys. 12 (2010) 11778–11784.
[70] M. Witman, S. Ling, S. Jawahery, P.G. Boyd, M. Haranczyk, B. Slater, et al., The influence of intrinsic

framework flexibility on adsorption in nanoporous materials, J. Am. Chem. Soc. 139 (2017) 5547–5557.
[71] S.R. Miller, P. Horcajada, C. Serre, Small chemical causes drastic structural effects: The case of calcium

glutarate, CrstEngComm 13 (2011) 1894–1898, https://doi.org/10.1039/C0CE00450B.
[72] T. Goto, Y. Nakata, Y. Ishiguro, Y. Niimi, K. Suwa, S. Morita, Minimum alveolar concentration-awake of

xenon alone and in combination with isoflurane or sevoflurane, Anesthesiology 93 (2000) 1188–1193.
[73] I.C. Umana, C.A. Daniele, D.S. McGehee, Neuronal nicotinic receptors as analgesic targets: it’s a winding

road, Biochem. Pharmacol. 86 (2013) 1208–1214.
[74] D.A. Winkler, A. Thornton, G. Farjot, I. Katz, The diverse biological properties of the chemically inert noble

gases, Pharmacol. Ther. 160 (2016) 44–64.
[75] R.D. Sanders, D. Ma, M. Maze, Xenon: Elemental anaesthesia in clinical practice, Br. Med. Bull. 71 (2005)

115–135.
[76] D. Banerjee, C.M. Simon, S.K. Elsaidi, M. Haranczyk, P.K. Thallapally, Xenon gas separation and storage

using metal-organic frameworks, Chem 4 (2018) 466–494.
[77] T. Li, K. Taylor-Edinbyrd, R. Kumar, A computational study of the effect of the metal organic framework

environment on the release of chemically stored nitric oxide, Phys. Chem. Chem. Phys. 17 (2015)

23403–23412.
[78] F.-Q. Guo, M. Okamoto, N.M. Crawford, Identification of a plant nitric oxide synthase gene involved in

hormonal signaling, Science 302 (80) (2003) 100–103.
[79] M.B. Witte, A. Barbul, Role of nitric oxide in wound repair, Am. J. Surg. 183 (2002) 406–412.
[80] A. Schmidt, T. von Woedtke, B. Vollmar, S. Hasse, S. Bekeschus, Nrf2 signaling and inflammation are key

events in physical plasma-spurred wound healing, Theranostics 9 (2019) 1066.

[81] J. An, O.K. Farha, J.T. Hupp, E. Pohl, J.I. Yeh, N.L. Rosi, Metal-adeninate vertices for the construction of an

exceptionally porous metal-organic framework, Nat. Commun. 3 (2012) 604.

[82] J. An, S.J. Geib, N.L. Rosi, Cation-triggered drug release from a porous zinc-adeninate metal-organic

framework, J. Am. Chem. Soc. 131 (2009) 8376–8377.

http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0295
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0295
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0295
https://doi.org/10.1016/j.jhazmat.2018.07.054
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0305
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0305
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0310
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0310
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0315
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0315
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0320
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0325
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0325
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0330
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0330
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0335
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0335
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0340
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0340
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0340
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0345
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0345
https://doi.org/10.1039/C0CE00450B
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0355
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0355
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0360
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0360
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0365
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0365
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0370
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0370
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0375
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0375
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0380
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0380
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0380
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0385
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0385
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0390
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0395
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0395
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0400
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0400
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0405
http://refhub.elsevier.com/B978-0-12-816984-1.00006-8/rf0405


Metal-Organic Frameworks for Biomedical Applications. https://doi.org/10.1016/B978-0-12-816984-1.00008-1

Copyright # 2020 Masoud Mozafari. Published by Elsevier Inc. All rights reserved.111
CHAPTER 6
Surface modification of metal-organic
frameworks for biomedical applications
Kranthi Kumar Gangua,b, Sreekantha B. Jonnalagaddab

aVignan’s Institute of Information Technology, Visakhapatnam, India bSchool of Chemistry & Physics,
University of KwaZulu-Natal, Durban, South Africa
6.1 Introduction

The production of biologically potential molecules or intermediates is of prime significance in

pharmaceutical industry, especially in the R&D in pursuit of developing new drugs [1–3].
Many of the organic moieties possess antibacterial and other activities and medicinal

advantages. Often, the synthesis to bring forward the best active compounds and to introduce

unique features to the medicinal drugs is a cumbersome task [4–6]. Pharmaceutical applications

like drug specimen and drug membrane interactions, crystal growth, and lipid studies are

imperative to afford good biological activities [7–9]. Few specimens have acted as pioneering

chemicals or intermediates for pharmaceutical applications and their synthesis has

revolutionized the pharmaceutical and fine chemical industries. Safer, flexible, and cheaper

procedures are in demand for the synthesis of drugs as well as for further advancement in

treatment of diseases. Certain chemical intermediates are very essential in the synthesis of final

drugmolecules and pharmaceutical companies are investing huge amounts for their production.

Significant efforts were made for reducing such burden on pharmaceutical industries and in

such scenario, facilitation of reactions by appropriate catalyst has been proposed [10–13]. The
introduction of catalyst materials has alleviated the time taken with tedious synthetic

procedures as appropriate catalyst substantially reduces the reaction time and enhances the

yield of desired product with energy efficiency [14–16]. Homogeneous catalysis is one of such

criterion, which was adopted frequently to gain advantages of catalysis chemistry, but setbacks

in difficult separation and reusability problems restrain their utilization [17–19]. Moreover,

prolonged exposure to the reaction causes toxicity to the target/desired organic molecules.

Thus, the development of heterogeneous solid catalysts facilitated to overcome the limitations

with homogeneous catalysts while gaining full benefits of catalyzed reactions [20–23].

https://doi.org/10.1016/B978-0-12-816984-1.00008-1
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Heterogeneous catalysts have received ample attention in the past decades and their utilization

in value-added organic transformations is becoming a major field. Besides easy separation and

recyclability, heterogeneous catalysts have many advantages that can enable organic reactions

with enhanced selectivity and specificity [24–28]. The advent of heterogeneous solid catalysts
avoided the cumbersome conventional organic reactions. C-C bond formation and C-C bond

coupling are the utmost-priority organic reactions in the medicinal chemistry and these

reactions become flexible and achievable with the introduction of heterogeneous catalysts.

Heterogeneous catalysts in general offer wider scope in applications and benefits and provide

sustainable solutions for challenges faced in multistep organic synthesis [29–34]. Transition
metals such as Pd, Rh, Pt, and so on are viable heterogeneous catalysts and have immense

potential for displaying superb catalytic activities, but the only implications are that they

needed suitable support material as host to achieve appropriate surface properties for

showcasing their efficiency in catalysis [35–38]. Porous materials like activated carbon,

zeolites, and carbon nanotubes are some of such support materials for designing transition

metal impregnated heterogeneous solid catalysts [39, 40]. Chemical stability, recyclability, and

leaching of harmful chemicals pose challenges to seek the ways for exploring other alternative

outstanding materials.

Metal-organic frameworks (MOFs) are the emerging class of advanced materials containing

metal ions coordinated with mono-, bi-, and multi-dentate organic linkers resulting in porous

structured framework material with unique of physical, chemical, and mechanical properties.

Framework rigidity, tunability of pores, high surface area, and scope for dispersion/anchoring/

impregnating of various functional groups are added advantages of MOFs [41–45]. MOFs

could also revolutionize the field of heterogeneous catalysis as these remarkable materials can

be used to create better and stronger catalysts, which are cheaper and easier to produce than the

other porous/solid catalysts. There are a variety of MOFs as support or inherent sole catalysts

even for the same element or compound, differing in size and atomic arrangement, which can

have very diverse properties [46, 47]. MOFs and surface-modified MOFs in the organic

reactions as catalysts have received recognition as excellent materials that have been

performing brilliantly, while maintaining the quality and delivery of services [48–50].
Depending on the size, shape, surface, and defect properties, the MOFs show different catalytic

activities in terms of reaction time and yields of product. The versatile MOFs can be

accommodated as active centers in many approaches for effective catalysis. Inside the pores

side group linker functionalization with active metal complexes and mixed-linker MOFs is

probable location/strategy for embedding specialized catalytically active substances into the

framework [51–53].

This chapter deals with various works reported by researchers for the modification of MOFs

and their functionalities as heterogeneous catalysts in value-added organic transformations.

The dispersion of various transition metals and mixed linker bonding are appropriate strategies

in the transformation of MOFs into coveted materials in heterogeneous catalysis. Knoevenagel



Surface modification of emergent metal-organic frameworks 113
condensation, Heck reaction, Suzuki reaction, and Sonogashira reactions are prominent

organic transformations in pharmaceutical industries and their reaction products are important

chemical intermediates and precursors for synthesizing biologically active drug molecules.

This review details the works of different authors on the above mentioned reactions and the

modification of MOFs in order to achieve enhanced catalytic activities.

6.2 Modified MOFs for Knoevenagel condensation

Reaction between carbonyl and active methylene groups is achievable through Knoevenagel

condensation, and different researchers have carried out this reaction by using various modified

MOFs as catalysts. α,β-Unsaturated compounds obtained from this condensation reaction are

widely used as precursors in the synthesis of perfumes, pharmaceuticals, fine chemicals,

functional polymers, and agrochemicals. Various homogeneous catalysts like amines, ionic

liquids, alkali salts, and others are used for Knoevenagel condensation. Although, microwave

irradiation and sonification techniques have also been developed, no homogeneous catalyst or

synthesis technique has met the green principles for large-scale production. To avoid these

shortfalls, researchers have put concerted efforts for alternate materials likeMOF rigid solids as

catalysts for making flexibility in Knoevenagel condensation [54–56]. On these lines, Guo et al.
[57] have reported two-dimensional metal-organic framework (2D-MOF) with Nd(III) and

4,4,400-s-triazine-1,3,5-triyltri-m-aminobenzoate as precursor metal ion and tritopic semirigid

ligand, respectively. They have prepared MOF, namely [(Nd2(TATMA)2�4DMF�4H2O]n
(NdTATMA) that possesses Lewis basic sites, which help in heterogeneous catalysis.

Particularly, triazine molecules in the structure of MOF acted as high-density Lewis basic sites

with elevated performance in the synthesis of biological active substances. In the structure of

MOF, inorganic cluster of {Nd2(COO)6} connected with six different coordination modes of

ligands form a 2D layer structure as shown in Fig. 6.1. In the catalytic reaction, 100 mg of

NdTATMA was employed in the reaction between aldehyde and malononitrile for

Knoevenagel condensation. After reaction the resultant NdTATMA was separated and reused.

Inductively coupled plasma analysis revealed that no Nd(III) traces were identified in the

separated catalyst material.

In similar lines, Zhao [58] have reported a three-dimensional (3D) MOF structure, namely,

{[Eu(TATMA)(H2O)�2H2O}n, using same ligand as reported by Feng et al., but with Eu(III) as

metal ion. ThisMOFwas utilized in the base-catalytic reactions owing to the availability of more

Lewis basic sites. A significant C>/>Cbond formation could be achieved easily by the use of this

MOF. This MOF withstood four times reuse without any damage to framework structure as

per the powder XRD (X-ray diffraction) studies. As shown in Fig. 6.2, one-dimensional (1D)

Eu(II) chains were linked with fully deprotonated ligands and finally forms a 3D structure.

In another study, Yang et al. [59] have reported dual acid-base catalytic characteristic MOF,

namely, UiO-66-NH2 with Zr(IV) and 2-aminoterephthalate precursors. The possibility of
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Fig. 6.1
Schematic representation of the 2D framework. Reprinted with permissions from F. Guo, B. Yuan, W. Shi, A
novel 2D metal-organic framework with Lewis basic sites as a heterogeneous base catalysis, Inorg. Chem. Commun.

86 (2017) 285–289.
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Fig. 6.2
Schematic representation of the 3D framework. Reprinted with permissions from S. Zhao, A novel 3D MOF
with rich Lewis basic sites as a base catalysis toward Knoevenagel condensation reaction, J. Mol. Struct. 1167 (2018)

11–15.
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surface modifications of MOFs tends to complimentary or alternative to many other solid

catalysts. Here in this study, the bare MOF, UiO-66 [metal: Zr(IV) and ligand: 1,4-

benzenedicarboxylate (BDC)] has been altered with amino group (dNH2) attached to ligand,

2-amine-1,4-benzenedicarboxylate instead of BDC, creating a more catalytic active sites. Zr

(IV), Lewis acid sites, and dNH2 basic sites enhance the catalytic nature of MOF. The acid-

base bifunctional character of MOF can be utilized in the significant C-C bond coupling
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reactions. The study stated that the introduction of amino group into the structure of ligand

increases the basicity, which is lacking in the amino-free ligand. The study proposed that the

increase in basicity due to interactions of intramolecular hydrogen bonding between

carboxylate oxygen and amino group.

Almasi et al. [60] have used +2 oxidation state central metal ion, Pb and methanetetrabenzoate

(MTB) linker in the preparation of MOF, {[Pb4(μ8-MTB)2(H2O)4]�5DMF�H2O}n. The

development of coordinatively unsaturated metal centers of Pb(II) upon activation (removal of

solvent molecules) served as Lewis acidic sites for organic reactions. In this study, the basic

sites of MOFs were speculated from carboxylate oxygen atoms linked to the Pb(II) ions. This

MOF showed highest BET (Brunauer-Emmett-Teller) surface area of 980 m2/g compared to

other MOFs, when MTB was used as ligand. Due to good textural characteristics, author

suggested the occurrence of catalytic activity within the pore system of MOF. In another study,

Almasi et al. [61] have reported 3D fluorite (CaF2)-like structured MOF, {[Ni4(μ6-MTB)2(μ2-
H2O)4(H2O)4]�10DMF�11H2O}n. The removal of entrapped solvent molecules in the cages

facilitate in raising the void volume. BET specific surface area of 700 m2/g of this MOF led to

applications in catalysis. This compound exhibited acid-catalyzed Knoevenagel condensation

with impressed yields (c.100%). As analogous to CaF2 structure, MOF has gained more

stability and restrict hydrolysis, even if MOF was immersed in water for several days. Post-

synthetic modification of MOFs with amino groups (1°, 2°, and 3°) has been reported by

Poonam et al. As these MOFs were sensitive toward exposure to humidity, solvent, and high

temperatures (>200°C), their operations in catalysis were limited. Functionalization of

MOFs is one of the strategies to improve the performance of the MOFs. The introduction of

desired functional groups in post-synthetic approach is more advantages than direct

synthetic approach. Post-synthetic modification of MOFs facilitates the incorporation of

functional groups into MOF structures without damaging the basic framework structure.

Three amines, viz., N-butylamine, diethylamine, and 4-dimethylaminopyridine (DMAP),

were grafted to the parent MOF, Zr-BDC through post-synthetic method in this work. Along

with Lewis acidity of Zr-BDC MOF, the grafted amino group provides basic nature,

resulting in a bifunctional acid-base character. More availability of lone-pair electrons on

nitrogen in the DMAP-based Zr-BDC MOF having high basicity has subsequently

exhibited more catalytic activity. The study revealed that surface modification of MOFs

with desired components as solid catalyst is the driving force responsible for biological

potent reactions [62].

Zhi et al. have reported the synthesis of two amino-functionalized MOFs, {[Zn(Py2TTz)

(2-NH2-BDC)]�(DMF)}n and{[Cd(Py2TTz)(2-NH2-BDC)]�(DMF)�0.5(H2O)}n, using 2-NH2-

BDC ¼ 2-amino-1,4-benzenedicarboxylate and Py2TTz ¼ 2,5-bis(4-pyridyl)thiazolo[5,4-d]

thiazole as linker and auxiliary linker, respectively. In both structures, nitrogen atoms of

thiozole and amino groups are present in the channels, which are openly accessible and afford to



Fig. 6.3
Schematic representation of (A) a twofold interpenetrated 3D framework of Zn-basedMOF along the
c-axis; blue represents the –NH2 group, (B) a twofold interpenetrated 3D framework of Cd(II)-based
MOF along the b-axis; blue represents the amino group. Reprinted with permissions from Z.-W. Zhai,

S.-H. Yang, Y.-R. Lv, C.-X. Du, L.-K. Li, S.-Q. Zang, Amino functionalized Zn/Cd-metal-organic
frameworks for selective CO2 adsorption and Knoevenagel condensation reactions, Dalton Trans. 48 (2019)

4007–4014.
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base-oriented catalyzed reactions (Fig. 6.3). A study has been carried out to investigate the

importance of 2-NH2-BDC and Py2TTz components. The study revealed that with 2-NH2-BDC

as catalyst only 1% conversion rate was observed, whereas with function of Py2TTz as catalyst,

72% conversion was observed. When both 2-NH2-BDC and Py2TTz simultaneously employed

in the reaction, the conversion rate was lower than that of Py2TTz. This experiment evidentially

proved that nitrogen atoms present in the Py2TTz played a significant role in the catalysis. In

another experiment conducted to study the nitrogen atoms that are more prominent in the

Py2TTz ligand disclosed that both pyridine and thiozole groups were catalytic active sites in

Py2TTz linker. Overall, the study revealed that one or more substances in the structure ofMOFs

promote the catalytic activity. In many cases, synergic effect plays a significant role in

enhancing catalytic activities [63].

Amarajothi et al. [64] have reported Al-based MOF for catalytic studies in the Knoevenagel

condensation reaction between benzaldehyde and malononitrile. MOF CAU-1-NH2,

[Al4(OH)2(OCH3)4(p-BDC-NH2)3], where (p-BDC-NH2)
2� ¼ 2-aminoterephthalate was

prepared by microwave-assisted synthesis. CAU-1-NH2 was utilized in the catalytic reaction,

where amino group leads to Brønsted-base-catalytic reactions and formed desired benzylidene

malononitrile product, whereas under same experimental conditions, unfunctionalized/free

amino group Al-MOF tend to undesired benzaldehyde diethyl acetal product through Lewis-

acid catalysis. The same MOF, CAU-1-NH2, when compared with MIL-101 catalysts showed

low catalytic activity (25% yields), this was ascribed to lower pore dimensions of CAU-1-NH2
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compared to those of MIL-101 solid catalysts. Overall, the study enlightened the pore

dimensions and the nature of active sites decides the conversion as well as product selectivity.

Depending on the requirements of certain target organic products, the tuning of MOFs should

be carried out. When the pores of the reactant substrates fit with the MOF catalyst pore size, the

reaction takes place without any diffusion limitations.

In another study, Valentina et al. have compared various MOFs for higher catalytic activity

[65]. In this study, authors have disclosed that the introduction of basic sites in MOFs have

showed higher catalytic performance compared to that of bare MOFs. In this regard, they have

studied Cu3(BTC)2�(H2O)3, MIL-100(Al), UiO-66, and UiO-66-NH2 on their catalytic

performance toward C-C bond formation. The IR (infrared) spectroscopy with CDCl3 as probe

molecule was used to study the basic properties of MOFs. In earlier studies, insertion of NH2

groups showed effect on basicity. The strength of basicity of Cu3(BTC)2.(H2O)3, MIL-100(Al),

and UiO-66 were in the range of 830–839 kJ/mol but for UiO-66-NH2, the strength of basicity

raised to 867 kJ/mol. Lewis acid-base pair of Mn+-O2� of metal carboxylate component of

MOFs also are important in catalysis. Thus, along with base functional groups, the length of

M-O bond also plays a pivotal role in activating the reactants on the surface of metal-

carboxylate entities of MOF catalysts.

Gangu et al. have reported alkaline Mg-based MOF, [Mg3(NDC)3(DMF)4]�H2O with 2,6-

naphthalenedicarboxylic acid (NDC) as linker. A 3D network structure was formed with

trinuclear Mg secondary building units with six NDCmolecules. MOF showed superb catalytic

performance with the creation of coordinatively unsaturated Mg(II) centers [66]. The Lewis

acidic character of MOF acts as a heterogeneous catalyst in the synthesis of 4H-pyrans

scaffolds, which have wide utilization in the pharmaceutical industry for developing anti-HIV,

anticancer, antimalarial, anti-inflammatory, cytotoxic, antihyperglycemic, antimicrobial, and

antidyslipidemic drugs [67, 68]. Ample of void spaces in the framework and Mg2+open metal

sites were advantageous in the catalyzed organic transformation reactions (Fig. 6.4). In another

study, Gangu et al. [69] have prepared 3D supramolecular structures of [Co(4,5-Imdc)2 (H2O)2]

(1) and [Cd(4,5-Imdc)2(H2O)3]�H2O hydrothermally using 4,5-Imidazoledicarboxylic acid

(4,5-Imdc) as ligand. Upon activation of water molecules, open metal sites of Co(II) and Cd(II)

were generated. Biologically active pyrano pyrazole derivatives have been synthesized with

Co(II)- and Cd(II)-based MOFs as catalysts. Among MOFs, Co(II) MOF showed superior

performance than Cd(II) MOF. The reason attributed to this is that soft Lewis acidic character

of Cd(II) metal ions diminishes the interactions of catalyst with reactive substrates.

In an attempt to develop efficient catalysts, Gangu et al. [70] have reported MOF,[Ni2(2,6-

pydc)2(μ-4,40bpy)(H2O)4]�2H2O with supramolecular network structure. Catalytic active sites

of Lewis Ni(II) acidic centers were developed during the bonding with labile 2,6-pydc and

4,40bpy ligands (Fig. 6.5). Here in this report, unlike classic MOFs, due to lack of void space
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Fig. 6.4
Catalyzed organic reaction in the presence of [Mg3(NDC)3(DMF)4]�H2O. Reprinted with permissions
from K.K. Gangu, S. Maddila, S.B. Mukkamala, S.B. Jonnalagadda, Synthesis, structure, and properties of new
Mg(II)-metal-organic framework and its prowess as catalyst in the production of 4H-pyrans, Ind. Eng. Chem. Res.

56 (2017) 2917-2924.

Fig. 6.5
A schematic representation of electronic transformation in the presence of Ni(II)coordination
complex. Reprinted with permissions from K.K. Gangu, S. Maddila, S.B. Mukkamala, S.B. Jonnalagadda,

Catalytic activity of supra molecular self-assembled nickel (II) coordination complex in synthesis of indeno-pyrimidine
derivatives, Polyhedron 158 (2019) 464–470.
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available in the structure, the catalytic reactions were carried out on the surfaces of catalyst.

Indeno-pyrimidine derivatives have been synthesized by employing this compound as catalyst

and target organic substrate was obtained in short intervals of time (<20 min) in excellent

yields (up to 97%). Reusability of catalyst up to six times is another added advantage of it. The

study revealed that catalytic nature of MOFs is not restricted to void space available in the

structure, external/internal surfaces of MOFs are also one of the possibilities for delivering

catalyzed reactions.
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Good recyclability and high stability heterogeneous catalyst are paramount to synthesize

important chemical intermediates through C-C coupling reactions. In these efforts, Fan et al.

[71] have reported rare Ba(II)-based MOF, [Ba2(L)(DMF)(H2O)(NO3)1/3]�DMF�EtOH�2H2O

(UPC-33), where L ¼ 4,40-((2-amino-5-carboxy-1,3-phenylene)bis(ethyne-2,1-diyl))-

dibenzoic acid. An amino group functionalized ligand “L” is synthesized primarily and thus

MOF, UPC-33 was prepared. This is the first 12 barium nuclear clusters obtained from amino-

functionalized ligand. Stability to heat, Lewis basic dNH2 decorated channels, and

optimization of pores meet the prerequisites for heterogeneous catalyst. With UPC-33 as

catalyst, C-C bond formation has been achieved in 5 h when aldehyde and malononitrile were

employed in the reaction medium. Study revealed that MOF-based catalysis is related to cavity

centric reactions that was asserted with the experiment where bulky aromatic aldehydes were

used as reactants. Due to bulkiness of aldehydes, size does not fit for the size of the MOF

cavities, thus variation in reaction time as well as yield was observed.

Jiajia et al. have studied themorphological influences ofMOFs on catalytic activity. Micro- and

nano-sized MOFs exhibit unique physical and chemical properties compared to bulk MOFs

[72]. Capping agents/additives were widely used for the controlled synthesis of MOFs to obtain

micro-/nano-sized crystals. Tuning of morphology along with nucleation rate and crystal

growth process can be achieved with the introduction of definite capping agents [73, 74]. In this

study, the authors tried to produce MOFs micro crystals with specific morphology with the

application of monocarboxylates as capping agents. MOF, {Zn2(oba)4(3-bpdh)2}α�4H2O (1Zn)

where oba ¼ 4,40-oxybis(benzoic acid and bpdh ¼ N,N0-bis-(1-pyridine-3-yl-ethylidene)-
hydrazine were prepared solvothermally. Acetic acid and water were used as crystal growth

modifiers and acquired rod-, plate-, and plate cluster-like morphologies of 1Znmicro crystals.

Spindle-like morphology crystals of 1Zn was obtained, when capping agent was absent.

Catalytic activity of spindle and plate cluster-like morphologies have exhibited 100%

conversion of reactants in Knoevenagel condensation process, whereas rod- and plate-like

morphologies showed lower catalytic activities. The reason attributed was that higher surface

area of spindle and plate-like cluster morphologies of 1Zn enhance interaction of reactants and

catalyst. Study explicitly interpreted that catalytic activity of MOFs was size and morphology

specific. Unlike functionalization of MOF with amino groups in the previous studies,

Valvekens et al. [75] have reported intrinsic basicity characteristic of MOF, namely, M2dobdc,

where M2+ ¼ metal ion and dobdc4� ¼ 2,5-dioxidoterephthalate. Due to the presence of

phenolate oxygen atoms bonding with metal ions, coordinatively unsaturated catalytic sites

were generated. Honeycomb-like structure was formed from the bonding of metal oxide ions

with dobdc4� linkers as shown in Fig. 6.6. Developed pores of 1.2 nm in diameter and

intrinsically available basic sites were fit for the catalyzed Knoevenagel condensation

reactions.

Nanostructured Co(II) MOF has been reported by Joharian et al. [76] using sonication method.

MOF, [Co2(ppda)(4-bpdh)2(NO3)2]n, where, ppda ¼ p-phenylenediacrylic acid and



Fig. 6.6
(Top) Pores in the M2dobdc MOF; a sphere with a diameter of 1.2 nm fits inside the pores

(brown ¼ carbon; orange ¼ metal; red ¼ oxygen); (bottom) representation of the potential base sites
and open metal sites in the framework. Reprinted with permissions from P. Valvekens, M. Vandichel, M.
Waroquier, V. Van Speybroeck, D. De Vos, Metal-dioxidoterephthalate MOFs of the MOF-74 type: microporous

basic catalysts with well-defined active sites, J. Catal. 317 (2014) 1–10.

120 Chapter 6
4-bpdh ¼ 2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene possessed supramolecular self-

assembled network having different size and morphology depending on starting reagents

concentration and irradiation power in environmentally friendly sonication technique.

Nano-sized particle of this MOF with surface area higher than bulk MOF was utilized as

heterogeneous catalyst for Knoevenagel condensation. Lewis basic characteristics of a zine

group in catalyst provide good interaction with substrates and produced yield of 98%. Same

MOFs when prepared using mechanochemical and solvothermal methods showed low

catalytic activity, and yields dropped to 68% and 63%, respectively. The study enlightens the

relevance of particle size and method for preparation of catalyst as prerequisites for getting

unparalleled properties in catalysis.

Tan and Zeng [77] have reported nanocomposite material comprising noble metal nanoparticles

and MOFs. Ion-exchange process in MOFs is one of the alternative strategies to achieve

diverse functionalities particularly in catalysis. Charged framework MOFs can undergo ion

exchange with ease. Negatively charged scaffolds of MOFs are replaceable with charge



Surface modification of emergent metal-organic frameworks 121
balancing positively charged cations, thus creating specific properties toMOFs. In another way,

defective sites of MOFs can be integrated with metal nanoparticles, thus developing

hybrid catalytic systems with improved functionalities, compared with pristine MOFs.

Overall Knoevenagel condensation can be achieved in a facile manner with the employment of

modified MOF solid catalyst. In some cases MOF themselves possessed active sites and in

some cases post-modification of MOFs was carried out to introduce catalytic active sites inside

the pores or on the surfaces. Improved yields of desired products were obtained compared to

other porous supports.

6.3 Modified MOFs for Heck reaction

Like Knoevenagel condensation, Heck reaction for C-C bond formation through cross-coupling

reaction having an extra mileage in the modern organic synthesis. Immobilization of Pd ions on

solid supports like carbon nanofibers, carbon nanotubes, magnetic Fe3O4, metal oxides, and

polymers have been investigated extensively [78–80]. Owing to high surface area and

numerous possibilities on surface modification MPFs are considered as suitable supports for

immobilization [81–83]. The following studies enlighten the formation of C-C cross-coupling

product with an aid of functionalized solid MOFs as heterogeneous catalyst.

Surface modification of copper-coordinated terephthalic acid (BDC) has been reported by

Alamgholiloo et al. [84]. Open metal sites of Cu(BDC) MOF were grafted with Pd

complexation Schiff-base[pyridyl salicylimine (2-Py-SI)] through solvothermal technique. The

synthesized PdII@Cu (BDC)/2-Py-SI MOF is used as efficient heterogeneous catalyst for Heck

coupling reactions. Immobilization of palladium ions on different support materials was

reported earlier, but in this study, authors have attempted to justify that MOFs are suitable

candidates for immobilization of Pd(II)-like metal ions. The terminal positioned DMF

molecules in the structure of Cu(BDC) allow the easy replacement with other kinds of groups.

PdII@Cu (BDC)/2-Py-SI catalyzed the C-C coupling reaction between aryl halides and alkenes.

As per the yields and selectivity, PdII@Cu (BDC)/2-Py-SI showed results better than other

heterogeneous catalysts. The study has enlightened that the introduced Schiff-base could be

used as good stabilizer for Pd(II) ions and increased the catalytic performance of MOF. In

another study, Brown et al. [85] integrated Pd(II) ions into multivariate MOF, Zn4O(BDC-

NH2)n(BDC)(3�n). 1,4-Benzenedicarboxylate (BDC) and 2-amino-1,4-benzenedicarboxylate

(BDC-NH2) were two linkers incorporated in the structure of MOF. The inherent tendency

of MOFs is to implant various catalytic units into their cages without disturbing their

framework structure. In this study variation in the proportion of BDC-NH2 provided

information regarding the amount of metal catalyst that the pores occupy and its relative

catalytic activity. Of the available various metalation experiments, lower metal loading MOF

structure showed high selectivity to trans-isomer of target molecule. Increased BDC-NH2

loadings enhanced Pd(II) sites for catalysis, but the experimental results showed that catalytic
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activity rapidly declined, which is attributed to increased loading of BDC-NH2 blocking the

pores for entering the substrate to interact with Pd sites. Overall the study interpreted that

interplay of porosity and metalation affect the catalytic activity and their optimization process

was needed for efficient catalytic activity.

Transition metal complexes have wider applications in catalysis as homogeneous catalysts, but

with constraints in recovery and reusability of catalyst materials. These limitations

associated with metal complexes as homogeneous catalysts, particularly in separation after

reaction was overcome by the encapsulation of such complexes immobilized on solid supports

like MOFs [86, 87]. In this connection, Rezaei et al. [88] have reported Pd(II) complex

encapsulated into MIL-Cr MOF. The resulting Pd complex@MIL-Cr is used as a solid catalyst

in Heck coupling reactions. As mentioned earlier unique properties of MOFs like porosity,

abundant surface area, and resistant to moisture can prompt them as suitable hosts for various

other species of interest. In the earlier studies, Pd(II) nanoparticles were encapsulated into

MOFs via post-modification methods or direct methods, but such hybrid MOFs suffered

from some disadvantages like agglomeration of incorporated metal particles, which diminish

their catalytic activity [89, 90]. Unlike such attempts, in this study instead of Pd(II)

nanoparticles, Pd(II) complex was incorporated into MIL-Cr MOF. A 0.5 mol% of Pd

complex@MIL-Cr in DMF at 80°C was optimized condition for obtaining high yield of

target product. The high catalytic activity of this MOF was ascribed to conversion of Pd(II)

complex into Pd(II) nanoparticles in the pores of MIL-Cr. The attractiveness of this study

was encapsulation of Pd(II) complex achieved without damage to the structure of MIL-Cr

and Pd complex@MIL-Cr framework was analogous to the parent MIL-Cr. Study

has brought new vista to Pd(II) centric catalyzed value-added organic transformations.

In another study, Dong et al. [91] have reported Ho(III)-basedMOF (Ho-MOF), namely [Ho(2-

TriPP-COO)3] where 4
0-(4-carboxyphenyl)-2,20:60,200-terpyridine (2-TriPP-COOH) was

ligand. Pd(II) catalyzed C-C coupling reactions is of great significance in pharmaceutical

and fine chemical industries, but one of the serious problem of it is the leaching of Pd(II) ions

from the so far utilized heterogeneous supports. To surmount this problem, free polypyridine

groups available in this Ho-MOF structure reasonably played a crucial role for integration

and direct binding of Pd2+ species in the skeleton of MOF after post-synthetic modification as

shown Fig. 6.7. This single site MOF has displayed good catalytic activity with negligible

leaching of Pd(II) ions. However, parent Ho-MOF exhibited no catalytic activity (yield

in traces), which indicate that the coupling reaction achieved in this study was due

to Pd-HoMOF.

Huang et al. [92] have reported mixed linker MOF (MIXMOF) supported Pd(II) nanoparticles

for efficient, recyclable, and stable heterogeneous catalyst. The incorporation of Pd(II)

nanoparticles into porous MOFs still remains complex owing to their dispersion into the

solution. In this regard, authors have attempted to prepare amine-functionalized mixed linker

MOF, MIL-53(Al)-NH2 (Al(OH)[H2N-BDC] for efficient grafting of Pd nanoparticles. Amino
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Fig. 6.7
Schematic representation of the synthetic route for Pd-HoMOF catalyst. The structure model (down)
of Pd-HoMOF shows the incorporation of palladium(II) ions into the MOF framework. Atomic
scheme: holmium, rose; palladium, azure; oxygen, red; nitrogen, blue; carbon, gray. Reprinted with

permissions from D. Dong, Z. Li, D. Liu, N. Yu, H. Zhao, H. Chen, J. Liua, D. Liu, Postsynthetic modification of
single Pd sites into uncoordinated polypyridine groups of a MOF as the highly efficient catalyst for Heck and Suzuki

reactions, New J. Chem. 42 (2018) 9317–9323.
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groups present in the structure can be used for post-modification of mix linker MIL-53(Al)-

NH2. Loading of Pd caused no apparent loss in the crystallinity as per powder XRD studies and

framework integrity was well maintained. A certain amount of amino groups on the

functionalized ligand in the structure of this MOF are beneficial for the exact immobilization of

Pd nanoparticles. About 50% of the NH2 groups contained Pd/MIL-53(Al)-NH2MOF produced

93% yield of target molecule in the Heck reaction between bromobenzene and styrene. About

50% of the amino groups on MOF structure showed higher catalytic activity. The amount of

amine in the support was also important for higher activity of Pd nanoparticles. The study

revealed that instead of sole ligand, addition of functionalized ligand in appropriate proportions

become an added advantage for good dispersion of metal nanoparticles.

Nuri et al. [93] have chosen one of the MOF-5-based IRMOF for surface modification with

deposition Pd(II) particles. IRMOF series are obtained from Zn4O tetrahedron-shaped entities

bonded with six carboxylate ions giving 3D porous framework. In general, various metals viz.

rhodium, magnesium, copper, zinc, ruthenium, tin, and in particular palladium was often

utilized in the C-C bond coupling reactions. Among various types of IRMOFs series, amino-

functionalized IRMOF-3 was used for the Pd(II) particle deposition in this study. A total of

50 mg of Pd(OAc)2 was added to 1 g IRMOF-3 activated particles dispersed in CH2Cl2
resulting in IRMOF-3-Pd catalyst. When compared the prepared catalyst with other kinds of

catalysts including support-free Pd(OAc)2 that showed poorer results in terms of reaction time

and yield of target molecule, the recyclable IRMOF-3-Pd produced 100% yield of product in

25 min of reaction time (Fig. 6.8). The characteristic results of SEM (scanning electron

microscopy), TEM (transmission electron microscopy), powder XRD, and X-ray photoelectron

spectroscopy (XPS) have demonstrated that IRMOF-3 is suitable support among IRMOF series

for grafting palladium particles.



Fig. 6.8
IRMOF-3-Pd as solid catalyst in Heck reaction. Reprinted with permissions from A. Nuri, N. Vucetic, J.-H.
Smatt, Y. Mansoori, J.-P. Mikkola, D.Y. Murzin, Pd supported IRMOF-3: heterogeneous, efficient and reusable

catalyst for Heck reaction, Catal. Lett. 149 (2019) 1941–1951.
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In the similar lines, Bagherzadeh et al. [94] have reported surface-modified Mn-based MOF,

Pd/MnBDC. Like previous studies, Pd(II) nanoparticles were supported on MnBDC MOF

to avoid environmental and health impact on work-up process and to gain good dispersion of the

catalytic active sites. Several approaches such as impregnation, chemical vapor deposition,

and co-precipitation for loading Pd nanoparticles onto different supports have their own

limitations like leaching of metal ions [95, 96]. In this work, the authors have described solution

impregnation method, where orange colored Pd solution was added to the prepared

MnBDC in the presence of hydrazine hydrate, resulting in a gray powder after drying.

Electronic spectroscopy results revealed that Pd nanoparticles attached on the surface of the

MnBDC and active sites of Pd particles catalyze the coupling reaction. Li et al. [97] have

reported tandem catalysis by Pd(II) encapsulated Zr-based MOF. UiO-66-NH2 was prepared

from a combination of [Zr6O4(OH)4(CO2)12] clusters and 2-aminoterephthalic acid linkers.

Authors in this study have reported bifunctional activity to the MOF, where uncoordinated
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zirconium sites acted as Lewis acid sites. Oxidation activity of nano-Pd particles encapsulated

into MOF structure led to Pd@UiO-66-NH2 with tandem catalytic nature. Both oxidation and

acetalization can be achieved in one reactor without transfer of intermediates. This

multifunctional catalyst overcomes the multistep reactions and reduces the by-product/waste

production so as to meet Green Chemistry principles. In another study, Ashouri et al. [98]

have studied the effect of framework functionality on the catalytic activation of supported

Pd in coupling reactions. Two functional and nonfunctional MOFs, namely, Pd/CoBDCNH2

and Pd/Co BDC were prepared and their influence on Pd nanoparticles dispersion was

examined. Functionalized MOF possessed the tendency to inhibit the Pd nanoparticle

aggregation. Functional, [Co3(BDCNH2)3(DMF)2(H2O)2]n, and nonfunctional,

[Co3(BDC)3(DMF)2(H2O)2]n, MOFs were used for the Pd nanoparticles dispersion.

Even though, Pd(II) individually and in anchored form with support materials exhibit good

catalytic nature, these catalyzed reactions are expensive for commercial processes. Keeping

this point, Rani and Srivastava [99] have reported Cu(I)-based MOF namely [Cu4I4
(DABCO)2] (Cu-MOF) by using DABCO (1,4-diazabicyclo[2.2.2]octane) as ligand. As per

the reports, Cu(I) were active catalyst species in the coupling reactions based on these

encouraging results in which Cu-MOFwas prepared. Cu-MOFwas prepared in acetonitrile and

KI media, and highest catalytic activity was observed in terms of yield and selectivity with

KI medium. Cu(I) sites in Cu-MOF were more accessible to reactants compared to Cu(I) in

cluster form. Study has revealed that Cu sites more isolated in MOF structure propagate

the relevance of MOFs in heterogeneous catalysis.

Overall amino-functionalized linkers or mixed linkers in MOFs are probably assisting the

dispersion/immobilization of metal nanoparticles. The creation of catalytic active sites with

various attempts on MOFs is expected to enable the enhanced catalytic activity and provide

solutions to synthetic organic reactions.
6.4 Modified MOFs for Suzuki-Miyaura and Sonogashira reactions

As discussed in previous sections, C-C bond formation is a crucial step in the drug design and

employment of appropriate heterogeneous system produces enhanced yields of organic product

using appropriately designed catalyst materials. This section establishes explicit knowledge on

the development of suitable solid systems.

MOFs are solid matrices to support various metal nanoparticles for efficient catalytic

applications. The probable pore sizes of MOFs are sometimes not suitable to the dispersed

metal nanoparticles for getting into channels/pores of MOF [100–102]. Other options to place

metal nanoparticles on external surface of MOFs were also worthy to get good catalytic

activity. Zhang et al. [103] have reported novel MOF support materials in nanoscale range to

alleviate the problems with uncontrollable impregnation of metal nanoparticles into pores of



B(OH)2 + Br R RPd@Y-DDQ
base, H2O

Fig. 6.9
Suzuki-Miyaura coupling reactions catalyzed by Pd@Y-DDQ. Reprinted with permissions from Y. Zhu, M.
Zhu, L. Xia, Y. Wu, H. Hua, J. Xie, Lanthanide metal-organic frameworks with six-coordinated Ln(III) ions and free

functional organic sites for adsorptions and extensive catalytic activities, Sci. Rep. 6 (2016) 29728.
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MOFs. Scandium(III) and trimesic acid-based MOF denoted as ScBTC is synthesized in

nanoscale dimensions by using surfactant-assisted microwave irradiation approach and further

palladium nanoparticles were impregnated with same technique. Higher loading of Pd

nanoparticles into ScBTC was achieved, that is, about 4.5 wt% compared to other works

reported in the literature, that is, not exceeding 3 wt%. This reveals that lower loading could be

obtained only when particles are surface loaded. In this study Pd nanoparticles were penetrated

into channels/pores of host material. High yields of target molecule were obtained at room

temperature in a short time. Even if the studies are in early stages, the nanoscale MOFs proved

advantageous and more competitive over the bulk MOFs. In another study, Zhu et al. [104]

have studied the modification of MOFs for efficient catalytic activity. In this study, authors

have examined two active sites, open metal sites (OMSs) and free functional organic sites

(FOSs) created in the structures of Ln(III)-based MOFs, namely Y-DDQ, Dy-DDQ and Eu-

DDQ where DDQ ¼ N,N0-dibenzoic acid-2,3-diaminoquinoxaline. Availability of FOSs in the

structures and immobilization of palladium nanoparticles were done using post-synthetic

modification. Grafting of dNH, dSH, and dOH onto the surfaces of porous materials

opened up flexibility for immobilization of heavy metal precursors, viz., Pd, Ru, Au, Pt, etc.,

through post-synthetic method. Without the loss of crystallinity, Pd metal ions were

immobilized to supported Y-DDQ with chelating amino group interactions, resulting in

Pd@Y-DDQ. >96% of the yield obtained in the Suzukin reaction as shown in Fig. 6.9 is due

to free amino groups facilitating the Pd metal ions coordination without aggregation on

MOFs. These results were substantiated by other MOFs, Pd@MIL-101Cr-NH2 and Pd/MIL-53

(Al)-NH2, which also showed excellent catalytic activity (yields >95%).

As we discussed about the ethnicity of IRMOF-3 for grafting catalytic active metal ions into

their surfaces/pores, Saha et al. [105] have reported in the similar lines, the immobilization

of Pd ions on IRMOF-3 for Suzuki C-C coupling reaction. Basically, IRMOF-3 was

constructed from Zn-(NO3)2�4H2O and 2-amino-1,4-benzene dicarboxylic acid and the existing

free amino groups undergo a variety of catalyzed organic transformations. In this study, a

bidentate Schiff base was developed upon condensation of amino group containing IRMOF-3

with pyridine-2-aldehyde, thereafter Pd(II) ion were anchored with help of Schiff base

moieties, resulting in [Zn4O(ATA)3-x(PITA-PdCl2)x] (IRMOF-3-PI-Pd), where ATA ¼ 2-

aminoterephthalate and PITA ¼2-pyridyl-imine terephthalate (Fig. 6.10).

Under mild reaction conditions (80°C, ethanol/H2O as solvent and K2CO3 as base), IRMOF-3-

PI-Pd catalyzed C-C coupling reaction between bromobenzene and phenylboronic acid gave
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Fig. 6.10
Post-synthesis modification procedure for obtaining MOFs containing the Pd(II) Schiff base complex.
Reprinted with permissions from D. Saha, R. Sen, T. Maity, S. Koner, Anchoring of palladium onto surface of porous
metal-organic framework through post-synthesis modification and studies on Suzuki and Stille coupling reactions

under heterogeneous condition, Langmuir 29 (2013) 3140–3151.
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biphenyl target molecule in 100% yield in 2 h. Study has revealed that target specific surface

modification of MOFs ultimately generates eco-friendly potent catalysts for synthesizing

organic molecules with good biomedical applications. In furtherance of study, Panahi et al.

[106] have reported Pd-loaded MOF (Pd@Cu-MOF), Cu2(NH2-BDC)2(DABCO) where,

BDC ¼ 1,4-benzenedicarboxilic acid and DABCO ¼ diazabicyclooctane for sustainable

catalytic organic transformation. Pd@Cu-MOF was prepared by solvent-free ball-milling

method. Thereafter, Pd particles were dispersed in it. Suzuki-Miyaura coupling reaction was

carried out by employing Pd@Cu-MOF solid catalyst through environmentally benign

ultrasound irradiation. In free dNH2 and Pd particle MOF, Cu2(BDC)2(DABCO) possessed

surface area of 1496 m2/g, but drastically dropped to 873 and 226 m2/g upon the introduction of

Pd nanoparticles and amino groups, respectively. The surface area of Pd@Cu-MOF was higher

upon loading of Pd nanoparticles. It was attributed to the absence of Pd nanoparticles, amino

groups associated with hydrogen bonding with carboxylate oxygen atoms led to the MOF

aggregation (surface area reduction), whereas in the presence of Pd particles, amino groups

substantially bonded with introduced Pd particles and diminished the hydrogen bonding. The

total development lessened the agglomeration of MOF particles and increased the surface area.

Different derivatives of biaryl compounds were synthesized with insignificant leaching of Pd in

Pd@Cu-MOF heterogeneous catalyst. Tahmasebi et al. [107] have reported Pd nanoparticle-

encapsulated Cu2(BDC)2(DABCO) MOF, where Pd nanoparticles were introduced as a one-

step protocol into pores of MOF with the use of temperature controlling program without the

involvement of any external reducing agent. Temperature programming control ranges from 80

to 130°C for 20-h reduces Pd(II) ions to Pd(0) nanoparticles andmake the encapsulation into the

cavities of Cu2(BDC)2(DABCO) MOF simpler.

The introduction of metal centers in general onto MOFs and particularly onto amino-

functionalized MOFs was useful in the coupling reactions. In another way the use of mixed

linker in the construction of MOFs was an added advantage for tuning the catalytic activity via
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varying the mixed linker MOF composition [59, 105, 108, 109]. Considering these points, Sun

et al. [110] reported two mixed-linker MOFs, UiO-66-Mix and UiO-67-Mix with various ratios

of 2-amino-1,4-benzenedicarboxylate/1,4-benzenedi-carboxylate and 2-amino-biphenyl-4,40-
dicarboxylic acid/4,40-biphenyldicarboxylic acid by using Zr(II) metal centers. In post-

synthetic modification (PSM), two MOFs were treated with pyridine-2-carboxaldehyde and

further with Pd ions to afford Pd heterogeneous catalysts, UiO-66-Mix-PI-Pd and UiO-67-Mix-

PI-Pd, where PI ¼ pyridylimine (PI formed by the reaction of pendant amino groups and

pyridine-2-carboxaldehyde). This study revealed that PI role was prominent to promote C-C

coupling reactions, because when free PI Pd-loaded UiO-67 catalyst was tested, low conversion

percentage was recorded. When UiO-67 and UiO-67-PI were tested with no Pd amount, no

reaction occurred, but the addition of 6 mg of Pd to UiO-67-PI speeds up the reaction forming

coupling product in 2 h with complete conversion. The advantages of solid MOFmodifications

such as catalysts and optimization methods in view of reaction time and conversion finally led

to the Pd-catalyzed Suzuki reaction in environmentally benign system. The selection of

appropriate support as well as nature of ligand are key for Pd-grafted heterogeneous catalyst. In

this direction, Rostamnia et al. [111] have prepared commercially cheap metal and ligand-

based bifunctional open metal site MOF, namely Cu-BDC (BDC ¼ benzene-1,4-

dicarboxylate ¼ terephthalate). Cu-BDC thereby grafted with Pd coordinated pyridyl-

salicylimine led to Pd@Cu-BDC/Py-SI MOF, where Py-SI ¼ pyridyl-salicylimine). Pd@Cu-

BDC/Py-SI-promoted coupling reaction led to product biaryls in high yields without any

by-products. Moreover, this catalyst was chemoselective toward Suzuki reaction. Carson et al.

[112] have studied the influence of bases on the Pd-loaded MOF catalyzed Suzuki reactions.

Authors chose four bases, such as K2CO3, Cs2CO3, KF, and CsF and MOF catalyst Pd@MIL-

101-NH2(Cr) for investigating the effect of bases on the reduction of decomposition of MOF

catalyst. Chemical stability of catalyst was of utmost importance for their wide spread utilization.

Reaction conditions are largely influenced by the stability of MOF-based catalysts in the

construction ofMOF-sensitive coordination bonds existing betweenmetal ion/cluster and linkers.

In the presence of K2CO3, Cs2CO3 bases, yields of products are high in short reaction times, but

decomposition was rapid compared to fluorides (KF and CsF). Fluoride bases maintained the

crystallinity and porous nature for longer time, which is apt for the Suzuki coupling reactions.

Compared to potassium, caesium bases significantly increased the catalytic activity. The

migration of palladium and redeposition onto the external surfaces of MOFwas possible with Cs

bases. In order to improve the half-life period, reduction of waste, and cost, the optimization of

reaction conditions is vital, particularly in pharmaceuticals and fine chemical industries. Late

transition metals like Pd, Rh, and Pt have shown superb catalytic activity in C-C coupling

reactions. Due to low availability of these metals, early earth-abundance metals like nickel as

catalyst is sustainable alternative to late transition metals. In this direction, Elumalai et al. [113]

have reported Ni-deposited UiO-66 (made up of Zr clusters and 1,4-benzo dicarboxylic acid)

MOF. Catalyst was used up to seven times without detrimental to yield and amount of catalyst

recovered. No leaching of Ni metal ions into the reaction solution was observed.
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Nanoporous carbons (NPCs) are emergent materials with unique features like high surface area

and porosity. NPCs are ideally used in the support materials in heterogeneous catalysis. The

preparation of NPCs is quite complex and often encounter many shortcomings like disordered

structures of carbon materials [114–117]. To avoid this, Dong et al. [118] have reported

versatile and facile strategy for the preparation of NPCs. As method suggested, authors derived

the NPCs from direct carbonization of MOFs without the use of additional carbon precursors.

Of various flexible MOFs, UiO-66,21 MIL-100,22 and Al-PCP widely popular MOF-5(Zn4O

(H-BDC)3, BDC ¼ 1,4-benzenedicarboxylate) were used for the carbonization for NPC

preparation. Obtained MOF-5-NPC when further immobilized with Pd nanoparticles by using

impregnation method followed by reduction with NaBH4 finally results in MOF-5-NPC-Pd. In

order to get Zn-free MOF-5-NPC-Pd, treatment with 10% HCl was carried out as shown in

Fig. 6.11. High surface area of Zn-free MOF-5-NPC-Pd leads to high dispersion of Pd and

subsequently exhibited high catalytic activity.

A carbonylative (introduction of CO at 10 bar) assisted Suzuki coupling reaction was reported

by Augustyniak et al. [119] with Pd embedded on Ni(II) ion and pyrazolate ligand containing

MOF Ni(H2BDP-SO3)2, [Ni(2,5-di(1H-pyrazol-4-yl)benzenesulfonate)2]. Study indicated that

Ni(II) cations and 2,5-di(1H-pyrazol-4-yl)benzenesulfonate linker MOF were suitable support

for Pd2+ and Pd nanoparticles. The so-formed Pd@[Ni(H2BDP-SO3)2] as catalyst formed

coupling product diaryl ketone of 21% at 1 bar CO pressure and 51% at 5 bar CO, finally sole

product was obtained at 10 bar CO. This study revealed that carbonylative-aided heterogeneous

catalytic activity was an alternative approach for the efficient Suzuki coupling reaction than

other counterpart catalysts. In another study, the introduction of open metal-binding sites into

MOF provides extra mileage in terms of properties and applications especially in catalysis.

Keeping this point, Fei and Cohen [120] have reported the incorporation of free 2,20-bipyridine
Fig. 6.11
The preparation process of the catalyst and the Suzuki coupling reaction. Reprinted with permissions from
W. Dong, L. Zhang, C. Wang, C. Feng, N. Shang, S. Gaoa, C. Wang, Palladium nanoparticles embedded in metal-
organic framework derived porous carbon: synthesis and application for efficient Suzuki-Miyaura coupling reactions,

RSC Adv. 6 (2016) 37118–37123.
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(bpy) into MOFs, which develop open metal sites. Bidentate chelator, bpy is the widely used

auxiliary ligand in coordination chemistry and renders special properties to MOF structure.

Direct solvothermal method and post-synthetic method were proposed to incorporate bpy into

selected highly robust UiO-67 platform as shown in Fig. 6.12. The resulting UiO-67-bpydc

exhibited high porous nature after activation and Pd metalation was simply achieved through

complex formation. Low palladium leaching and low catalyst loading are another advantages of

this porous solid catalyst for commercially worthy C-C coupling reaction.

Li et al. [121] have reported the impacts of linker substitution on the heterogeneous catalysis of

MOFs in Suzuki coupling reactions. 2,20-bipyridyl-substituted UiO-67 (Zr-terephthalic acid)

MOF were selected judiciously for the encapsulation of Pd nanoparticles. Uncoordinated 2,20-
bipyridyl moieties make easy the anchoring of loading and stabilizing Pd complexes. Isoreticular

bipyridyl MOF series, namely m-bpy-MOF-Pd, m-6,60-Me2bpy-MOF-Pd, and m-4,40-Me2bpy-

MOF-Pd were used in the investigation of the effect of mixed linker substitution in the coupling

reaction. Remarkably, m-6,60-Me2bpy-MOF-Pd catalyst has showed enhanced catalytic activity

compared to other MOF series. The reason ascribed to electronic and steric effects that existed

between bipyridyl and palladium sites, which is high for m-6,60-Me2bpy-MOF-Pd. This study

unveils the deeper understanding in the influence of various factors like linker engineering and

surrounding chemical environment of modified MOFs on heterogeneous catalytic sites.

As discussed earlier, without appropriate stabilization, metal nanoparticles especially Pd

particles are prone to aggregation and lose their catalytic activity. In this way, Roya et al. [122]

have chosen Co(II)-Salicylate containingMOF as support material for the immobilization of Pd

nanoparticles. The uncoordinated oxygen atoms in this framework were used for the

stabilization of entered Pd nanoparticles. Pd-catalyzed alkynylation of aryl halides was carried

out in the absence of copper co-catalyst, which tends to form by-product oxidative
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homocoupling that can be avoided by employing this designed catalyst. Pd(0) played a

prominent role in the promotion of reaction, this was confirmed with Hg(0) poisoning test.

During the reaction time 1.0 mL of mercury was added and the progress of reaction was

observed. Due to the formation of Pd-Hg amalgamate, catalytic reactive tendency of Pd was

quenched and coupling reaction becomes inactive. Eco-friendly, mild reaction conditions with

this modifiedMOF pave the way for other kinds of biologically valued organic transformations.

Annapurna et al. [123] reported MIL-101-supported nano-sized Pd particles for coupling

reaction between heteroaryl/aryl bromide and alkynes. Cr3(F,OH)(H2O)2O[(O2C)-C6H4-

(CO2)]3�nH2O (MIL-101) is congenial support because it possessed high surface area

c.4000 m2/g and pore size c.30 Å to accommodate metal particle insertion. Furthermore,

unsaturated chromium sites present about 3.0 mmol/g acted as Lewis acid sites after the

removal of water molecules. Sonogashira coupling reaction was carried out between 202 mg of

4-bromonitrobenzene, 204 mg of phenylacetylene, 3.5 wt% Pd/MIL-101, and 276 mg of

K2CO3 in DMF-H2O system at 130°C. The yield of the desired product increases with

changing reaction time from 3 to 6 h. The encouraged results with a series of aryl bromides

prompted for examining hetero aryl bromide and heteroarylalkynes substrates also. No

considerable coupling product was identified with the use of heteroarylalkynes. The study

enlighten even if efficient solid catalyst is employed in the reaction, the selection of substrates

is also imperative to get the desired product in high yields.

Bifunctional Cu3(BTC)2 (BTC ¼ benzene-1,3,5-tricarboxylate) MOF with Pd

functionalization has been reported by Arnanz and group [124]. MOF-Cu(BTC)-[Pd] has been

prepared as shown in Fig. 6.13, which develops stable MOF with additional functional

moieties. The introduction of Pd complex into the pores of Cu3(BTC)2 was confirmed by X-ray

studies. Change of intensity in the XRD peaks confirms the entering of complex into pores.

Both Cu and Pd sites in the same structure are adequate heterogeneous bi-functional catalyst for

Sonogashira C-C coupling reaction. Surface modification of MOFs with different organic

molecules and transition metal complexes renders the development of multifunctional MOF

solid catalysts to preserve sustainability and stability of catalytic activity.

The quality of bare MOFs can be augmented with systematic functionalization of metal nodes

and organic linkers by the incorporation of various multiple functional units into them.

N-Heterocyclic carbene (NHC) is an example of such a kind of ligand [125–127]. Possible
electronic transitions between σ/π and d-donations make feasible the bonding with metal. To

take advantage of these traits, Ezugwu et al. [128] have reported N-heterocyclic carbene-based

MOF for efficient Sonogashira cross-coupling reaction. 1,3-bis(4-carboxyphenyl) imidazolium

chloride (H2L
+Cl�) ligand has been prepared previously by treating with Zn(NO3)2�6H2O to

get MOF with active imidazolium moieties. NHCs can be achieved by the treatment of

imidazolium-containing framework with Pd(OAc)2 in THF as solvent under an inert

atmosphere. Carbene carbon generating Pd-NHC is evidenced by NMR (nuclear magnetic



Fig. 6.13
Functionalization of Cu3(BTC)2 with palladium complexes. Reprinted with permissions from A. Arnanz, M.
Pintado-Sierra, A. Corma, M. Iglesias, F. Sanchez, Bifunctional metal organic framework catalysts for multistep
reactions: MOF-cu(BTC)-[Pd] catalyst for one-pot heteroannulation of acetylenic compounds, Adv. Synth. Catal.

354 (2012) 1347–1355.
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resonance) studies. This study emancipated the carbine carbon containing ligands useful for the

grafting of various metal nanoparticles.

Hetero-bimetal, that is, Pd(II) and Y(III) connected with 2,20-bipyridine-5,50-dicarboxylate
acid (bpydc) MOF has been reported by Huang et al. [129] for Sonogashira reaction. The

synergistic effect of Pd(II) and Y(III) in Pd/Y-MOF exhibited enhanced catalytic activity than

Pd(bpydc)Cl2MOF. The author has suggested that the immobilization/dispersion of Pd(II) onto

the surfaces/pores showed catalytic competence lower than the Pd(II) coordinated into the

structure. The coordination of two metals in this MOF was achieved with suitability of chosen

bpydc ligand. Two Cl and two N atoms in bpydc initially coordinated Pd(II) ions thereby

linking the available carboxylic groups in bpydc to the Y(III) ions, resulting in a 3D framework

structure. Catalytic activity of Pd/Y-MOF for small-sized reactant molecules was almost

tantamount/comparable with homogeneous Pd(OAc)2 owing to well accessibility and

dispersion propensity afforded in the designed Pd/Y-MOF. Moreover, the coordination of

Pd(II) ions and N atoms in bpydc hamper the leaching of Pd(II) sites under reaction conditions.

Overall most of the Pd ions and other transition metal immobilization or dispersion was

conducted by impregnation, co-precipitation, solvothermal, and post-synthetic approaches.

Electronic effects, steric effects, and auxiliary ligands like bipyridyls and inclusion of

appropriate base in the reaction conditions are responsible for the functioning of catalysts. In

most of the cases solvent, temperature, and other parameters also play a pivotal role in deciding

the selectivity and conversion rates of final products.
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6.5 Conclusions

In summary, C-C bond formation is highly anticipated reaction in pharmaceutical/fine

chemical industry to design and construct novel drug molecules with emergent biological

activities. In most of the cases, these C-C bond/coupling intermediates are key components and

critical step toward the synthesis of final drug entities. Considering economic and

environmental contexts of this reaction it is of crucial importance. Tedious multistep and work-

up procedures are increasingly fostering the development new systems. In recent years most of

the researchers have adopted varied technologies in organic transformations, one thing that

seems to restrain all technologies is the use of heterogeneous/solid MOFs as catalysts. MOFs as

heterogeneous catalysis are revolutionizing the next advancement in the field of catalysis.

The objective of embedding specialized catalytic active substances on their surfaces or into

pores is to make a new catalytic system that will function as environmentally viable and alienate

the cumbersome methodologies, which industries are implementing. Many studies have

reported using bare MOFs or modified MOFs for enhanced catalysis in Knoevenagel, Heck,

Suzuki and Sonogashira, and multicomponent reactions. The flexibility for modifying and

designing the MOFs according to the requirement is an added advantage of MOFs. The

enhancement in catalytic performance is attributed to the alloying of nano-structured transition

metals like Pd, which make the interaction with organic reactants stronger than the individual

Pd ions. Mixed linker combination, immobilization of active catalytic substances using

MOFs as host materials, and so on are some of the strategies followed by many researchers

for productive catalytic efficiency. MOF catalytic systems have efficiently overcome the

deficits such as leaching, separation, and recyclability that occur in the homogeneous system. In

most of the cases even the selection of reactants and reaction conditions also play a pivotal

role in improving the yields, even if suitable catalyst was employed in the reaction. This

chapter enlightens the development of suitable solid MOF heterogeneous catalysts and

structure-property relationships in catalysis in providing value-added organic moieties of

pharmaceutical and other industrial importance.
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CHAPTER 7
Hydrothermal synthesis of MOFs
Wei Chen, Liping Du, Chunsheng Wu

Institute of Medical Engineering, Department of Biophysics, School of Basic Medical Sciences,
Health Science Center, Xi’an Jiaotong University, Xi’an, China
7.1 Introduction to the hydrothermal method

The term hydrothermal is purely of geological origin. It was first used by the British Geologist,

Sir Roderick Murchison (1792–1871), to describe the action of water at elevated

temperature and pressure in bringing about changes in the earth’s crust, leading to the formation

of various rocks and minerals [1]. Hydrothermal method, also termed “hydrothermal

synthesis,” refers to various techniques of crystallizing substances from high-temperature

aqueous solutions at high vapor pressures. The hydrothermal method is a method of synthesis of

single crystals which depends on the solubility of minerals in hot water under high

pressure. Although the thermal technique has made tremendous progress, there is no unanimity

about its definition. The term hydrothermal usually refers to any heterogeneous reaction in

the presence of aqueous solvents or mineralizers under high pressure and temperature

conditions to dissolve and recrystallize materials which are relatively insoluble under ordinary

conditions [1]. There is no definite lower limit for the pressure and temperature conditions

as there are vast numbers of publications under mild hydrothermal conditions. Specifically,

the term solvothermal refers to any chemical reaction in the presence of a solvent in

supercritical or near supercritical conditions. Under hydrothermal conditions, the reactions are

occurred at the interface of solid and liquid. Therefore, the hydrothermal reactions are also

defined as special cases of chemical transport reactions. The beginning of hydrothermal

research is associated with the study of natural systems, e.g., the genesis of various rocks,

minerals, and ore deposits through the laboratory simulations. The first report of the

hydrothermal growth of crystals was by German geologist, Karl Emil von Schafh�autl in 1845

[2]. Until 1881, all the early hydrothermal experiments were carried out in simple glass

tubes with sealed ends. H. De Senarmont, the founder of hydrothermal synthesis in geoscience,

used glass tubes containing gel, SiO2 and H2O, HCl, or CO2, enclosed in steel tubes, which

could be heated to 200–300°C. Daurree (1857), who introduced the pressure balance in the

hydrothermal synthesis, used a steel tube to synthesis quartz and wollastonite at 400°C with

water as a solvent. Besides, he also attempted to use natural hot spring water from Plombieres as

https://doi.org/10.1016/B978-0-12-816984-1.00009-3
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the mineralizer. With the discovery of hydrothermal activity in the deep sea on Galapagos

during 1970s, the research on hydrothermal vent fluid to study the origin of life is sparking.

In 1873, von Chroustchoff proposed that gold lining of steel autoclaves could prevent the

corrosion. After that, the tendency to reach higher pressure-temperature conditions than the

usual 5–10 atm began. In 1880, Hannay claimed to have synthesized artificial diamond through

the hydrothermal technique. Moissan also claimed to have synthesized diamond as large as

0.5 mm from charcoal. The first ever large size crystals obtained by the earliest scientists was

hydrated potassium silicate with the size of 2–3 mm long, reported by Friedel and Sarasin

in 1881. During 19th century, including quartz, felspars, mica, leucite, nephelite, epidote, etc.,

over 80 mineral species are supposed to have been synthesized. Spezia (1896) found that

plates of quartz kept at 27°C for several months with water under a pressure 1750–1850 atm
did not lose its weight and no etch figures were found. When Na2SiO3 was introduced,

SiO2 separated out as quartz and the rhombohedral faces of the quartz were easily attacked.

Toward the turn of the 19th century, the science of hydrothermal technology moved from

Europe to North America, assisted by the American Industrial Revolution. The establishment of

the Geophysical Laboratory at the Carnegie Institute of Washington, USA, was the most

important milestone in the history of hydrothermal technology. In the geophysical laboratory,

Bowen established a fine hydrothermal research laboratory dedicated to the major

contributions to the field of hydrothermal research for USA in the early 20th century. In 1920s,

he framed the most important petrologic principle, viz., Bowen’s Reaction Principle.

Morey first designed a simple, gasketed, sealed steel autoclave of 25–100 mL volume

which became very popular for its simplicity and ease to handle. With the development of the

autoclave, an even higher pressure and temperature could be achieved. In 1931, Goranson

carried out a systematic study to explore the solubility of water in a liquid having the

composition of the Stone Mountain Granite, which was regarded as the most outstanding

advancement in the hydrothermal technique to the petrologic problems. The hydrothermal

research spread to Eastern Europe and Asia on a small scale, and much later to China and

India after the Second World War. Specifically, the first hydrothermal work in Japan was

conducted by Dr. Tominosuke Katsurai in 1926. He worked on the soda treatment of aluminum

ore through hydrothermal extraction.

Hydrothermal materials synthesis was becoming a popular field of research after the

development of ceramic process technology during 1970s. A growing interest to enhance the

hydrothermal reaction kinetics by microwave, acoustic wave simulations, mechanical

mixing, and electrochemical reactions was followed. With these processes, the duration of the

experiments was reduced by two orders of magnitude, making the technique more

economic. The hydrothermal technique offered an excellent facility for coating of various

compounds on metals and ceramics. For example, coating of apatite layers on chemically

treated Ti metals and organic polymers on metals have been reported. Compared with HAP

whiskers prepared by other methods, whiskers synthesized by the hydrothermal method had
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a more controlled and even morphology and purity in composition. Hydrothermal technique

has shown many new advantages such as homogeneous precipitation with metal chelates,

decomposition of hazardous and/or refractory chemical substances, and monomerization of

high polymers. Based on these features, the hydrothermal technique has attracted great

attentions from various fields, involving materials scientist, earth scientist, materials engineers,

physicists, chemists, biologists, and others. At last, the future of the hydrothermal synthesis

is toward lowering the pressure and temperature conditions, which will facilitate the in situ

observation. As the design and cost of autoclave become simpler and cheaper, the hydrothermal

method will be more attractive to the scientists and industries.
7.2 Basic mechanism and general protocols

The free energy is represented as a function of temperature, pressure, and mol numbers:

G¼ f T, P, n1,n2,…nið Þ (7.1)

DG¼ δG=δT
� �

p,n
dT + δG=δP

� �
T,n

dP+ δG=δn 1

� �
P,T,n

dn1 +
δG=δn 2

� �
P,T,n

dn2 (7.2)

where ni ¼ constant mol number of all components, nj ¼ constant number of components
except one.

The variation in the free energy can be expressed in terms of the chemical potential:

δG=δn i

� �
P,T,n

¼ μi (7.3)

When P and T are kept constant, Eq. (7.2) becomes
dGP,T ¼ μidn1 + μidn2 +⋯μidni (7.4)

GP,T ¼
X

i
ni (7.5)

Differentiation of Eq. (7.5)
dGP,T ¼ n1dμ1 + n2dμ2 +⋯+ nidμi + μidμ1 +⋯+ μidμi¼
X

ni
dμi +

X
μi
dni (7.6)

By equating Eqs. (7.4), (7.6),

X

ni
dμi¼ 0 (7.7)

Eq. (7.7) is considered as the overall equilibrium condition under constant P and T.
In a hydrothermal system, nAmol of solid A, n1Amol of partially soluble A, and nBmol solvent,

the free energy of the system corresponds to Eq. (7.5)

G¼ nAμA + n1Aμ1A + nBμB (7.8)
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The free energy dG becomes
G+ dG¼ nA�dnð ÞμA + n1A + dnð Þμ1A + nBμB (7.9)

Under constant P and T,
dG¼ μ1A�μAð Þdn (7.10)

If μ1A < μA, the free energy decreases, then dG/dn is negative and the process occurs on its own;

if μ1A > μA, the chemical potential decreases, the crystallization of the substance from solution

B takes place; if μ1A ¼ μA, the process reaches the equilibrium state. The phase transition

stops when the chemical potential of the component reaches equal in both phases. This

mechanism is realized only when the changes of dG do not depend on the chemical potential

and concentration of other components of the solution. Consideration of these relationships

may help in understanding the physico-chemical principles of the hydrothermal process.

The importance of kinetics of crystallization was studied since the commercialization of the

zeolites by the hydrothermal method. Based on the experience, the growth of the crystals in

aqueous solutions shows the relationship between the anisotropy of the rates of process:

temperature, supersaturation, and the presence of “foreign” components. These parameters can

be varied over a wide range. The influence of the solvent to the crystal growth is different to

each crystal. For example, the present of NH4
+ ions in the solution produces an obvious

increase in the rate of growth of the prismatic faces, in contrast to the slow rate of growth in the

ordinary condition. Pressure does not have a direct effect on the rate of growth of crystals, but it

could have an effluence through other parameters: mass transfer and solubility. Therefore,

in some cases, the increase in pressure could lead to the increase of rate of growth.

Hydrothermal synthesis of metal-organic frameworks (MOFs) is generally made by mixing

solutions of metal ions salts and organic ligands in the solvent and bymaintaining the mixture at

high temperature (higher than 100°C) at specific periods. The synthesis of MOFs involves

several steps, as shown below:

Reactant

Reactant mixtures

Nucleation

Crystal growth 
The process of MOFs synthesis takes place at elevated temperatures in order to achieve a high

yield of crystals in an acceptable period of time. The variables in the synthesis are temperature,

pH, and chemical composition of the reactants. To achieve a nano-sized particle, surfactants or

molecule templates are usually applied in the synthesis process. For example, in the presence of

cetyltrimethylammonium bromide (CTAB), the ZIF-8 crystals could turn into the cubes [3].



Hydrothermal synthesis of MOFs 145
With the increasing of acetic acid concentration, the morphology of Fe-MIL-88B-NH2 turned

from microsized to nanosized crystals [4].

Adjusting the metal ions and organic linkers, the pore volume and size of MOFs could be

modulated to benefit the loading of varied drugs. Because the drug delivery is physical

interaction, the drug could remain its biological activity and delivery via concentration

diffusion. Furthermore, the controlled and targeted release (pH-response, light-response,

cancer cells targeted, etc.) could be achieved by the functionalization of MOFs. The

combination of drug delivery with bioimaging, photothermal therapy, photodynamic therapy,

etc. makes the MOFs multifunctional. In the biosensors’ application, MOFs and hybrid MOFs

could detect biomolecules by the fluorescent and electrochemical methods with high

selectively and low detection limit.
7.3 Synthesis of MOFs by the hydrothermal approach

Various MOFs were synthesized by the hydrothermal methods with different size, morphology,

and crystalline structure. Although thousands ofMOFs are reported until now, there are still many

issues which must be considered before it is applied in the biomedical applications, such as

size, surface charge, shape, stability, and toxicity. These parameters are not individual, affecting

each other. For the understanding of this toxicity of MOFs, there are several comprehensive

reviews [5–7]. The toxicity of MOFs depends on many parameters including the kinetics of

degradation, bio-distribution, accumulation in tissues and organs, and excretion from the body.

Until now, the data are rare. The evaluation of metals and linkers individually might be the

first considerable solution.Most acceptable metals for biomedical application are Ca,Mg, Zn, Zr,

Fe, Ti, whose oral LD50 are 1, 8.1, 0.35, 4.1, 0.45, and 25, respectively [8]. For the linkers, most

reported linkers are exogenous ligands like imidazolate, terephthalic, trimesic, et al. Rat oral

doses of terephthalic, trimesic, 2,6 napthalendicarboxylic acid, and 1-methylimidazole are 1.13,

5.5, and 8.4 g kg�1, respectively [8, 9]. Therefore, in this chapter, Fe, Zr, Cu, and Zn-basedMOFs

will be illustrated in detail based on their potential biomedical applications.
7.3.1 Synthesis of Fe-MOFs

P. Horcajada et al. synthesized a series of iron-based MOFs, including MIL-53, MIL-88A,

MIL-88Bt, MIL-100, and MIL-101-NH2 (MIL ¼Materials of Institut Lavoisier) through

hydrothermal or solvothermal method (Fig. 7.1) [10]. The ligands for MIL-53, MIL-88A, MIL-

88Bt, MIL-100, and MIL-101-NH2 are terephthalate, fumarate, tetramethylterrephthalate,

trimesate, and aminoterephthalate, respectively. In vitro degradation under physiological

conditions indicated that MIL-88A and MIL-100 had a major degradation occurred after seven

days in incubation at 37°C. The ligand of MIL-88A was endogenous and had low toxicity

values (LD50 (fumarate) ¼ 10.7 g kg�1). The absence of immune or inflammatory reactions

after the injection of nanoMOFs indicated the low toxicity in vivo. Besides, the nanoMOFs had
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Fig. 7.1
Scheme of engineered core-corona porous iron carboxylates for drug delivery and imaging (the

ligands for MIL-53, MIL-88, MIL-100, and MIL-101 terephthalic acid, fumaric acid, trimesic acid,
and terephthalic acid). Reprinted with permission from

P. Horcajada, T. Chalati, C. Serre, B. Gillet, C. Sebrie, T. Baati, J.F. Eubank, D. Heurtaux, P. Clayette, C. Kreuz,
J.-S. Chang, Y.K. Hwang, V. Marsaud, P.-N. Bories, L. Cynober, S. Gil, G. F�erey, P. Couvreur, R. Gref, Porous
metal–organic-framework nanoscale carriers as a potential platform for drug delivery and imaging, Nat. Mater.

9 (2009) 172. Copyright (2011) American Chemical Society.
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no significant differences in comparison with the control groups. Four anticancer or antiviral

drugs (busulfan (Bu), azidothymidine triphosphate (AZT-TP), cidofovir (CDV), and

doxorubicin (Doxo)) were used as the object to test the loading efficiency of nanoMOFs. Bu

entrapment in microporous MOFs (MIL-88A, MIL-53, and MIL-89) was lower than that for

MIL-100, but significantly larger than that for the existing materials. In case of AZP-TP and

CDV, a simply soaking method could achieve high drug loading efficiency; in most cases,

higher than 80%. Due to the existence of iron atoms, the nanoMOFs could be applied as contrast
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agents. Relaxivity value γ1 of MIL-88A nanoparticles was of the order of 50 s�1 mM�1, which

was sufficient for in vivo use. Besides, MIL-100(Fe) could also be applied as a novel

nanocarrier for delivering docetaxel (DTX) to the breast cancer cells [11]. The GraftFast

reaction was applied in the surface modification of microwave-assisted hydrothermal-

synthesized mesoporous iron trimesate nanMOFMIL-100(Fe) [12]. The method could obtain a

homogeneous and chemically stable coating of PEG with enhanced colloidal and chemical

robustness under physiological conditions, associated to a shielding effect. The PEG-coated

MIL-100(Fe) nanoMOFs induced a lower immune response compared with naked one.

Additionally, the polyethyleneglycol (PEG)-modified MIL-53(Fe) was prepared by an

ultrasonication method [13]. Functionalized modification of PEG on the surface of MIL-53

reduced the size of the crystals and increased the surface area of the materials from 35 to

40.85 m2. The modified nanoMOFs revealed high uptake of 5-FU drug and showed slow

release of drug under in vitro conditions, which released only 31% of drug after 3 h and100%

after 6 days. When MIL-53 was used to deliver the oridonin, it exhibited a pH dependence

behavior [14]. During the drug release at pH 5.5, a Weilbull distribution was found, in contrast

to first-order kinetics at pH 7.2. A solvothermal-synthesized MIL-53(Fe) could catalyze the

oxidation of 3,3,5,5-tetramethylbenzidine (TMB) to produce a blue-colored 3,3,5,50-
tetramethylbenzidine diamine which could be inhibited by biothiols. Therefore, the cellular

biothiols could be detected by the MIL-53(Fe) using a colorimetric analytical method [15].

MIL-88-NH2(Fe) with hydrogen-rich organic ligands and amino groups could form hydrogen

bonds with intrinsic carboxyl and hydroxyl groups of mucin [16]. Besides, the hydrogen bonding

generated amucoadhesiveproperty to increase thepreocular retention of nanoparticles.Therefore,

theMIL-88-NH2(Fe) couldbe used to improve thedrug efficiencyofbrimonidine.ThenanoMOFs

were synthesized by a solvothermal method and the brimonidine was loaded by the physical

absorption approach. In vivoevaluations showed thatMIL-88-NH2(Fe)/brimonidine could remain

on the preocular surface for a prolonged period, leading to a prolonged duration of intraocular

pressure reduction and promoting the ocular bioavailability of brimonidine. It was found that by

altering the concentration of concentration of triblock copolymer F127 and acetic acid, the size

and aspect ratio ofFe-MIL-88B-NH2MOFs could bemanagedcorrespondingly (Fig. 7.2) [4]. Iron

ionswere first coordinatedwith F127 to forma complex. If the ligandwere added, thenanocrystals

were formed. However, if the acetic acid and ligand were added at the same time, the larger

nanocrystals would be formed. The different size and aspect ratio of MOFs had different proton

relativity and contrast enhancement in MRI [17]. With the increasing of surface area and

pore volume, a significant enhancement in γ2 will be followed.
7.3.2 Synthesis of Zr-MOFs

The zirconium MOF UiO-66 (UiO stands for Universitetet i Oslo) is biocompatible and has a

half maximal inhibitory concentration (IC50) of 1.50 � 0.15 mg mL�1 against the HeLa

cell line after 24 h of exposure [18]. UiO-66 was constructed by 1,4-benzenedicarboxylate



Fig. 7.2
Schematic representation of the size-controlled fabrication of Fe-MIL-88B-NH2 nanocrystals.

Reprinted with permission from M.-H. Pham, G.-T. Vuong, A.-T. Vu, T.-O. Do, Novel route to size-controlled
Fe–MIL-88B–NH2 metal–organic framework nanocrystals, Langmuir 27 (2011) 15261–15267.

Copyright (2011) American Chemical Society.

148 Chapter 7
(BDC) ligand and Zr6O4(OH)4 clusters through a thermal method. When the trimethylamine

(TEA) was added as the modulator, the pore size of the MOFs could be enlarged which will be

suitable for protein delivery [19]. Besides BDC, other ligands could also be used to synthesize

Zr-MOFs. The Zr-MOFs composed by the naphthalene-2,6-dicarboxylic acid and 4,4-

biphenyldicarboxylic acid ligands promoted entry through the caveolin-pathway, avoiding

lysosomal degradation and enhancing the therapeutic activity of encapsulated drug [20]. With

p-azidomethylbenzoic acid, p-propargyloxybenzoic, and acetic acid as the modulators,

surface functionalized UiO-66 was synthesized under solvothermal conditions [21]. A click

chemistry reaction would be applied to modify the surface of the nanoMOFs (Fig. 7.3). After

PEGylation, the stability of the nanoparticles in the biological solution was improved. The

PEGylated UiO-66 exhibited pH-responsive release, mirroring the change in conditions from

blood-stream circulation to cancer cellular internalization to allow stimuli-responsive drug

delivery. Coating UiO-66 with PEG-2000 enhanced caveolae-mediated endocytosis, allowing

the nanoMOFs to partially escape the lysosome, which will avoid the degradation of the

drug and improve the possibility of reaching other cellular organelles. Compared with

unmodified one, the PEGylated nanoparticles loading dichloroacetic acid (DCA) exhibited

significant cytotoxicity, enhancing the therapeutic effect. For the caffeine loading the release,

MIL-100(Fe) and UiO-66(Zr) appeared spectacular cosmetic payloads and progressive

releases, being a promising carrier [22]. Zr-fum (fumarate) was more efficient at transporting

the drugmimic calcein intoHeLa cells, andDCA-loaded, PEGylated Zr-fumwasmore effective

at reducing HeLa and MCF-7 cell proliferation than the analogous UiO-66 sample [23]. The

smaller size of DCA-loaded Zr-MOFs (around 20 nm) exhibited greater cytotoxicity toward

MCF-7 cells than their larger (around 100 nm) analogues [24]. The partial internalization of the

smaller MOFs through passive diffusion allowed DCA release directly into the cytosol to

enhance its therapeutic effects.



Fig. 7.3
The PEGylation of UiO-66: (A) schematic of the click modulation protocol in the preparation of UiO-
66-L1-dodecane; (B) confocal microscopy images of HeLa cells incubated with calcein@ UiO-

66-L1-dodecane; (C) pH-responsive release of calcein from the PEGylated MOFs [21]. Reprinted with
permission from I. Abánades Lázaro, S. Haddad, S. Sacca, C. Orellana-Tavra, D. Fairen-Jimenez, R.S. Forgan,
Selective surface PEGylation of UiO-66 nanoparticles for enhanced stability, cell uptake, and pH-responsive drug

delivery, Chem 2 (2017) 561–578. Copyright (2017) Elsevier.
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Due to the strong Zr-O-P chemical complexation between the Zr-MOFs and phospholipid, lipid

bilayer-encapsulated Zr-based nanoMOFs exhibited enhanced phosphatic-resistance in

phosphate buffer solution and exceptional stability in harsh chemical environments (Fig. 7.4)

[25]. Moreover, the modified nanoMOFs showed enhanced cellular uptake efficiency and

real biostability. The anticancer drugs (paclitaxel and cisplatin)-loaded Zr-MOFs UiO-66 and

UiO-67 were encapsulated inside a modified poly(ε-caprolactone) with D-α-tocopheryl
polyethylene glycol succinate polymeric matrix, in the form of microparticles [26].

Cytotoxicity studies indicated that the microparticles had better anticancer activity compared

with free drugs. An in situ polymerization of aniline on the surface of UiO-66 could form a

PAN@UiO-66 composite nanoparticles [27]. Due to the photothermal effect of PAN, the

composite could be used as an effective photothermal agent for colon cancer. Immobilized Ag

nanoparticles in UiO-66 exhibited a strong inhibitory effect on the growth of SMMC-7721

and HeLa cells in a dose-dependent manner through the apoptosis-inducing effect [28].



Fig. 7.4
The formation of MOFs-supported phospholipid bilayers on Zr-based MOFs through the strong

Zr-O-P interaction between the Zr6 clusters and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
molecules, which significantly enhanced its stability in phosphate buffer solution (PBS). Reprinted with
permission from J. Yang, X. Chen, Y. Li, Q. Zhuang, P. Liu, J. Gu, Zr-based MOFs shielded with phospholipid
bilayers: improved biostability and cell uptake for biological applications, Chem. Mater. 29 (2017) 4580–4589.

Copyright (2017) American Chemical Society.
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7.3.3 Synthesis of Cu-MOFs

MOFs have attracted more and more attention due to their highly porous structure with

tunable pores and high surface area, which have been widely applied in many fields such as

catalysis, gas storage, and drug delivery. One of the most important properties of MOF is

their tunable structures by tailoring the solution chemistry toward diverse particular

applications. For example, the conductivity of MOFs has been reported to be enhanced

significantly by molecular doping of iodine [29, 30]. More recently, Cu-MOFs have been

reported to be synthesized via the equal volume mixture of Cu(NO3)2�3H2O in deionized

water (solution A) and benzene-1,3,5-tricarboxylic acid (trimesic acid) dissolved in ethanol

(solution B), which was stirred for 30 min and heated under hydrothermal conditions to 383 K

for 18 h [31]. The synthesized Cu-MOFs were deposited on an FTO-coated glass covered

with a very thin TiO2 layer using a layer-by-layer (LBL) technique to sensitize a doctor-bladed

TiO2 nanoparticle film, which was used as a light-absorbing layer in TiO2-based solar cells.

It is reported that the electrical conductivity of the MOF film can be increased drastically by

iodine doping. In addition, the iodine doping of MOF is crucial for the reduction of the

charge-transfer resistance of the TiO2/MOF/electrolyte interface. Another work reported that

TiO2 nanoparticle and multiwalled carbon nanotubes composite powder can be prepared

hydrothermally, which was then sensitized with Cu-MOFs using a layer-by-layer deposition

technique [32]. It is demonstrated that the electron transfer can be accelerated significantly by

the introduction of carbon nanotubes, which can increase the power conversion efficiency

by enhancing the photovoltaic performance of the cell.



Fig. 7.5
(A) CV curves of [Cu(adp)(BIB)(H2O)]n modified electrode in 0.1 M NaOH solution at different
concentration of H2O2. Scan rate: 100 mV s�1. Inset: CVs of [Cu(adp)(BIB)(H2O)]n film modified
GCE in 0.1 M NaOH solution in the absence (dotted line) and presence (solid line) of 0.25 μMH2O2 at
scan rate of 100 mV s�1. (B) Plot of electrocatalytic peak currents versus H2O2 concentrations at

[Cu(adp)(BIB)(H2O)]n/GC electrode in 0.1 M NaOH solution. Reprinted with permission from
C.Y. Zhang, M.Y. Wang, L. Liu, X.J. Yang, X.Y. Xu, Electrochemical investigation of a new Cu-MOF and its

electrocatalytic activity towards H2O2 oxidation in alkaline solution, Electrochem. Commun. 33 (2013) 131–134.
Copyright (2013) Elsevier.
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In addition to energy harvesting and energy-storing devices, electrocatalytic activity of

Cu-MOFs have also been investigated toward H2O2 oxidation in alkaline solution (Fig. 7.5)

[33]. This work described the hydrothermal synthesis of a new Cu-MOFs, i.e., [Cu(adp)(BIB)

(H2O)]n (BIB ¼ 1,4-bisimidazolebenzene; H2adp ¼ adipic acid). The synthesized

Cu-MOFs were then used to modify the electrochemical electrode for cyclic voltammogram

(CV) measurement. The results show a pair of redox peaks at ca. 0.43 V in 0.1 M NaOH

solution corresponding to CuIII(OH)-MOF/CuII(H2O)-MOF couple. In addition, the Cu-MOF-

modified electrode also shows high electrocatalytic activity toward H2O2 oxidation in a

dose-dependent manner at the concentrations ranging from 0.1 to 2.75 μM. The detection limit

is as low as 0.068 μM. It is demonstrated that Cu-MOF could be a promising material for

H2O2 detection.

A typical Cu-MOF, HKUST-1 (Cu3(BTC)2, BTC ¼ 1,3,5-benzenetricarboxylic acid;

HKUST ¼ Hong Kong University of Science and Technology), was incorporated with graphite

oxide in order to improve its hydrothermal stability and catalytic activity [34]. The

resulting Cu-MOF/graphite oxide composites show enhanced porosity with high surface areas

and some meso/macropores due to the growth of MOF between the graphene layers or

their thin agglomerates, which could overcome their inherent shortcomings. For example, the

access of reactant molecules to active sites and mass transfer in channels are facilitated by

the high surface areas and meso/macropores. The hydrophobic environment surrounding

metallic sites provided by the graphite oxide was able to protect the coordination bonds from
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attack by water molecules and presents better affinity of active sites to organic reactants.

All this could contribute to the improvement in the hydrothermal stability and the catalytic

activity of Cu-MOF/graphite oxide composites, which make it more suitable for practical

applications in heterogeneous catalysis.
7.3.4 Synthesis of Zn-MOFs

Zn-MOFs have also been reported to be synthesized by the hydrothermal method. For

example, a report described the synthesis of three Zn-MOFs using a dual-ligand approach

with a basic N-donor ligand and carboxylate ligands under hydrothermal conditions [35]. It is

indicated that all the three synthesized Zn-MOFs show distinct solvent-dependent

photoluminescence emissions as demonstrated by the photoluminescent spectra analyses,

which enable the highly sensitive detection of nitroaromatics via fluorescence quenching

effect. It is assumed that the electron-donating MOF framework to the highly electron-

withdrawing nitro group in the nitro compounds is contributed to the fluorescence

quenching effect. This provides an approach for the synthesis of more electron-rich

MOFs with luminescence property toward the potential applications of sensing nitro-

substituted compounds.

MOF-5, which is a kind of MOFs with Zn2+ as central metal ions, has been reported to be

synthesized using an optimized hydrothermal procedure starting from terephthalic acid and

zinc nitrate, and diethylformamide as the organic solvent [36]. Hydrogen adsorption in MOF-5

was demonstrated to be pure physical adsorption. Hydrogen uptake is found to be correlated

with the specific surface area for crystalline microporous materials and MOF-5 shows pretty

high storage capacity which is promising for potential applications of hydrogen storage.

The design and synthesis of efficient fluorescence MOFs have also attracted more and

more attention. Recently, some luminescent MOFs have been developed for the sensing of ions

and small molecules. For instance, a robust bright salmon pink luminescent Zn-MOF for

sensing of small molecules has been reported [37]. The synthesized Zn-MOFs show

extraordinary photoluminescence behavior resulting from two emission modes and the

magnitude of the fluorescence intensity change was found to be depended on the different

interactions with solvents from each other. It is suggested that Zn-MOFs with multifunctional

luminescence could be promising candidates to serve as sensitive elements in sensors for

the detection of small molecules. Another report synthesized three 3D Zn-MOFs featured with

different topological structures based on a tetracarboxylate ligand to investigate their

fluorescent selectivity for the detection of small molecules [38]. It is indicated that the

structures of 3D Zn-MOFs are related to the choice of reaction solvent, where DMF results in a

diamond topology, DMA facilitates the formation of Zn-MOFs with lonsdaleite network,

and DMF/DMA (1:1) generates the structure of Zn-MOFs with an NbO net. The fluorescent

measurement results show that all the synthesized 3D Zn-MOFs were able to detect a
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series of aromatic compounds, which exhibit the highest quenching behavior upon adding in a

solvent of 1,4-DNB compounds. These Zn-MOFs provide promising candidates for the sensing

organic molecule and pollutants.
7.3.5 Synthesis of other MOFs

In addition to Fe-MOFs, Zr-MOFs, Cu-MOFs, and Zn-MOFs, MOFs based on other metal ions

have also been synthesized by hydrothermal method for different purposes. For example,

four interpenetrating frameworks have been synthesized by a hydrothermal reaction using

different central metal ions and connectivity coeffect between bpea2-anions and long

heterocyclic aromatic ligands, which include [Ni(bpea)(L1)(H2O)]n, [Ni(bpea)(L2)]n, {[Ni

(bpea)(L3)1.5(H2O)]�(L3)}n, and [Co(bpea)(L3)]n (H2bpea ¼ biphenylethene-40,4-
dicarboxylic acid, L1 ¼ 1,3-di(4-pyridyl)propane, L2 ¼ 1,4-bis-(imidazol-1-yl-methylene)

benzene, L3 ¼ 1,4-bis(1-imidazolyl)benzene) [39]. It is indicated that all the synthesized

MOFs have different structure features and topology due to the different flexibility and rigidity

of ligands used for the synthesis of MOFs (i.e., L1, L2, and L3). It is suggested that the versatile

coordination modes of carboxyl groups have an important impact on the final frameworks.

Another report described the synthesis of four kinds of MOFs using partially or wholly

deprotonated 5,50-(1,4-phenylenebis(methylene))bis(oxy)diisophthalic acid (H4L1)

and 5,50-(1,3-phenylenebis(methylene))bis(oxy)diisophthalic acid (H4L2) in the presence or

absence of auxiliary bipy ligand (Fig. 7.6) [40], which include {[Co(L1)0.5]�(H2O)2}n (1),

{[Mn(L1)0.5]�(H2O)2}n (2), {[Cu(H2L1)](μ2-bipy)}n (bipy ¼ 4,40-bipyridyl) (3), and
{[Zn2(L2)]�H2O}n (4). It is indicated that all the four MOFs have the structure of three-

dimensional (3D) networks, although the underlying formation mechanisms are different to

some extent. In addition, compounds 1 and 2 exhibit antiferromagnetic coupling between

adjacent Co(II) ions and Mn(II) ions. Compound 4 exhibits strong violet emissions, which

could be a good candidate for violet-light-emitting materials.
7.4 Conclusions and prospects

Since discovered in 1989 by Robson, MOFs have attracted increasing attention due to their

decisive advantages and unique physical properties, which include tunable pore sizes,

flexible networks, various compositions, and easy functionalization. MOFs have been utilized

as key components for the development of various functional systems and have been

widely applied in many fields such as biomedicine, catalysis, gas storage, and biosensing

applications. Since the synthesis of MOFs by reticular design in 1999, a number of approaches

for the synthesis of MOFs have emerged, which include conventional synthesis,

microwave synthesis, and electrochemical synthesis. Among them, hydrothermal method is

one of the most basic and conventional approaches, which has been used extensively in



Fig. 7.6
(a) Thermal ellipsoid plot (ORTEP) drawing of 1 showing 30% ellipsoid probability (hydrogen atoms
are omitted for clarity). Symmetry codes: #1 ¼ x, �y, 0.5 + z; #2 ¼ 0.5 � x, 0.5 � y, �z; #3 ¼ x, �y,
�0.5 + z. (b) A view of three kinds of channels of compound 1 along the c axis (hydrogen atoms are
omitted for clarity). (c) Schematic representation of the topology of compound 1. Blue nodes represent

Co atoms and green nodes represent L14� ligands. Reprinted with permission from Z.R. Pan, H.G.
Zheng, T.W. Wang, Y. Song, Y.Z. Li, Z.J. Guo, S.R. Batten, Hydrothermal synthesis, structures, and physical

properties of four new flexible multicarboxylate ligands-based compounds, Inorg. Chem. 47 (2008) 9528–9536.
Copyright (2018) American Chemical Society.
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many fields and show promising prospects after functionalized with various groups and

molecules via covalent or noncovalent bonding. For example, with proper functionalization,

MOFs have been widely applied in drug delivery and biosensing purposes.

Although promising, hydrothermal method for the synthesis of MOFs also faces major

challenges. The proper functionalization of MOFs with demanding properties suitable for

different biomedical applications is one of the major challenges. For example, for the

biosensing applications, it usually requires endowing the MOFs with functional sensing

elements that are sensitive to target molecules or signals, which is rather difficult in some cases.

In the future, the surface functionalization of nanoscale MOFs should be systemically

investigated. Another major challenge is how to control the key properties of MOFs such as

toxicity, size and shape, and biological stability. However, the structure and properties of

MOFs can be easily manipulated by the adjustment of the metal ions and organic ligands. For

instance, the applications of MOFs in the biomedical field usually need to comprehensively

consider many properties such as toxicity, stability, size, and shape, which are not isolated,

but interact with each other and other environmental variables including solution pH and

cellular microenvironments. In the future, the determination of the toxicity of MOFs should be

based on a vast database, which takes a long time and requires enormous in vivo experiments.

Although many challenges existed, and improvements are still required for practical

applications, MOFs still have a brighter future and promising applications in many fields due to

their unique properties and decisive advantages.
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Abbreviations

4,40-bpy 4,40-bipyridyl
ALD atomic layer deposition

APTES 3-aminopropyltriethoxysilane

Boc tertbutyloxycarbonyl

Dcbpy22 2,20-bipyridine-4,40-dicarboxylate
DMF dimethylformamide

H2abdc 2-amino-1,4-dicarboxylic acid

H2bdc benzene-1,4-dicarboxylic acid

H2dhbdc 1,2-dihydroxibenzene-1,4-dicarboxylic acid

H2oba 4,40-oxydibenzoic acid
H2pydc 2,5pyridinedicarboxylic acid

H2TDC 9,10-triptycenedicarboxylic acid

H3btc benzene-1,3,5-tricarboxylic acid

H4DH3PhDC 20,50-dimethyl-3,300-dihydroxy-[1,10:40,100-terphenyl]-4,400-dicarboxylic acid
H6bmt benzene-1,3,5-triyltris(methylene))triphosphonic acid

H6nmp nitrilotrinethylphosphonic acid

HKUST Hong Kong University of Science and Technology

HT hydro(solvo)thermal

Imda imidazole-4,5-dicarboxylic acid

IRMOF isoreticular metal-organic framework

MeIm 2-methylimidazolate

MIL Materials of Institute Lavoisier

MITD microwave-induced thermal deposition

MOF metal-organic framework

MWAS microwave-assisted synthesis

OP one-pot heating batch

PSM postsynthetic modification

PXRD powder X-ray diffraction

UiO University of Oslo

ZIF zeolitic imidazolate framework

https://doi.org/10.1016/B978-0-12-816984-1.00010-X


160 Chapter 8
8.1 Introduction

As the field of metal-organic frameworks (MOFs) is coming of age, research is progressively

moving out from the academic laboratories into industrial applications [1]. This move calls

for the development of practical and cost-effective synthesis routes for the preparation of

MOF materials. Syntheses based on conventional heating, namely hydro(solvo)thermal (HT)

and one-pot heating batch (OP) synthesis, are still widely used. Most reported materials have

indeed been prepared using these routes, which require high reaction times (up to several

days) and large equipment (ovens), resulting in higher overall energy consumption.

Additionally, these methods have other limitations, such as the need for large volumes of

solvent, poor reproducibility between batches, and nonuniform particle size and morphology.

In this context, microwave-assisted synthesis (MWAS) has emerged as a promising

alternative approach.

MWAS is widely used in both organic and inorganic chemistry, providing an efficient way to

synthesize new compounds with short crystallization times, narrow particle size distribution,

easy morphology control, phase selectivity, and close control of the reaction parameters

(i.e. pressure, power, reaction time, and temperature). In MWAS, electromagnetic radiations

(microwaves) are generated by a magnetron, which converts the high-voltage current into

high-frequency radiation. It relies on the solvent or substrate ability to convert to heat the

microwave energy absorbed, via the interaction of electromagnetic waves with molecules

having a dipole moment (permanent or induced), such as water or N,N0-dimethylformamide.

In the presence of microwave radiation, the molecules attempt to align with the oscillating

electric field, leading to rotation. At the appropriate frequency, the collisions between

molecules increase their kinetic energy and, thus, temperature. This, however, does not mean

that only solvents with a dipole moment can efficiently be used in MWAS reactions. With the

significant technical improvements, (see next section) virtually any pure solvent can now

be used.

Because, inMWAS, the radiation interacts with individual solvent molecules and the heating of

the reaction mixture is more uniform. In contrast to conventional heating where energy is

transferred to the reaction mixture by conductive heat, in microwave heating the reaction

mixture interacts with an alternating electric field. This means that the energy is generated

across the reaction mixture, instead of simple conduction from an external source (Fig. 8.1).

Note this figure features an unstirred reaction heated for 60 s. With efficient stirring,

temperature gradients can be mitigated. The MWASmethod is one of the most energy efficient

methods for preparing MOFs, exhibiting several following advantages:

(i) Rapid heating of the reaction mixtures, leading to short reaction times.

(ii) Controlled and rapid cooling, ensuring a precise control of the synthetic procedure.

(iii) Uniform products concerning crystal sizes and composition.



Fig. 8.1
Temperature profile after 60 s under microwave irradiation (left) compared to treatment in an
oil-bath (right). Microwave irradiation raises the temperature of the whole reaction volume
simultaneously, whereas in the oil-heated tube the reaction mixture in contact with the vessel

wall is heated first. Temperature scale in K. “0” on the vertical scale indicates the position of the
meniscus. Reproduced with permission from J.-S. Schanche, Microwave synthesis solutions from personal

chemistry, Mol. Divers. 7(2) (2003) 291–298.
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(iv) Low energy consumption and high efficiency (50%–60% cf. 20%–30% of thermal

heating).

(v) The microwave energy is applied only to solvents, while the reactor and the

remaining reagents are not affected by the radiation.

In order to transpose theMOFsMWASmethod from the laboratory to industrial processes, a better

understanding of the effect of microwave radiation is required. This chapter aims to both

summarize the efforts developed in the last decade on the use ofMWAS in the preparation ofMOFs

and to highlight its use in MOFs’ postsynthetic modification and in film/membrane preparation.
8.2 Commercial microwave equipment

Conventional domestic microwave ovens are not suitable to be used in a chemical laboratory

because the generated microwaves will move and bounce off walls, generating pockets of

high and low energy, ultimately compromising reproducibility. Moreover, such ovens are not

fitted with temperature sensors and are not built to handle safely hot and flammable

organic solvents. For these reasons, scientific microwave ovens were developed to withstand
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explosions of the reaction vessel, as well as to control temperature, pressure, and reaction

stirring velocity. In this section, a brief overview of the commercially available microwave

equipment is presented, with a focus on small-scale devices. For a more detailed description,

the reader is referred to the websites of the manufacturers: Anton Paar (http://www.anton-paar.

com), Biotage (http://www.biotage.com), CEM Corporation (http://www.cem.com), and

Milestone (http://www.milestonesrl.com). We stress that the equipment specifications detailed

in the following paragraphs are at the moment of the writing up of the current chapter and

details may change in the coming months after publication.

Anton-Parr manufactures the Monowave 400 and Monowave 200 (main difference between

two models is the temperature and pressure range), which are high-performance microwave

reactors specially designed for small-scale synthesis (Fig. 8.2A). This equipment utilizes 850 W

magnetrons, reaching the maximum temperature of 300°C and 435 psi pressure (260°C and

290 psi forMonowave 200). Temperature is monitored via an infrared detector or, alternatively, a

fiber-optic probe is immersed in the reaction vessel. Reactions can be performed in 4, 10, and

30 mL vessels. The autosampler MAS 24 allows for unattended sequential processing of up to

24 experiments. For scale-up work, this manufacturer also has made available the Masterwave

BTR, a benchtop reactor for reactions in the kilogram range.

Biotage manufactures the Biotage Initiator+, a new generation of synthesis instruments for

organic, medicinal, materials, nano, and polymer chemistry (Fig. 8.2B). Temperature and

pressure up to 300°C and 435 psi can be attained using a 400 W magnetron. With a “regulate

on pressure” system, low boiling point solvents can be used enabling the reaction to

achieve the highest possible temperature during the run. Temperature is also monitored via an

infrared detector, with a fiber-optic probe being also available. Larger volumes can be

used, with four different vial sizes from 0.2 to 20 mL.
Fig. 8.2
Two of the small-scale dedicated microwave units: (A) Anton Paar Monowave and (B) Biotage

Initiator. Reproduced with permission from (A) Anton Paar; (B) Biotage.

http://www.anton-paar.com
http://www.anton-paar.com
http://www.biotage.com
http://www.cem.com
http://www.milestonesrl.com


Fig. 8.3
Small-scale microwave units from CEM: (A) Discover SP and (B) MARS 6. Reproduced with permission

from CEM.
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CEM manufactures two main microwave equipments for chemical synthesis, Discover SP

and MARS 6 (Fig. 8.3). The former uses a 300 W magnetron, with maximum reaction

temperature of 300°C and pressure 300 psi. Activent vessel caps automatically relieve gaseous

by-products, providing safety by minimizing overpressurization. The 300 mL single-mode

microwave cavity allows a higher flexibility in terms of reaction vessel sizes, in both

pressurized and open vessel modes. In pressurize mode, 10, 30, and 80 mL vessels can be used,

while in open mode glassware up to 125 mL is available. MARS 6 is a multimode

microwave system which provides parallel reaction processing under uniform conditions.

It uses 1800 W magnetron and allows multiple reaction vessels to run simultaneously,

only taking up 30 min to complete a set of 36 vessels, with the ability to accommodate

multiple pressurized vessels, or up to a 5 L open flask.

Milestone has made available two microwave systems: FlexiWAVE and SynthWAVE. The

equipment uses two 950 Wmagnetrons, being the most powerful commercial microwave system

available. The large microwave cavity has a volume in excess of 70 L, which allows the chemist

to easily configure many different reaction setups in a very flexible environment (Fig. 8.4),

namely: (i) classic glassware—it allows synthetic reactions under reflux; (ii) high pressure—can

replace reflux devices, moving from high boiling solvents to low boiling solvents; high

temperature reactions (up to 300°C) can be performed; up to 15 high-pressure vessels may be

used simultaneously in parallel synthesis; (iii) solid-phase—capable of physically rotating the

reaction vessel, to achieve very homogenous bulk heating of slurries, viscous, and solid reaction

mixtures media and temperature control by a contactless infrared sensor. Furthermore, this setup

allows operations under normal atmosphere, inert gas, and vacuum.



Fig. 8.4
Small-scale microwave flexi WAVE unit from Milestone: (A) classic glassware, (B) solid-phase, and

(C) high-pressure models. Reproduced with permission from Milestone.
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All systems can be controlled directly or interfaced with a PC (except the CEM MARS 6).

Pressure, temperature, power, and stirring velocity can be monitored and controlled in real

time. Reaction vessel cooling is also controlled by pressurized air.
8.3 Microwave synthesis of MOFs

The first MWAS of MOFs was reported by Jhung et al. for the preparation of the chromium

trimesate MIL-100 [2]. The material was obtained at 220°C; the same temperature as for

the HT method, but with a considerable decrease in the reaction time from 4 days to 4 h,

maintaining the 44% crystal yield. Liang and coworkers showed that MWASmay also improve

the crystallinity and purity of zirconium-bearing MOFs (MIL-140A and MIL-140B) [3].

The reactions were performed in DMF at 220°C, and the materials obtained after a reaction

time of 15 min. This swift reaction, when compared to the HT method (16 h for MIL-140A and

6 h for MIL-140B), prevents the formation of a secondary phase present even after 18 h of

conventional heating. The same problem was reported by Wang et al. for the

two-dimensional paddle wheel framework [Cu2(oba)2(DMF)2]�5.25DMF (MCF-23), where

H2oba ¼ 4,40-oxydibenzoic acid [4]. In the HT preparation of MCF-23, an impurity was

always observed.

The synthesis of other well-known MOFs using MWAS has also been reported over the

last decade (Table 8.1). At first, this method was employed as an alternative for the

preparation of MOFs in a more cost-efficient and rapid way. Although this main

motivation is still used [17–19], with time it has evolved to the possibility of screening and

study the influence of different synthesis variables in the preparation of the same and

new materials.



Table 8.1 Composition and microwave conditions used in the preparation of selected MOFs.

MOF Formulaa

Microwave conditions

Refs.Power (W) Temperature (°C)
Reaction time

(minutes)

MOF-5 [Zn4O(bdc)3] – 95–135 10–60 [5]
HKUST-1 [Cu3(btc)2] 300 150–220 1–240 [6]
MIL-101 [Cr3OH

(H2O)2(bdc)3]
300 220 15 [7]

NH2-MIL-101 [Fe3O(OH)(abdc)3] – 150 15 [8]
MIL-100 [Cr3O(OH)(btc)2] – 220 240 [2]

MIL-53(Al) [Al(OH)(bdc)] – 200 150 [9]
MIL-53(Cr) [Cr(OH)(bdc)] – 210 120 [9]
MIL-53(Fe) [Fe(OH)(bdc)] 300 100 60 [10]
MIL-147(V) [V(OH)(bdc)] – 175 120 [9]
MIL-140A [ZrO(bdc)] – 220 1 [11]
MIL-88B [Fe3O(bdc)3] 200 150 15 [12]

NH2-MIL-88B [Fe3O(abdc)3] 200 150 15 [12]
ZIF-8 [Zn(MeIm)2] 80 243 180 [13]

MOF-74(Co) [Co4O(dhbdc)3] 300 130 60 [14]
CPO-27 [Co2(DHTP)(H2O)2] 400 70 44–180 [15]
UiO-66 [Zr6O4(OH)4(bdc)6] – 120 15 [16]

aH2bdc, benzene-1,4-dicarboxylic acid;H3btc, benzene-1,3,5-tricarboxylic acid; H2dhbdc, 1,2-dihydroxybenzene-1,4-dicarboxylic
acid; H2abdc, 2-amino-1,4-dicarboxylic acid; MeIm, 2-methylimidazolate; H2DHTP, 1,5-dihydroxyterephthalic acid.
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8.3.1 Influence of reaction conditions

Microwave activation of the reaction mixture is an effective way to promote the nucleation

of the entire volume of the reactor, especially when compared to conventional heating

methods. Because heat is evenly distributed, a complete dissolution of the reagents is achieved

in a short time, resulting in a high nucleation density. These factors contribute to the short

reaction times and reduced crystal size (by promoting nucleation over crystal growth). In this

section we give examples of how MWAS parameters affect the preparation of MOFs.

For a comprehensive review of the subject, the reader is referred to the work of

Thomas-Hillman et al. [17].

Reaction time decrease prompted by MWAS when compared with other conventional

heating methods is well-known and viewed as one of its main assets. As presented previously,

the first reported synthesis using MWAS by Jhung et al. [2] allowed a considerable

reduction of reaction time ofMIL-100 from 4 days (using HT synthesis) to just 4 h, maintaining

the same reaction yield. Recently, Pourebrahimi and Kazemeini reported that the HT

synthesis of MIL-101(Cr) at 220°C took 8 h, and less than 1 h by MWAS [18]. Jurcic et al.

obtained [Zn(dcbpy)(DMF)]�DMF (H2dcbpy ¼ 2,20-bipyridine-4,40-dicarboxylic acid) in
just 2 min (four 30s cycles), a considerable reduction when compared with 6 days at 100°C
using conventional heating [19].
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Reaction time reduction is achieved because, under microwave radiation, nucleation is favored

over crystal growth. It is, thus, not surprising that one of the consequences of using

MWAS is the concomitant reduction of crystal size. This is one of the reasons why conventional

heating methods have been extensively used for preparing MOFs: relatively large crystals

are required for single-crystal X-ray diffraction. The advent of nanotechnology and the

improvement of the new single-crystal diffractometers made MWAS more appealing. Chen

et al. have reported the size reduction and morphology change in the MWAS preparation of a

moisture-stable MOF, Co-PL-1 ([Co(Imda)(4,40-bpy)] (where Imda ¼ imidazole-4,5-

dicarboxylic acid and 4,40-bpy ¼ co-ligand 4,40-bipyridyl) [20]. MWAS reduced the reaction

time from 3 days (conventional HT) to just 30 min. Crystals obtained by HT presented a

nanorod shape (size �350 nm), while those obtained by MWAS were cubic-shaped with size

�100 nm. The size decrease resulted in an increase in CO2 adsorption. Similar results were

reported by He et al. [21]: MOF-74 synthesized with nickel was obtained using OP, HT, and

MWAS; while the decrease of reaction time was evident (from 32 h by OP to 1 h), the

products obtained byMWAS had a smaller size with a more uniform distribution and presented

a better CO2 capture even in a humid environment. Chalati et al., on the other hand,

studied the HT and MWAS conditions to obtain MIL-88A (prepared by the self-assembly of

Fe3+ ions with fumaric acid) with different sizes [22]. In the case of MWAS, different

temperatures (50°C, 80°C, and 100°C for 2 min) and different reaction times (1, 2, 5, and

10 min at 80°C) were tested. The MOF crystal size (10 to 150 nm) increased with both

the increase of reaction time and temperature.

The crystal size of MOFs may also be tuned from the micro to nanometer range. Marti et al.

reported the MWAS synthesis of a substituted imidazolate material (SIM-1) at 85°C and

different reaction times (15 min, 1, 2, and 3 h) [23]. At 15 min of reaction time, ca. 240 nm

agglomerates of cubic-shaped material are obtained. With increasing reaction time, the

morphology is preserved, but the cubic crystal size ranges from ca. 1.49 to 2.5 μm (Fig. 8.5).

A similar result was recently reported concerning the synthesis of the nanosized medi-MOF-1

(Zn2+-curcumin) [24]. While temperature has a small effect on the crystal size (synthesis

temperatures in the range 100–180°C), increasing the reaction time (from 5 to 10 min at 130°C)
increases the crystal size (Fig. 8.6).

The preparation of pure-phase MOFs is often a challenge. Because different crystalline phases

can be obtained using the same precursors (and in some cases very similar experimental

conditions), it is very common to obtain mixtures of two or more compounds. MWAS offers the

possibility to quickly test a range of experimental conditions and optimize the synthesis

process. For example, Babu et al. reported UMCM-15 which contains three different organic

linkers: 1,4-benzenedicarboxylic acid, 2,6-napthalenedicarboxylic acid, and 4,40-bipyridine,
self-assembled with Zn2+ ions [25].While the pure-phase could be obtained under solvothermal

conditions at 85°C for 32 h, MWAS afforded UMCM-15 in just 5 min, albeit with some

impurity. Increasing the reaction time to 20 min provided the pure MOF. Jhung et al. showed



Fig. 8.5
SEM images of SIM-1 synthesized by MWAS at different reaction times: (A) 15 min, (B) 1 h, (C) 2 h,
and (D) 3 h. Reproduced with permission from A.M. Marti, M. Van, K.J. Balkus, Tuning the crystal size and

morphology of the substituted imidazole material, SIM-1, J. Porous. Mater. 21(6) (2014) 889–902.
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that MWAS may be an efficient tool to prepare new MOFs, not previously obtained by

conventional HT synthesis [26]. Under MWAS, a nickel glutarate MOF,

[Ni22(C5H6O4)20(OH)4(H2O)10]�38H2O, is obtained by MWAS, while

[Ni20(C5H6O4)20(H2O)8]�40H2O (MIL-77) is obtained using similar HT conditions. The former

material is thought to be so thermodynamically stable that MIL-77 is preferentially

obtained at short reaction time. In fact, even in MWAS conditions, as the temperature and

reaction time increase, a mixture of the two materials is obtained. Similar results were

obtained by Khan et al. in the preparation of a series of Al-benzenetricarboxylic acid

MOFs [27]. Two porous MOFs, MIL-100 and MIL-96, were obtained by MWAS: MIL-100

was obtained after only 1 min, contaminated with a small amount of MIL-96; increasing

the reaction time to 30–60 min, MIL-96 is instead isolated as a pure-phase.

Although MWAS allows screening the optimal experimental conditions, only few research

groups have effectively explored this possibility. Silva et al. studied the synthesis of

[Ce2(pydc)3(H2O)2] (where H2pydc ¼ 2,5-pyridinedicarboxylic acid) and screened different



Fig. 8.6
SEM images of medi-MOF-1 obtained by MWAS at different temperatures: (A) 100°C, (B) 130°C,
(C) 150°C, (D) 180°C, for 5 min, and at 130°C for (E) 5 min, (F) 6 min, (G) 7 min, (H) 10 min,
respectively. Reproduced with permission from X. Feng, Y. Wang, F. Muhammad, F. Sun, Y. Tian, G. Zhu, Size,
shape, and porosity control of Medi-MOF-1 via growth modulation under microwave heating, Cryst. Growth Des.

19(2) (2019) 889–895.
conditions of temperature (70°C, 90°C, 120°C, and 150°C), reaction time (1, 5, and 10 min),

and irradiation power (50, 80, 100, and 150 W) [28]. Pure [Ce2(pydc)3(H2O)2] could be

obtained using two different sets of conditions: 120°C and 1 min reaction time (irradiation

power < 100W); or 90°C and 10 min of reaction (Fig. 8.7A). The same group later reported
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Fig. 8.7
(A) Diagram for MWAS optimization of the synthesis of [Ce2(pydc)3(H2O)2]. red: absence of the
desired material or amorphous phase; green: pure [Ce2(pydc)3(H2O)2]. (B) MWAS optimization of

the reaction temperature and time to obtain [La(H4bmt)(H5bmt)(H2O)2]�3H2O (blue) and
[La2(H3bmt)2(H2O)2]�H2O (red). Reproduced with permission from P. Silva, D. Ananias, S.M. Bruno, A.A.
Valente, L.D. Carlos, J. Rocha, F.A. A. Paz, Photoluminescent metal-organic frameworks—rapid preparation,
catalytic activity, and framework relationships, Eur. J. Inorg. Chem. 2013(32) (2013) 5576–5591; S.M.F.
Vilela, A.D.G. Firmino, R.F. Mendes, J.A. Fernandes, D. Ananias, A.A. Valente, H. Ott, L.D. Carlos, J.

Rocha, J.P.C. Tom�e, F.A.A. Paz, Lanthanide-polyphosphonate coordination polymers combining catalytic and
photoluminescence properties, Chem. Commun. 49(57) (2013) 6400–6402.
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similar results in the preparation of a lamellar compound, [La(H3nmp)] (where H6nmp ¼
nitrilotrimethylphosphonic acid) [29]. A mixture of this compound and [La(H3nmp)]�1.5H2O

[30] or other unknown materials was obtained at 120°C. A pure compound was isolated by

either increasing the irradiation power (from 50 to 70 W, 10 min reaction time) or by increasing

the temperature (to 140°C). Vilela et al. investigated the influence of temperature on the

MWAS of [La(H4bmt)(H5bmt)(H2O)2]�3H2O and [La2(H3bmt)2(H2O)2]�H2O (where H6bmt¼
benzene-1,3,5-triyltris(methylene))triphosphonic acid) [31]. As depicted in Fig. 8.7B, despite

the reaction time used, [La(H4bmt)(H5bmt)(H2O)2]�3H2O can be obtained at 40°C or 60°C,
while pure [La2(H3bmt)2(H2O)2]�H2O is preferentially obtained at 150°C. It is also possible to
observe a transition of one compound to the other upon temperature increase.

Although the preparation of MOFs by MWAS has incremented in the last decade, a long road

still lies ahead. A better understanding regarding the influence of each synthesis parameter,

namely the temperature, reaction time, and pressure, needs to be gained if we are to use the full

potential of MWAS in MOF synthesis.
8.3.2 Postsynthetic modifications

The biomedical applications of MOFs are attracting increasing interest, partially because their

large nanoporosity endows them with drug-delivery properties [32, 33]. In this context,

challenges arise concerning controlling the drug amounts delivered and the release rates, and

one way of dealing with these issues is using postsynthetic modifications [34–37]. In this

process, certain MOFs’ components are modified after the material is prepared. Microwave

heating has been used, for example, to incorporate nanoparticles (to increasing the catalytic

performance) [38, 39], to modify the organic linkers (to incorporate new active groups for

detection or catalysis) [40], or to exchange cations [41].

Most functionalization by microwave radiation normally targets organic reactions performed

on the organic linkers. For instance, the group of Yaghi used this approach to deprotect

certain amino-bearing linkers: Mg-bearing IRMOF-74-III was prepared with

20,50-dimethyl-3,300-dihydroxy-[1,10:40,100-terphenyl]-4,400-dicarboxylic acid. The latter was
functionalized with six different substituents by conventional HT synthesis [42], but, as an

example, we will here focus only on the functionalization with dCH2NHBoc and

dCH2NMeBoc (Boc ¼ tertbutyloxycarbonyl). The Boc protecting group was used to

introduce dCH2NH2 and dCH2NHMe into IRMOF-74-III, as unprotected amines react

with magnesium. While the synthesis of the MOFs used hydrothermal conditions at

120°C for 20 h, the deprotection of the amine group was achieved via microwave irradiation

(230°C, 10 min), with no need for drastic conditions (strong acids for example), which

may lead to MOFs’ framework collapse [43, 44]. More recently, the same approach was

used to deprotect the amine group of Boc, allowing the continuous postfunctionalization of

IRMOF-74-III with different amino acids (Fig. 8.8) [45]. This incorporation of several

amino acids was only possible using this microwave approach, which preserves the



Fig. 8.8
(A) Polyhedral representation of the dCH2NHBoc functionalized IRMOF-74-III pore.

(B) Postsynthetic modifications (1)�(7) are illustrated using a van der Waals surface: thermal
Boc deprotections using microwave radiation for (1), (3), (5), and (7); amino acid loading steps for

(2), (4), and (6) (Ala, Gly, and Pro, respectively). The evolution of one potential reaction
by-product (dipeptide H2N-Pro-Gly-CONHL) is represented in gray. Due to incomplete postsynthetic

transformations, these by-products also affect the molecular formula of the compounds.
Reproduced with permission from A.M. Fracaroli, P. Siman, D.A. Nagib, M. Suzuki, H. Furukawa, F.D.

Toste, O.M. Yaghi, Seven post-synthetic covalent reactions in tandem leading to enzyme-like complexity within metal-
organic framework crystals, J. Am. Chem. Soc. 138(27) (2016) 8352–8355.

170 Chapter 8
material crystallinity even after 4 cycles of deprotection/amino acid incorporation.

In another report, this deprotection was used to improve CO2 adsorption under dry and

humid conditions [46].

Another striking example of amine-bearing MOF functionalized using MWAS is that of

NH2-MIL-53. This material was functionalized with various alkyl halides, with the aim of

being used as a catalyst in the cycloaddition of epoxides and CO2 under solvent-free conditions

[47]. Kim et al. adopted the microwave method for the postfunctionalization of a UiO-66

analog, prepared using the 1,4-benzenedicarboxylate bromide functionalized linker instead

[48]. The MOF was then functionalized via a nucleophilic substitution with a cyano group.

Although this modification could be performed by conventional HT synthesis at 140°C for 24 h,

with 40 % of yield, MWAS surpasses this benchmark after only 10 min at 170°C, with an

impressive yield of 90%.

Postsynthetic modification of auxiliary MOFs linker can also be accomplished.

Hindelang et al. prepared a Zn-bearing MOF using 9,10-triptycenedicarboxylic acid and

3,30-dimethyl-4,40-bipyridine (the latter acting as a pillar linker) under microwave

conditions (60°C, 10 min) [49]. After a postsynthetic epoxidation to introduce oxirane

groups, a nucleophilic ring-opening with ethyl mecaptan was carried out by microwave

radiation (140°C, 6 h).
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Although many of these postsynthetic modifications of MOFs are directed to improvements

in the areas of gas sorption, with the continuous improvement of synthetic organic

reactions, more specifically in organic reactions with bio-molecules (amino acids, proteins,

etc.), it is evident that microwave radiation will be an important tool in the future to

functionalize MOFs.

8.3.3 MOF film/membrane preparation

The large number of MOFs reported and their proof-of-concept applications are translating

research efforts into real-world industrial applications. In this context, research into the

preparation of thin films and membranes of MOFs gained a considerable momentum in

the last 5 years.

ZIF-8 has been the most used MOF in thin films and membranes, mainly due to the great

potential of this material for gas adsorption and separation. Kwon et al. have successfully grown

a thin film of ZIF-8 on a porous alumina (α-Al2O3) support through a seedingmethod (Fig. 8.9).

The support was immersed in a solution containing the metal precursor (zinc nitrate) and

transferred to a solution of the organic linker. Rapid crystal formation was promoted by

microwave radiation (100 W, 1.5 min) [50]. According to the authors, a high concentration of

the precursors near the support should be maintained by soaking the support with the metal ions

prior to the application of microwave radiation. Moreover, the metal ions readily absorb the

microwave radiation, leading to a localized temperature increase which promotes the rapid
Reaction zone

Alumina supportMicrowave,

(A) (B) (C)

m-Im,Zn2+,

Fig. 8.9
Schematic representation of a microwave-assisted seeding process: (A) support saturated with a

Zn2+ solution in a ligand solution; (B) formation of a reaction zone at the interface under microwave
irradiation; and (C) heterogeneous nucleation near the support’s surface. Reproduced with permission

from H.T. Kwon, H.K. Jeong, Highly propylene-selective supported zeolite-imidazolate framework (ZIF-8)
membranes synthesized by rapid microwave-assisted seeding and secondary growth, Chem. Commun. 49(37)

(2013) 3854–3856.
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formation of ZIF-8 nanocrystals. The same group used this approach, called microwave-

induced thermal deposition, in which an electrically conductive layer of MOF-5 (also known as

IRMOF-1) forms on the surface of the support. The resulting thin film acts as seeds for a

membrane produced by secondary growth, under conventional hydrothermal conditions [51].

However, the seeding and growth method using microwave radiation (first case) is

advantageous because no conductive surface layers are required, increasing the number of

differentMOFs that may be deposited and improving the membrane’s mechanical stability. The

increase of the localized temperature, caused by the interaction of the metal ions with the

microwave radiation, leads to a better attachment of the seed crystals onto the support, resulting

in more homogeneous and reproducible films and membranes than those attained by

conventional seeding methods. The method was also employed to other MOFs, such as ZIF-7

and SIM-1, ultimately proving its wider applicability.

ZIF-8 membranes were reported by Zhu et al. [52]. Alumina tubes were modified with

3-aminopropyltriethoxysilane (APTES) which formed a monolayer on the surface of the

support. The modified alumina tubes were then immersed in a methanol solution containing

the two precursors and heated at 105°C under microwave radiation for 3 h (Fig. 8.10). To obtain

a denser and more uniform ZIF-8 membrane, APTES modification and microwave synthesis

may be repeated. These membranes show potential for high hydrogen permselectivity

(preferential permeation of certain ionic species through ion-exchange membranes), with

mixture separation factors for H2/CH4 and H2/C3H8 of ca. 44 and 329, some of the highest

values reported for MOFs membranes. The same group reported materials for CO2/CH4

separation using this membrane preparation method [53].

A different approach for preparing thin films of ZIF-8 and MIL-53 was proposed by Bechelany

et al. [54]. Polymer nanofibers were used as support and, instead of immersing the fibers

in the metal solution, a zinc oxide film was deposited by atomic layer deposition. The coated

fibers were immersed in the linker solution at 100°C for 1.5 h under microwave radiation.
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Fig. 8.10
Schematic representation of the preparation and a field emission scanning electron microscopy
(FESEM) cross-section image of a tubular ZIF-8 membrane by repeated APTES modification and
microwave synthesis on alumina tube. Adapted with permission from Y.Q. Zhu, Q. Liu, J. Caro, A.S. Huang,

Highly hydrogen-permselective zeolitic imidazolate framework ZIF-8 membranes prepared on coarse and
macroporous tubes through repeated synthesis, Sep. Purif. Technol. 146 (2015) 68–74.
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This approach led to the formation of a layer of large ZIF-8 crystals which homogeneously

covers the entire nanofibers. A similar approach was reported by Li et al., which used a zinc

plate as a sacrificial template for the formation of [Zn3(BTC)2] [55]. The thin films were

obtained by MWAS and film thickness was controlled by the reaction time, with higher

reaction times (5–30 min) originating crystals with larger sizes (200 nm–100 μm).

8.4 Concluding remarks

Microwave-assisted synthesis has seen a considerable development in recent years. Although

this method has been much used for promoting organic and inorganic reactions, other areas

of synthetic chemistry are ripping the benefits that a microwave apparatus may bring, such as

shorter reaction times, increased product yield and purity, and smaller particle size. The

interest of this methodology for the preparation of metal-organic frameworks has also been

shown. It allows screening a large number of experimental conditions in a relatively short time,

affording a precise control of purity and crystal size and morphology. Microwave-assisted

synthesis also opens up new avenues for MOF postsynthetic modification and the fabrication

of films and membranes using mild conditions that preserve the framework’s integrity.

The range of commercially available microwave synthesis equipment allows the precise

control of temperature, pressure, and reaction time, enabling rapid heating and decreased

energy costs. It is, thus, no surprise that the number of studies reporting its use is ever increasing

considerably.
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Abbreviations

1,3-H2BDC isophthalic acid

BPDC 2,20-bipyridine-5,50-dicarboxylate
BPES bipolar electrosynthesis

BTC 1,3,5-benzenetricarboxylate (benzenetricarboxylate, trimesic acid)

EASA electrochemically assisted self-assembly

FTO fluorine-tin-oxide

GCE glassy carbon electrode

H3BTC 1,3,5-benzenetricarboxylate acid

H3TATB 4,40,400-s-triazine-2,4,6-triyl-tribenzoic
H4BTEC 1,2,4,5-benzenetetracarboxylate acid

HBZIM benzimidazole

IDEs interdigitated electrodes

ITO indium tin oxide

MOFs metal-organic frameworks

MTBS tributylmethylphosphonium methyl sulfate
9.1 Introduction

Metal-organic frameworks (MOFs) are crystalline materials of high porosity and versatility.

MOFs are formed through coordination of organic linkers around metal ions or their clusters;

hence, are also known as porous coordination networks or porous coordination polymers [1].

Their structure in terms of the size of the microporous channels and moieties can be well-

controlled using bottom-up synthesis approaches [2]. With proper selection of linkers,

microporous channels of <2 nm in diameter can be synthesized, making them tunable

molecular sieves with the ability of selective pass of certain molecules in a mixture [1].

These coordination polymers have been widely investigated since the late 1950s and early

1960s [1]. However, the MOFs field was practically relaunched at the end of the last century

[1]. Since then, many efforts have been devoted to synthesis MOFs of super-high surface areas

of several thousands of square of meters per gram of the material. In addition to their high

https://doi.org/10.1016/B978-0-12-816984-1.00011-1
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surface areas and small pores size, MOFs provide other interesting properties such as high

stability, tunable structure, and functionality. By far, these porous structures have gained high

attention of researchers in the development of catalysts [3], electrocatalysts [4], molecular

sieves [5], and gas cargos [6] where high surface areas and tunable pore size properties are

desired. Moreover, the final structure ofMOFs can be tuned through appropriately choosing the

metal ion and the functionalized linker, leading to a wide application of MOFs in the fields of

solar cells [7], fuel cells [8], biomedicine [9], and electrochemistry [10]. For example,

photoactive and conductive MOFs have been synthesized using light-harvesting linkers [11]

and conductive linkers [12], respectively.

Traditionally, MOFs are synthesized using the hydrothermal method. In this method, the

precursors (i.e., linker and metal ion source) are dissolved in water or an organic solvent (in

solvothermal methods). Optionally, certain sacrificial templates are also dissolved in the

solvent. Then, the solution is placed in an autoclave for further heating above the solvent

boiling point under elevated pressures for a period of time, ranging from few hours to days to

form the desired MOF structure [13]. In addition to the hydrothermal synthesis method, other

alternative methods such as microwave-assisted synthesis [14–17], spray-drying method

[18–21], sonochemical synthesis [22, 23], and mechanochemical method [24] have also been

utilized for the synthesis of MOFs. Recently, electrochemical methods have gained high

attention in the synthesis of MOFs [1]. Electrosynthesis provides some advantages over

traditional methods such as mild synthesis conditions, short synthesis times, real-time alteration

of the MOFs’ structure, no need for metal salts and therefore separation of anions is not needed,

and direct deposition of MOFs on the desired substrates [25, 26].

Although usually MOFs are synthesized in bulk form using conventional methods for certain

applications such as gas storage and separation purposes, in recent years, MOFs’ application

has been expanded to sensors, membranes, and electronic devices where thin films of the

materials are needed. Practically, MOFs should be deposited on certain substrates as thin films

or coatings where their homogeneities, high porosities, and tunable thicknesses are desired in

electric devices and catalytic coatings of reactors [27]. The available methods for the

preparation of thin films of MOFs such as the in situ growth of MOF on bare or modified

substrates [28–30], seeded growth or secondary growth [31, 32], dip-coating method [33], and

layer-by-layer approach [34–36] face some drawbacks such as the occurrence of substrate

corrosion and lacking control for obtaining a homogeneous coating, requirement of nano-sized

MOF seeds, and complicated and time-consuming process, respectively [27]. On the other

hand, the electrochemical methods enable the synthesis of thin films of MOFs on desired

substrates with controllable final characteristics which can overcome the above-mentioned

drawbacks. Historically, HKUST-1 was the first electrochemically synthesized MOF [37]. In

this method, the metal ions were provided by anodic dissolution of a metallic electrode and thus

no salt precursor was needed for the synthesis of the HKUST-1 MOF, which facilitates

large-scale production of the MOF by the elimination of the anions produced by the metal salt.
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Since then, there have been many developments in electrosynthesis of MOFs in terms of

methodologies and electrochemical designs.

In this chapter, we will summarize the frequently used methods for the electrochemical

synthesis of different MOFs on various substrates. Different electrochemical methods such as

anodic dissolution, cathodic electrosynthesis, galvanic displacement, and electrophoretic

deposition have been discussed in terms of the mechanisms and their strengths and

shortcomings. Furthermore, different substrates such as metallic and conductive glass

substrates used for electrochemical synthesis of MOFs have been discussed.
9.2 Electrochemical synthesis routes of thin films of MOFs

Thin films of MOFs can be synthesized and deposited on substrates of interest directly or

indirectly. In the case of direct electrosynthesis methods such as anodic dissolution and

reductive electrosynthesis, the MOFs are synthesized using electrochemical reaction which

occurs on the surface of the electrode. In these methods, the electrochemical reaction directly

results in the desired MOF. However, in the case of indirect methods such as galvanic

displacement, electrophoretic deposition, and self-templated synthesis, the MOFs are

synthesized using certain procedures of which the electrochemical reaction is one of the

procedure steps. The main advantage of the direct methods over the indirect methods is the

possibility of controlling the synthesis procedure through real-time tuning electrochemical

parameters and conditions. Table 9.1 summarizes the recent application of electrochemical

methods for the synthesis of MOFs. In the following section, some frequently used methods for

direct or indirect electrochemical synthesis of MOFs are discussed (Fig. 9.1).
9.2.1 Anodic dissolution

Anodic dissolution, so-called anodic electrosynthesis, is the most well-known electrochemical

synthesis route for the preparation ofMOFs [71]. In anodic dissolution, an electrode is immersed

in a solution containing a supporting electrolyte and the organic linker. When an oxidation

voltage or current is applied, the electrode (anode) dissolves and consequently, themetal ions are

rapidly releasednear the electrode surface.Thismetal ions thenchemically reactwith theorganic

ligands to form the MOF layer on the electrode surface. A schematic overview of the anodic

dissolution method is shown in Fig. 9.1A. This approach was first introduced by Mueller and

coworkers [27]. The most significant advantage of anodic dissolution in comparison with

other synthesis methods is independence of MOF characteristics to the source of metal ion

precursors (e.g., Cu(NO3)2 vs CuCl2) [72]. For example, the surface area of HKUST-1, anMOF

containing Cu2+-paddlewheel-type nodes and 1,3,5-benzenetricarboxylate (BTC), prepared

by anodic dissolution, was doubled compared to samples synthesized solvothermally. In the

chemical synthesis of MOFs, counter ions (from the precursor) block the pores [73–75].



Table 9.1: Summary of the substrates used for the electrochemical synthesis of MOFs (methods and applications).

Substrate type Substrate MOF

Electrochemical

method Applications References

Conductive glass Cu-coated ITO HKUST-1 and CBBr Anodic dissolution – [38]
Zn-coated ITO Zn-BTC, Zn-BPDC Anodic dissolution – [38]
Cu-coated ITO HKUST-1 Anodic dissolution – [39]

ITO Zn-BTC EASA – [40]
Metallic Cu plate HKUST-1 Anodic dissolution Capacitive humidity sensor [41]

Ni foam Ni3(BTC)2 Anodic dissolution Electrocatalyst for the hydrogen
evolution reaction

[42]

Zn plate Zn(1,3-
BDC)0.5(BZIM)

Anodic dissolution Ibuprofen adsorption [43]

Al plate MIL-53(Al)
modified with Fe, V,

Ti

Anodic dissolution Olefin epoxidation [44]

Cu plate HKUST-1 Anodic dissolution Electrocatalyst for oxygen reduction [45]
Zn plate IRMOF-3 Anodic dissolution Fluorescence determination of 2,4,6-

trinitropheno
[46]

Cu plate Cu3(BTC)2 Anodic dissolution CO2 and CH4 separation [47]
Al plate MIL-53(Al) Anodic dissolution Catalyst for the direct conversion of

methane to methanol
[48]

Zn plate Zn3(BTC)2 Anodic dissolution Ibuprofen slow-release [49]
Cu plate NENU-3 Anodic dissolution – [50]
Cu rod HKUST-1 Anodic dissolution Catalytic hydrolysis of carbonyl sulfide [51]
Cu plate HKUST-1 Anodic dissolution Electrodeposition of functional gold

nanostructures
[52]

Stainless steel fibers E-MOF-5 Reductive
electrosynthesis

Solid-phase microextraction and
analysis of trace exogenous estrogens

in milk

[53]

Cu plate HKUST-1 Anodic dissolution Determination of ethanol and
methanol vapors

[54]

Macroporous Cu
electrode

HKUST-1 Anodic dissolution – [55]

Co-coated Ni foam 2D-layered
Ni-Co-BTC MOF

Anodic dissolution – [56]

Cu plate HKUST-1 Anodic dissolution – [57]
Cu mesh HKUST-1 Anodic dissolution – [58]
Cu plate HKUST-1 Anodic dissolution – [58]



Cu mesh Cu-BTC and
Cu-TATB

Anodic dissolution – [59]

Cu plate Cu3(BTC)2 Anodic dissolution Catalyst for the reduction of p-
nitrophenol to p-aminophenol

[60]

Zn plate Zn-(acrylamide-co-
acrylic acid) MOF

Anodic dissolution – [61]

Tb foil Tb-BTC Anodic dissolution Luminescent sensor for the detection
of 2,4-dinitrotoluene

[62]

Gd foil Gd-BTC Anodic dissolution Luminescent sensor for the detection
of 2,4-dinitrotoluene

[62]

Zn tablet MOF-5 Anodic dissolution Electrocatalytic application to the
hydrogen evolution reaction

[63]

Fe plate MIL-100 (Fe) Anodic dissolution – [64]
Cu plate HKUST-1 Anodic dissolution – [64]

Cu tracks on a
printed circuit

board

Cu3(BTC)2 Anodic dissolution – [25]

Zn tablet MOF-5 Anodic dissolution Improving the photocatalytic activity
of BiOBr

[65]

Custom-fabricated
Cu IDEs

Cu-BTC Anodic dissolution Determination of methanol and water
vapor

[66]

Carbonaceous GCE HKUST-1 Reductive
electrosynthesis

Organic molecules sensor [67]

GCE Tris(bipyridine)
ruthenium(II)
functionalized
Zn-BTC MOF

EASA Electrochemiluminescent
immunoassay of human heart-type

fatty-acid-binding protein

[68]

Cu-coated GCE HKUST-1
(Cu3(BTC)2

Self-templated
synthesis

Nonenzymatic glucose sensing
platform

[69]

GCE Zn-BTC EASA – [40]
Carbon plate Zn-BTC EASA – [40]
Graphite Cu(BTEC)0.5DMF Reductive

electrosynthesis
Capacitive pseudocapacitors [70]

CBBr, [Cu(C10H8N2)
2+]Br2; BTC, benzene tricarboxylate; BPDC, 2,2

0-bipyridine-5,50-dicarboxylate; 1,3-H2BDC, isophthalic acid; HBZIM, benzimidazole; E-MOF-5,
(Et3NH)2Zn3(BDC)4; H3TATB, 4,4

0,400-s-triazine-2,4,6-triyl-tribenzoic; H4BTEC, 1,2,4,5-benzenetetracarboxylate acid; IDEs, interdigitated electrodes; EASA,
electrochemically assisted self-assembly; GCE, glassy carbon electrode.
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(D) (E)

(B) (C)

Fig. 9.1
Electrochemical synthesis of MOFs. (A) Anodic dissolution; (B) reductive electrosynthesis; (C) bipolar

electrosynthesis; (D) electrophoretic deposition; (E) galvanic displacement.
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In addition, control overMOF properties is easier for anodic dissolution due to the possibility of

various oxidation states of the metal by applying suitable electrochemical conditions.

In 1999, Chui and coworkers were among the first to examine the formation of HKUST-1 thin

films, as one of the most studied MOFs, on Cu electrode based on anodic dissolution method

[73]. The electrosynthesis was performed in a two-electrode configuration. As an anodic

voltage is applied, the elemental copper is oxidized to copper ion (Cu2+) and released into the

solution containing BTC.

The mechanism of anodic electrosynthesis of MOFs can be deduced by four steps: nucleation,

growth, intergrowth, and finally detachment [76]. First, metal ions are introduced in a

solution containing the linker. Nucleation process occurs at a critical concentration of metal
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ions close to the electrode surface. Then, micrometric-sized crystals are formed by the growth

of the nuclei. The crystal islands are formed by the intergrowth of the nuclei. In the detachment

step, the electrode under the as-formed crystals dissolves further.

Solvent, electrolyte concentration, applied potential (or current density), electrodeposition

time, and the distance between the electrodes are important parameters which govern the

property of the resulting MOF. In the anodic dissolution method, the use of protic solvents is

preferred due to the hydrogen evolution reaction. In fact, this method is performed in protic

solvents to avoid the electro-reduction of metal ions at the cathode surface [71]. Generally, an

increase in the concentration of supporting electrolyte, electrosynthesis time, and applied

potential leads to a high yield of the material synthesis [60]. Also, the applied potential plays a

critical role in the crystal size. The rate of dissolution is increased at high applied potentials

and leads to a higher nucleation rate [25]. In addition, as the amount of water increases, the

larger crystals are formed. In other words, water molecules hydrate the metal ions and thus

nucleation rate is decreased [77].
9.2.2 Reductive electrosynthesis

Unlike the anodic dissolution method, a solution containing all the starting materials is

necessary for reductive electrosynthesis of MOFs. This method is based on the electrochemical

generation of a “probase” agent at the cathode surface such as nitrate or perchlorate ions

(Fig. 9.1B). A reaction mechanism is proposed for synthesis of copper MOFs as following

[78, 79]:

M2+ + 2e�ÐM0 (9.1)

NO3
� + 2H+ + 4e�ÐNO2

� +H2O (9.2)

NO2
� + 3H2OÐNO3

� + 2OH� + 2H2 (9.3)

HnL+OH�ÐHn�1L
� +H2O (9.4)

Hn�1L
� +M2+Ð M3L2½ � (9.5)

where M and HnL are metal and protonated linker, respectively.
By applying cathodic potentials, the electrode can be covered by a metal coating (Eq. 9.1).

The electrochemical generation of hydroxide ions occurs by the reduction of oxoanions

(Eqs. 9.2 and 9.3). The next step is the deprotonation of the linker in the alkaline conditions

(Eq. 9.4). In fact, the use of an electrochemical stimulation is to bring a rise in solution pH

and deprotonation of the organic linker. Finally, the deprotonated ligand rapidly reacts with

the metal ions (Eq. 9.5) [78, 79]. Since the OH� species are produced in situ at the working

electrode, MOF film was predominantly electrodeposited on the electrode surface.
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A clever selection of the probase agent is critical to suppress the need for high applied potential

values and unwanted side reactions. It should be noted that the reductive electrosynthesis is

not applicable for the preparation of MOFs containing easily reducible metals. Hence, the

anodic dissolution method can be complementary to the reductive electrosynthesis in the MOF

synthesis. The difference between the reduction potential of probase and the low reduction

potentials of oxidizable metals (e.g., Zn) constitutes a serious obstacle for electrochemical

synthesis of MOFs. Consequently, the oxidizable metal and anMOF film were co-deposited onto

the working electrode (Fig. 9.1B). Therefore, it is necessary to find new ways to develop

the reductive electrosynthesis of MOFs. In order to solve the problem, triethylammonium

was used as a probase agent [80]. It requires less negative potential. This approach enables

the control of the electrosynthesis conditions, and as a result, the absence of metal ion deposition

on the substrate. Other probase agent can be used in the reductive electrosynthesis of MOFs.

Zeolitic imidazolate structures were electrodeposited on the ITO surface using an oxygen-

assisted reductive electrosynthesis [80]. This oxygen-assisted electrochemical synthesis allows

the formation of frameworks without the plating of reduced metals (Zn and Co).

In reductive electrosynthesis of MOFs, the electrochemical properties of as-prepared MOF

films can be easily tuned by the selection of the reduction potentials. Very recently, Cu-BTC

thin films are successfully electrodeposited on the FTO at different cathodic potentials

[67]. The morphology, electrocatalytic activity, electronic states of metal, and sensing ability

of Cu-BTC frameworks are regulated by the variation of electrosynthesis potential.

9.2.3 Bipolar electrosynthesis

Bipolar electrosynthesis (BPES) is an electrodeposition technique in which a conductive object

is located in a supporting electrolyte under a potential gradient. In the BPES, a polarization

occurs between two sides of the conductive object where different redox reactions can

simultaneously occur [81]. HKUST-1 and ZIF-8 structures were electrodeposited on the zinc

wire by site-selective BPES [82]. MOF film at the hemisphere of the conductive object was

deposited where potential gradient generates the metal ions. The intrinsic site selectivity of

BPES makes it a helpful technique of choice to fabricate MOFs in a controllable way. The Zn2+

ions are generated at the positive side of the zinc wire. Then, 2-methylimidazole as organic

linker chemically reacts with the metal ions (Fig. 9.1C). In addition, conductive organic single

crystals were used as bipolar electrodes to prepare a new generation of MOFs [83]. Compared

to anodic dissolution and reductive electrosynthesis methods, MOF films are site-selectively

grown on the substrate through the BPES technique.

9.2.4 Electrophoretic deposition

In the electrophoretic deposition method, colloidal or charged particles in a nonpolar solvent

move towards a conductive substrate of opposite charge due to the presence of a high

electric field [84]. This electrochemical method has the benefit that it allows the deposition
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of MOF films on a variety of known conductive substrates (metallic substrates, glassy carbon,

and conductive glass electrode) [27]. The candidate MOF should present some surface

defects to generate partial charges on the MOF surface. Hupp and coworkers employed the

electrophoretic deposition for the first time in the synthesis of several well-known MOF

thin films (HKUST-1, ZIF-8, NU-1000, and UiO-66) [85–88]. Intrinsic surface defects result
in partial negative charges on the MOF lattice. Two electrodes are inserted into the

solution containing defective MOFs and a fixed electric potential is applied. As expected, the

MOF particles were deposited on the positively charged substrates. To use the electrophoretic

deposition for the preparation of MOFs, the presence of stable colloidal suspensions seems

to be necessary. This electrochemical synthesis route is outlined in an idealized scheme in

Fig. 9.1D. Furthermore, Eu-BTC and Tb0.55Eu0.45-BTC MOF films on the ITO, FTO, and

zinc plate substrates were coated by the electrophoretic deposition method [89]. First,

Tb0.55Eu0.45-BTC MOF is chemically synthesized. In order to coat Tb0.55Eu0.45-BTC film on

the electrode, the as-prepared Tb0.55Eu0.45-BTC is dispersed in dichloromethane solvent.

Then, a DC potential is fixed at 90 V for 5 min between two ZnO plates. The deposited MOF

was successfully employed for the determination of 2,4,6-trinitrotoluene and nitrobenzene

in a gaseous media.
9.2.5 Galvanic displacement

In galvanic displacement, an active metallic substrate (e.g., copper) is in contact with a

solution containing metal ions of a relatively noble metal (e.g., silver). Due to the difference

between the reduction potential of noble and active metals, the noble metal is reduced and

deposited on the electrode. In other words, the active metal is oxidized and provide

electrons for a cathodic reaction [90, 91]. The released metal ions can be used as a metal

source in the synthesis of MOFs. Galvanic displacement differs from electrodeposition

methods because an external voltage or current necessary in electrodeposition is not

required. This method has been employed for the deposition of HKUST-1 on a conductive

glass [90]. A solution of BTC ligand and silver nitrate was spin-coated a copper modified

glass electrode. The oxidation of copper and the reduction of Ag+ ions simultaneously

occur to form of HKUST-1 (Fig. 9.1E). After evaporation of the solvent, a uniform

HKUST-1 thin film is achieved.

The galvanic displacement method enables the preparation of interesting MOF films. In 2017,

Jang et al. introduced MOF-derived n-type SnO2 porous hollow polyhedron nanocubes

functionalized with discrete p-type Co3O4 islands [92]. When the dissolution of Co3O4 on the

surface of polyhedron structures has occurred, meso- and macro-sized pores are formed.

Meanwhile, PdO nanoparticles and Co3O4 islands are successfully functionalized on SnO2

porous nanocubes. A 21.9-fold increase in the detection of acetone vapor in the presence of the

as-prepared composite is achieved due to the formation of macro- and meso-sized pores

in the MOF-templated oxides.
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9.2.6 Miscellaneous methods

As an alternative to the above-mentioned methods for synthesizing MOF thin films, “self-

templated synthesis” [93] and “covalent electrografting” [94] have been introduced.

Self-templated synthesis is perhaps the simplest method for preparation of MOFs, which

involves a couple of facile conversion steps. In this technique, the synthesis of MOF can be

done by the electrochemical fabrication of metal oxides, which afterward are converted to a

framework by a chemical reaction. The metal oxide has two important roles: first, the supply of

metal ions and, second, nucleation site for the growth of MOFs. For example, the HKUST-1

was prepared on a copper electrode by a two-step synthesis method [95]. First, copper

hydroxide is obtained by electro-oxidation and, then, converted into HKUST-1 in the presence

of the corresponding organic ligands.

Covalent electrografting, known as anchoring of a linker, is a simple procedure to prepare

MOF films. Linker molecules can be attached on the electrode surface and then act as a

nucleation site for formation of MOFs. Balakrishnan et al. have developed an electrochemical

method which produces HKUST-1 on conductive carbon substrates. Generally, aryl radicals

are generated by reduction of 4-carboxybenzenediazonium cation. This standard procedure

resulted in the grafting of a 4-carboxyphenyl radicals onto a glassy carbon electrode. Copper

(II) ions can interact with grafted layer on the electrode surface and HKUST-1 grow in the

presence of H3BTC [94].
9.3 Electrochemical synthesis of MOFs on various conductive substrates

Substrates play an important role in MOFs’ electrochemical synthesis. The final application of

the synthesized MOFs relies on the characteristics of the used substrates [96]. For example,

for gas/liquid separation purposes, porous substrates can be used [97]. For sensors, the MOFs

are deposited on signal transduction surfaces. Frequently used substrates in the synthesis

of MOFs are metallic substrates, electrically conductive glass substrates, and carbonaceous

electrodes (Table 9.1).
9.3.1 Deposition of MOFs on metallic substrates

Metallic substrates in forms of plates, meshes, and foams have been used as electrodes for

electrochemical synthesis of MOFs. In these methods, the metallic electrode usually is the

source for the metal ions for the formation of the MOF. However, in some synthesis strategies

(e.g., reductive electrosynthesis), the metal ions are not provided by the electrode. Also in

some cases, the material used for the construction of the electrodes is different from the

metal ion used for the synthesis of MOFs [98]. Where the metal ions are provided by the

electrode (e.g., anodic dissolution), upon applying a potential to the metallic electrode,
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the metal is oxidized to the desired metal ions at anode electrode and release to the reaction

medium. The cathode electrode can be the same as the anode or other conductive electrodes.

The formation of MOF starts near to the anode electrode where the metal ions are

presented to the reaction medium containing the linker. Various parameters can affect the final

MOF characteristics such as the geometry of the electrode, applied voltage (magnitude and

applying method), reaction time, type of the electrolyte and its concentration, the solvent,

and temperatures and pressures.

Since most of MOFs are not electrically conductive, the geometry of the electrodes plays

an important role in the synthesis of MOF layers of high thickness. The formation of MOFs

starts with nucleation of MOF crystals on, usually, anode electrode through the reaction

between the linker and the released metal ions. Then the crystal growth can further the

dominant process until the electrode surface is completely covered with the MOF layer.

Therefore, when insulating linkers are used for the preparation of MOFs, the preparation of

thick MOF layers is not practically possible. However, by using electrode meshes, this issue

can be addressed to some extent. It has been reported that using Cu mesh as the anode and

Cu plate as the cathode, HKUST-1 films can be synthesized electrochemically [99]. The

optimum condition used for the preparation of HKUST-1 films were the potential of 2.7 V,

the reaction time of 20–30 min, reaction temperature of 50°C, the supporting electrolyte of

MTBS (tributylmethylphosphonium methyl sulfate), and the solvent of ethanol: water (65:35).

Under the optimum conditions, HKUST-1 layer of 10 μm in thickness with an average crystal

size of 6 μm was synthesized. The findings showed that applying higher or lower voltages

destroyed the mesh electrode by increasing asymmetric oxidation of the electrode mainly from

the edge and center locations. Furthermore, the results indicate that the pore size of the

mesh electrode affects the film thickness. In has been reported that finer mesh sizes lead to

thinner layers [99]. The authors indicated that the smaller pores sizemeshes can bemore rapidly

filled with microcrystals than the larger pores size meshes.

The applied voltage magnitude has a critical impact on the MOFs synthesis. When the electrode

provides the metal ions, the applied voltage must be high enough to enable electro-oxidation of

the metallic electrode to metal ions. Increasing the voltage to very high voltages is not beneficial

since the rate of releasing the metal increases and achievement of homogenous films could be

difficult. On the other hand, the application of very low voltages increases the reaction time.

Therefore, the applied voltagemagnitude should be optimized for the synthesis of dense and thick

MOF films [100]. The voltage applying method is also an important parameter. The applying

method could be in continuous or pulsed modes such as square wave voltammetry, cyclic

voltammetry, and differential pulse voltammetry. It has been reported that pulsedmodes aremore

desirable since they prevent the electrode polarization [101].

The reaction time also is important in the electrochemical synthesis of MOFs since short

reaction times lead to MOF layers of poor density and thickness, while longer reaction times
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may lead to the electrode polarization and its destruction. It has been reported that extending the

reaction time leads to thicker MOF films and also affects the roughness of the synthesized

layers [100]. Furthermore, it has been reported that extending the reaction time decreases the

intergrown microcrystals gap [101].

The type of the electrolyte and its concentration also play an important role in the physical

characteristics of the deposited MOF layer and the reaction kinetics. Usually, the presence

of the supporting electrolyte at high concentrations accelerates the reaction kinetically and thus

shortens the reaction time [99, 102]. However, the electrolyte’s high concentration may

interfere in the MOF polymer formation and affect the homogeneity of the deposited layer.

It has been reported that the presence of a certain supporting electrolyte can increase the

current density, leading to thicker films while the synthesized films are cracked at the

anode electrode [64]. This problem may lead to detachment of the MOF crystals from the

electrode surface, which causes the growth of crystals in the solution medium.

The solvent type also affects the MOF layer properties. When the metal ions are provided

through electro-oxidation of metallic electrodes, the use of protic solvents is preferred due

to the hydrogen evolution reaction. In fact, this method is performed in protic solvents to

avoid the reduction of metal ions at the cathode [71]. It has been reported that when the water

content of a mixed solvent of water: ethanol is increased from 10% to 35%, the crystal size

of HKUST-1 increases from 2 to 11 μm since hydrogen evolution of the solution is altered

and furthermore the chemistry of the linker may be altered [102, 103].

Although there are some reports on the synthesis of MOFs at low temperatures and pressures

[100, 101], some of MOFs cannot be synthesized at low temperatures or atmospheric

pressures using electrochemical methods. The reason behind this could be the high energy

barriers of nucleation of certain MOFs. Recently, a novel setup has been developed for

electrochemical deposition of MOFs at high temperatures and high pressures [64]. As an

example, MIL-101(Fe) MOF, which cannot be synthesized electrochemically at room

temperature, was synthesized using the developed setup and the effect of reaction temperature

on the MOF crystal size and shape was evaluated. The results showed that, at high temperatures

(170–190°C), monodispersed small crystallites of �50 nm in diameter could be synthesized,

while lower temperatures (110–130°C) lead to polydisperse crystals of 50 nm to 1 μm.

The authors indicated that, at high temperatures, the nucleation of crystals was faster than

their growth, hence resulting in a thin layer of uniform nano-sized crystals.
9.3.2 Deposition of MOFs on conductive glass substrates

MOFs can be deposited on transparent substrates as photocatalysts in sensors and photoelectric

devices. In this case, usually, electrically conductive glass substrates are used. However, to

deposit MOFs of high quality and high density on these sorts of substrates, it is difficult to use

conventional methods due to the weak bonding of MOFs on glass substrates [101]. Fortunately,
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in recent years, it has been enabled to deposit MOFs directly or indirectly on electrically

conductive glass substrate using electrochemical methods. In this regard, electrically

conductive glasses such as indium tin oxide (ITO), fluorine-tin-oxide (FTO), and patterned

deposited glass substrates have been utilized to deposit MOFs. In these cases, different

electrochemical methods such as reductive electrosynthesis, electrophoretic deposition, and

galvanic displacement have been successfully utilized for deposition of desired MOFs on

electrically conductive glass substrates.

Galvanic displacement method has been utilized for deposition of HKUST-1 MOF on a glass

support [90]. To this end, the glass support is coated with Cu metallic pattern by a thermal

evaporation method. Then, the MOF was deposited on the created shadow mask of copper.

Consequently, HKUST-1 MOF was synthesized using galvanic displacement method. In other

studies, FTO was used as an electrode for reductive electrosynthesis of MOF-5 thin films

[79, 104]. The electrophoretic deposition method has been utilized for deposition of NU-1000,

UiO-66, HKUST-1, and MIL-53 on FTO electrodes [85–88]. In these studies, the MOFs were

deposited on positively charged FTO electrodes.
9.3.3 Deposition of MOF on carbonaceous substrates

Carbonaceous substrates also have been used for electrochemical deposition of MOF films.

The modified electrodes usually have been as electrochemical and electrochemiluminescent

sensors, and for electrochemical characterization of the deposited MOF films. Furthermore,

they can be used for studying the MOFs upon applying a voltage, which causes oxidation or

reduction of the electrochemically active elements or functional group in the MOF layer

structure [40, 67–70]. Frequently used carbonaceous substrates for electrochemical synthesis

of MOFs comprise glassy carbon electrode (GCE) and carbon plates including graphite

electrode (Table 9.1). HKUST-1 has been electrodeposited on GCE using reductive

electrosynthesis method [67]. The electrodeposited MOF thin film was used as the sensing

material in the electrode structure for the determination of nicotine amide adenine dinucleotide.

Further, the potential application of the prepared sensor was evaluated for monitoring some

other organic compounds. In another study, Cu3(BTC)2 MOF has been deposited on GCE

using a self-templated synthesis method. To this end, first, metallic copper is electrodeposited

on the GCE. Then the Cu layer is oxidized to copper hydroxide nanotubes [69]. Finally,

the nanotubes are converted to HKUST-1 in the presence of H3BTC linker.
9.4 Conclusions and future perspectives

In this chapter, the advances in several electrochemical synthesis routes of MOFs were

discussed. The anodic dissolution is the most likely approach to fabricate MOFs using

electrochemical methods. For MOFs, electrochemical synthesis methods hold several

advantages such as shorter synthesis times, controlling the thickness and morphology by
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altering current or voltage, as well as mild synthesis conditions compared to conventional

methods. They can be fabricated as thin films on various substrates. Furthermore, new MOF

structures can be synthesized using electrochemical methods, which were not previously

possible to be synthesized using traditional methods. To turn this fantasy into a reality, it is

necessary to first reveal more detailed mechanisms of electrosynthesis of MOFs and also to

comprehensively evaluate the effects of electrosynthesis parameters on the growth of these

materials.

Although, as it can be seen in Table 9.1, HKUST-1 is the most frequently electrochemically

synthesized MOF, the application of electrochemical methods in the synthesis of other

MOFs which are difficult to synthesize is growing. In future years, most probably, researchers

will focus on the design of electrochemical reactors which can be operated under high

temperatures and high pressures. Furthermore, for the utilization of MOFs as electrochemical

sensors, it is necessary to develop electrically conductive MOFs. To this end, various

conductive linkers should be synthesized and be utilized for the synthesis of conductive

MOFs.
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CHAPTER 10
Mechanochemical synthesis of MOFs
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10.1 Introduction

Ordered nanoporous materials offer many interesting opportunities in both academia and

industry, because of their high specific surface area and remarkable tunability of the structure

and surface characteristics. Crystalline materials in which metal complexes are orderly

assembled have been synthesized based on complexation reaction of metal ions which act

as coordination centers and organic ligands which act as linkers between metal centers.

Such a family of materials is called metal-organic frameworks (MOFs) and is known as one of

the most exciting recent developments in ordered nanoporous material science [1–14].
MOFs are based on a combination of coordination chemistry and supramolecular engineering.

MOFs possess high surface area far exceeding that of zeolites and their pore size can be

tuned by varying the size of organic ligands and/or a modification that can be associated to the

change in functional groups in the ligands [15]. Because the structure of MOFs is

crystalline, their nanopores ensure structural arrangement and size equalization. In addition,

one of the greatest features lies in the framework flexibility, which is different from the

rigid framework of zeolites. Systematic combinations of metal and organic components enable

an unprecedented rational design of framework structures, resulting in the development of

framework flexibility properties (Fig. 10.1) [16–19]. New applications that could not be

achieved with conventional ordered nanoporous materials are being developed by

engineering such properties.

10.1.1 Comparison between zeolites and MOFs

MOFs are often compared to zeolites which are representative of the crystalline ordered

nanoporous materials. The characteristics of MOFs are summarized in Table 10.1 as

differences from zeolites.

(1) Zeolites synthesis mostly uses organic structure-directing agent (OSDA) to form the

crystalline structure [20–23], while MOFs synthesis does not require OSDA.

https://doi.org/10.1016/B978-0-12-816984-1.00012-3


Fig. 10.1
Classification of different flexibility modes of MOFs. Reproduced with permission from A. Schneemann,
V. Bon, I. Schwedler, I. Senkovska, S. Kaskel, R.A. Fischer, Chem. Soc. Rev. 43 (2014) 6062–6096. Copyright

2014 Royal Society of Chemistry.

Table 10.1: The main differences between zeolites and MOFs.

MOFs Zeolites

(1) Structure formation Typically, MOF synthesis does not
require organic structure-directing

agent (OSDA)

OSDA is used to guide the
formation of particular types of

pores and channels
(2) Activation Removal of the solvent under

relatively mild conditions
Removal of OSDA by high-
temperature calcination

(3) Synthesis conditions Under mild conditions
Some can be synthesized at RT

Hydrothermal synthesis

(4) Pore size Flexible framework with
discriminatory gate-opening effect

Rigid pore structure with
homogeneous distribution

(5) Crystal size Crystal size can be varied over a
wide range of values

Wide-range control is hard to
achieve with classical porous

aluminosilicates
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(2) Zeolites synthesis requires a calcination step to pyrolyze and remove OSDA from the

inside of their pores, while the pores of MOFs can be relatively easily activated by

removal of the reaction solvents and unreacted starting materials because of OSDA-free

synthesis.

(3) Zeolites are hydrothermally synthesized under high temperature and pressure conditions,

while MOFs are synthesized under relatively mild conditions, often at room

temperature and ordinary pressure.
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(4) Zeolites possess rigid frameworks, while MOFs possess flexible framework, resulting in

pore size of the MOFs be changed by the framework flexibility.

(5) The crystal size of zeolites is generally in the range of several hundred of nm to several of

μm, while the crystal size of MOFs can be relatively easily varied in a wide range of

several tens of nm to several tens of μm [24–30].
10.1.2 Representative example of MOFs for bio-applications

Two families of MOFs, MILs (materials of Institute Lavoisier) [31,32] and CPOs (coordination

polymers from Oslo) [33] were the first studied for their potential biomedical applications.

The main focus was on the use of MOFs as a drug delivery, paying particular attention to

metal center toxicity. An understanding of MOFs’ toxicity is an important concern not only for

the safe use of them for humans, but also for nature environment, leading to the research

for biodegradable MOFs. Horcajada prepared MIL-100 and MIL-101 applied for the delivery

of ibuprofen in the gastrointestinal tract and demonstrated high drug-loading capacity and

complete control of drug release under physiological conditions [31]. Less toxic system using

iron and more flexible MILs were studied. The structural flexibility of MILs, so-called

“breathing” behavior [32], exhibited another particularly interesting feature for potential

applications in drug delivery.

On the other hand, another family of MOFs, ZIFs (zeolitic imidazolate frameworks) [34–37],
recognized as one of the most structurally stable MOFs, have been explored for

pharmaceutical purposes. Biologically active molecules such as caffeine [38,39] and anticancer

drugs, 5-fluorouracil [40,41] and doxorubicin [42,43], were incorporated into ZIFs. Only a

few relevant examples demonstrated that these systems can be controlled drug release. Among

the many ZIFs, ZIF-8 (Zn (2-methylimidazole)2) is undoubtedly the most extensively

studied due to its facile synthesis coupled with its high structural stability [44]. ZIF-8

crystallizes into the sodalite topology, forming the large cages (diameter of 1.16 nm)

interconnected via narrow 6-ring windows (0.34 nm). Such framework structure gives ZIF-8

particularly interesting “gate-opening” functionality. Numerous experimental and

computational studies have revealed that the pore apertures swing open by reorientation of

imidazolate linkers and expand when probed with guest molecules [45–51]. In addition,

our group revealed that “gate-opening” functionality and transport property of ZIF-8 are

strongly affected by crystal size [52,53]. The doxorubicin-loaded ZIF-8 complex, which aims to

treat mucoepidermoid carcinoma of the human lung, human colorectal adenocarcinoma

(HT-29), and human promyelocytic leukemia (HL-60) cell lines, exhibited lower toxicity rather

than pure doxorubicin, due to the slow release of the drug that is achieved by inclusion in the

ZIF-8 [42]. Ren et al. further demonstrated that nanoparticles composed of polyacrylic acid

and ZIF-8 possess ultrahigh doxorubicin loading capacity and can be used as pH-responsive
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drug delivery [43]. The use of pH-responsive drug deliveries is effective in reduction of

undesired drug release during its transport in blood circulation and improvement of the

effective drug release in the tumor tissue or within tumor cells. Zheng et al. successfully

developed a one-pot process which combines ZIFs synthesis and encapsulation of anticancer

drugs [54]. In addition, the doxorubicin-loaded ZIF-8 complex demonstrated to be efficient

pH-responsive drug delivery systems. Further studies involving ZIFs with encapsulated

anticancer drugs revealed that they have potential for fluorescence imaging. Zhuang et al.

demonstrated the encapsulation of fluorescein and camptothecin inside ZIF-8 frameworks

during ZIF-8 synthesis (Fig. 10.2) [55]. Liu et al. successfully fabricated carbon
Fig. 10.2
Encapsulation of small molecules into the frameworks during synthesis. Schematic illustration shows

that nanoparticles are endocytosed by cells and the pH-triggered disintegration of the ZIF-8
framework in these acidic compartments results in drug release. Reproduced with permission from
J. Zhuang, C.H. Kuo, L.Y. Chou, D.Y. Liu, E. Weerapana, C.K. Tsung, ACS Nano 8 (2014) 2812–2819.

Copyright 2014 American Chemical Society.
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nanodots@ZIF-8 nanoparticles, which exhibit green fluorescence and microporosity, and

demonstrated the potential platforms for simultaneous pH-responsive anticancer drug delivery

and fluorescence imaging in cancer cells [41].
10.1.3 Engineering greener and more economical manufacturing process and control

Given the rapid advances in the development of MOFs applications in the fields of chemistry,

bio/chemical engineering, electronics, and medication, the commercial availability of

MOFs should be pursued. One of the obstacles in developing MOF-based technologies is

the lack of stability of most MOFs toward temperature, humidity, and acid-base solvents

[37,56]. Even more important issues are the high cost of the starting materials (in particular,

organic ligands), the limited availability and the high cost of commercial MOFs, and above

all, the difficulty of scaling up the synthesis in a cost-effective way with maintaining the

product quality. As of this writing, most MOFs are retailed in relatively small quantities at

prices that are never cheap, delaying academic and industrial developments. Aside from the fact

that cost is the dominant factor in the commercialization of MOFs, environmental impact

and safety are recognized as significant concerns for large-scale production and practical

application. Reducing the environmental impact of synthesis is an interrelated concern with

lowering manufacturing costs. In production of MOFs, the process is as important as material

design and property. The steps mainly consist of (1) making recipe (design/selection),

(2) preparation and blending, (3) reaction and crystallization, (4) filtration and washing,

(5) drying and activation, and (6) postmodification and shaping (Fig. 10.3). The challenges

in developing manufacturing process are not only associated with improving and enhancement

of reaction efficiency and yield, but also related to the environmental impact of the

synthesis, as well as the properties of the final product.

The following outlines the synthesis routes developed to date for the purpose of reducing

environmental impact and manufacturing costs. In particular, this review focuses on the

mechanochemical synthesis of MOFs and outlines the characteristics of the MOFs obtained in

that way.
10.2 Production of MOFs

Of great importance to translating MOFs into practical technologies is the ability to

manufacture MOFs with the scale, purity, and cost required for implementation. Normally, the

synthesis of MOFs relies on the solution and solvothermal techniques, whereby metal salts

and organic ligands are dissolved in appropriate organic solvents and exposed to elevated

temperatures. Then, the products are crystallized to give single crystals in the organic solution.

In the laboratory, MOFs are most commonly synthesized in milligram scales, with reaction

of multiple days in expensive organic solvents [57]. However, the potential applications

would require kiloton scale production rather than kilogram scale far beyond milligram scale.



Fig. 10.3
General block flow diagram of MOFs synthesis and evaluation processes.
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The synthesis conditions are generally the balance of competition between kinetic and

thermodynamic factors, resulting in a narrow range of reaction conditions for a successful

synthesis.

Recently, a great deal of effort has been made to develop a method of synthesizing MOFs,

including solvothermal, microwave-assisted [58–63], sonochemical [64–68], microfluidic

[69–73], spray-drying [74–76], thermochemical [77], and mechanochemical [78–81]
techniques. Solvent-minimization methodologies have been investigated as alternatives for

solution and solvothermal techniques.

There are several common challenges for prospective scale-up production as follows:

(1) Solvent-minimization process: Organic solvents are not only expensive, but also might

cause environmental issues and there is some risk resulting from their toxicity and in

some cases flammability. The significant issues would arise from the use of organic

solvents on a larger scale.
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(2) Even easier activation: Although the MOFs’ activation is easier than zeolites, removal of

the reaction solvents and unreacted starting materials from the inside of their pores is

required. This would be a major consideration on a larger scale.

(3) Preferable alternative of metal sources: Normally, metal salts such as nitrates and

chlorides are used as a metal source. However, nitrates create a safety hazard and chlorides

cause corrosion on passive materials. Oxide and hydroxide metal precursors would be

preferred on a larger scale.

All these challenges make the synthesis of MOFs more complicated than zeolites, because they

are unique to each MOF due to their different composition, coordination nature, and pore

structure. Therefore, a custom synthesis procedure suitable for each MOF is required.

A number of strategies for addressing these challenges have been demonstrated, including

electrochemical, microfluidic, spray-drying, thermochemical, and mechanochemical

techniques. Electrochemical synthesis of MOFs has succeeded in eliminating anions by using a

metal electrode as a metal source. Microfluidic and spray-drying synthesis allow for

continuous production. However, these methods share the liquid phase coordination reaction

with the conventional method. Thermochemical and mechanochemical approaches

achieved a solvent-free synthesis of MOFs from metal oxide or hydroxide. The

mechanochemical reaction has potential advantages of large-scale production, producing

quantitative yields and avoiding large quantities of solvent and high temperatures.
10.3 Mechanochemical synthesis

Mechanochemistry, i.e., chemical synthesis enabled by mechanical force, is well-known in

metallurgy andmineral processing, but within the last few decades it is experiencing an exciting

period of rediscovery in the fields of catalysis, inorganic chemistry, and pharmaceutical

synthesis [82]. The key idea behind this synthesis method is to promote chemical reactions

by milling or grinding solid starting materials with minimal amounts of solvents or without

solvent at all. Normally, the synthesis of MOFs relies on the liquid phase coordination reaction,

whereby metal salts and organic ligands are dissolved in appropriate solvents. On the other

hand, the application of mechanochemistry enables a solvent-minimization access for MOFs

production. The solid-solid reaction has potential advantages for ease of handling and

large-scale production, producing directly the products in powder formwith quantitative yields.

However, a major drawback lies in the scale-up of mechanosynthesis, which is essentially

a batch processing technique with relatively low production rates. In addition, note that

purification step using solvents may be still required despite the “solvent-free” or “solventless”

mechanochemical reaction. Nevertheless, mechanosynthesis is the most environmentally

friendly methodology, and therefore, expected as an economically promising production

process for MOFs.
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10.3.1 Three classifications of mechanochemical method

There are three different mechanochemical approaches used for MOFs production [83]. The

simplest and most direct approach is neat grinding which is truly solvent-free grinding, in

which the powdery starting materials are ground without the use of any solvents and/or

additives. The solvent-free grinding evolved into liquid-assisted grinding which adds catalytic

amounts of liquid phases to improve the mobility of the materials, enabling more versatile

and quicker process. This technique is demonstrated to be effective for the synthesis of new

compounds which could not be achieved by neat grinding, while still avoiding excessive

use of solvents. Finally, ion- and liquid-assisted grinding is successful in promoting solid-state

reactions by using catalytic liquids with salt additives to accelerate the MOFs formation. In

the mechanochemical treatment, ball milling is generally performed in the same manner as

grinding with a mortar and pestle, with emphasis on quantitative yields and reproducibility of

the process. In the mechanochemical synthesis of MOFs, the metal sources can be diverse

as pure metals, metal oxides, metal hydroxides, metal carbonates, or metal salts. Using these

techniques, the rapid and quantitative synthesis of almost all major MOFs families has been

successfully demonstrated, including MOF-5 [84], HKUST-1 [85–88], MOF-74 [89,90],

pillared MOFs [91,92], ZIFs [93–97], and UiO-66 [98].
10.3.2 Pioneering studies of MOFs mechanosynthesis

James et al. demonstrated, for the first time, MOFs synthesis by mechanochemical reaction

(Fig. 10.4) [99]. The neat grinding of a dry mixture of copper acetate and isonicotinic acid

resulted in the formation of copper(II) isonicotinate MOF, Cu(INA)2 (INA ¼ isonicotinate),

with acetic acid and water by-products partially occluded in the pores. The conventional

solvothermal methods reported for the synthesis of Cu(INA)2 required high temperature

(150°C) and long reaction times (48 h). The same compound could be obtained in high

yield within 10 min at room temperature by mechanochemical reaction without the use of

solvents. This work revealed that mechanochemistry is effective for a fast, convenient, and

less expensive synthesis of MOFs. A similar approach provided the industrially relevant

HKUST-1 or Cu3(btc)2 (btc ¼ 1,3,5-benzentricarboxylate).

The pioneering effort toward mechanosynthesis of MOFs from metal oxide was made by

Fris�c�ı�c et al. [92–94,100]. It is notable that ZnO can be used in a solid-solid reactions. They

have demonstrated that liquid-assisted grinding or ion- and liquid-assisted grinding can be

utilized to prepareMOFswithmoderate porosity using ZnO. The addition of minute amounts of

solvents, such as N,N-dimethylformamide, and salt catalysts, such as sodium and

ammonium salts, has been indispensable to accelerate the MOFs construction. Furthermore,

an additional posttreatment may be needed for activation in certain cases because the

reaction of ZnO with organic ligands leads to nonporous products.
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S.L. James, CrystEngComm 8 (2006) 211–214. Copyright 2006 Royal Society of Chemistry.
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10.3.3 Mechanochemical dry conversion of metal source to MOFs

Given these findings, Balema et al. and our group presented the neat grinding synthesis of

yttrium-based MIL-78 [101] and zinc-based ZIF-8 [96], respectively. The solvent-free

mechanosynthesis of MIL-78 used a metal hydride as a metal source, forming hydrogen as a

by-product. On the other hand, ZIF-8 was converted from ZnO and an imidazole ligand,

forming water as a by-product. This approach is a very simple operation of mechanically

mixing a powder mixture of ZnO and imidazole ligand at the stoichiometric ratio under

normal temperature and pressure. No solvent is required, and ZIF-8 can be synthesized only by

mechanically mixing ZnO and imidazole ligand at the stoichiometric ratio. The use of

nanosized ZnO powder made it possible to accelerate such reaction without the use of any
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solvent and salt. Avoiding the use of any solvents and salts in synthesis can reduce

environmental contamination and impurity incorporation into the crystal lattice. In addition,

since the by-product is only water and does not require solid-liquid separation, the loss of

the product is small. The process was investigated for reaction times of 3–240 h, yielding
highest specific surface area of 1480 m2/g at 96 h. The experimentally determined surface areas

reported for ZIF-8 range from �530 to 1700 m2/g, whereas the majority of values are

around 1200 m2/g [24,26,27,34,63,102–106]. Therefore, the pore structure of the
mechanochemically dry converted ZIF-8 is comparable to that of conventional ZIF-8. Whereas

the reaction rate of ZnO with imidazole ligand estimated from TGA was increasing, the

surface area and micropore volume took a downward turn after milling for 96 h due to the

formation of amorphous domains. In our first effort, a tumbling ball mill was used. The

tumbling ball mill is simple in structure, inexpensive and easy to scale up to a large-scale

apparatus, and is suitable for large-scale production of fine powder. On the other hand, the

reaction takes a long time due to the gravity mixing of the ball and the starting materials. In a

planetary ball mill, a centrifugal acceleration occurs due to the two rotation axes, which

are rotation of the reaction vessel and the revolution of the turntable, resulting in shortening of

the reaction time. Although some research has been performed with the use of larger

industrial ball mills and planetary ball mills, the apparatus still holds disadvantages such as low

production volume, long equipment shutdown times, and difficulties associated with

recovery of the products.
10.3.4 Porosification (volume expansion and density depletion) associated
with crystal conversion

So far, although mechanochemical approach has also been used for the synthesis of zeolites,

it was only a pretreatment grinding to improve the reactivity of the starting materials, or to

make zeolite crystals into nanoparticles. In both cases, after mechanochemical treatment,

the recrystallization process of zeolite under hydrothermal conditions is indispensable because

the mechanochemical treatment causes amorphization of zeolite crystals. On the other

hand, mechanochemical treatment in the synthesis of MOFs is a direct formation route of

crystalline nanoporous structure (Fig. 10.5). Of particular interest is that crystal

transformation of nonporous metal precursors to porous MOFs occurs with accompanying

density depletion which is volume expansion. Taking the ZnO-to-ZIF-8 crystal

transformation as an example, the volume expansion can be estimated as follows [96,107]:

volume expansion¼MZIF�8

MZnO

ρZnO
ρZIF�8

where M is molecular weight and ρ is physical density. A volume change of 16.5 times ZnO
may occur during the ZnO-to-ZIF-8 crystal transformation due to the difference in their



Fig. 10.5
Mechanochemical dry conversion of ZnO-to-ZIF-8 with accompanying volume expansion. A 16.5-fold

in volume change is estimated during the ZnO-to-ZIF-8 crystal transformation.
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molecular weight (81.38 g/mol for ZnO and 227.58 g/mol for ZIF-8) and physical density

(5.61 g/cm3 for ZnO and 0.95 g/cm3 for ZIF-8).

10.3.5 Acceleration of mechanochemical reaction

It is well-recognized that the presence of solvents provides necessary mobility for the metal

ions and the organic ligands to complete the desired coordination reactions. In the neat

grinding process, it is not possible to cause the reaction to occur naturally only by physical

mixing of the metal sources and the organic ligands. In order to trigger the reaction, additional

energy must be supplied in certain ways, such as strong mechanical force on ball milling,

addition of liquid and salt catalysts, heating, and extrusion.

While neat grinding is simplest in operation which consists of grinding a dry mixture of starting

materials, the synthetic range is more limited, resulting in incomplete conversion and

product amorphization (Fig. 10.6) [108]. Bennett et al. revealed that neat grinding causes

the amorphization of activated open MOFs [109,110]. In contrast, the presence of the liquid

proved to enable not only the improvement of reactivity, but also the inhibition of

amorphization due to the acting as a space-filling agent. Fris�c�ı�c et al. synthesized pillared

MOFs, which is designated by Hupp et al. [111], by liquid-assisted grinding from ZnO

with fumaric acid and 4,40-bipyridyl or 1,2-di(4-pyridyl)ethylene as dual ligands in the presence
of a space-filling liquid agent such as N,N-dimethylformamide, methanol, ethanol, or

2-propanol (Fig. 10.7) [92]. Klimakow et al. synthesized HKUST-1 and its benzenetribenzoate-

based analogue MOF-14 by liquid-assisted grinding from copper acetate [87]. However,

the by-product acetic acid blocked the micropores, resulting in lower surface area compared

to other synthetic methods.

In a recent study by Xu et al., the mechanochemical-assisted synthesis of MIL-101(Cr) was

demonstrated without the use of solvent and hydrofluoric acid, but with postgrind heat
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(A) Time-resolved diffractograms of mechanochemical amorphization and recrystallization.
(B) Crystal structure transformation. Reproduced with permission from A.D. Katsenis, A. Puskaric,
V. Strukil, C. Mottillo, P.A. Julien, K. Uzarevic, M.H. Pham, T.O. Do, S.A.J. Kimber, P. Lazic, O.
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treatment at 220°C for 4 h [112]. On the other hand, in a study by Fris�c�ı�c et al., the gram-scale

synthesis of UiO-66 and UiO-66-NH2 was demonstrated with postgrind organic vapor

treatment at 45°C for 3 days and 1 week, respectively [98]. As ion- and liquid-assisted

grinding successfully accelerate the formation of large-pore pillared MOFs, it was also

applied to ZIFs synthesis [100]. A variety of ZIFs with different structures were obtained
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quantitatively by the ion- and liquid-assisted grinding using alkali metal, ammonium nitrate, or

ammonium sulfate [93]. The control of structure could be achieved by either the organic

solvent and/or salt additives for grinding.

More recently, our group demonstrated that a simple salt-assisted mechanosynthesis can

accelerate the reaction of ZnOwith organic ligand and construction of ZIF-8 [113]. It is notable

that the synthesis strategy is the addition of zinc salt, zinc acetate dihydrate, as both a zinc

source and a catalyst. This upgraded version of solvent-free grinding enables not only large-

scale and high-yield production, but also formation of unique polycrystalline micron-size

particles with hierarchical superstructure (Fig. 10.8). In this approach, added zinc acetate reacts

with imidazole ligands and then release acetic acid as follows:

Zn CH3COOð Þ2 + 2Hmim!Zn mimð Þ2 + 2CH3COOH

where Hmim is 2-methylimidazole and mim is deprotonated 2-methylimidazole. Our synthesis
strategy is based on the expectation that the acid dissolution of ZnO and mass transfer by the

autogenous acetic acid and hydrated water promote the complex forming reaction between

ionized Zn and Hmim. In contrast, using neat grinding, large ZnO particles poorly reacted with

imidazole ligands. The lower conversion is not surprising because the mechanochemical dry

conversion, a solid-solid reaction, is dominated by a surface reaction. The reacted interface

thickness was at most tens of nanometers, producing the core-shell materials with unreacted

residual ZnO cores and microporous ZIF shells (Fig. 10.9). The upgraded solvent-free grinding



Fig. 10.8
Hierarchical pore structure of ZIF-8 prepared by simple salt-assisted mechanosynthesis. (Upper) N2

adsorption isotherms, (middle) FESEM images (scale bar: 500 nm), and mercury intrusion
porosimetry of (left) conventional monocrystalline ZIF-8 and mechanosynthesized ZIF-8 powders
prepared using nanosized ZnO (right) with and (center) without the addition of zinc acetate

dihydrate. Reproduced with permission from S. Tanaka, T. Nagaoka, A. Yasuyoshi, Y. Hasegawa, J.F. M. Denayer,
Cryst. Growth Des. 18 (2018) 274–279. Copyright 2017 American Chemical Society.

Fig. 10.9
Solvent-free mechanochemical synthesized core-shell particle with unreacted ZnO core and

microporous ZIF-8 shell. When using large ZnO particles with small external surface area, surface-
controlled solid-solid reactions result in low conversion only near the surface. Reproduced with permission
from S. Tanaka, K. Kida, T. Nagaoka, T. Ota, Y. Miyake, Chem. Commun. 49 (2013) 7884–7886. Copyright

2013 Royal Society of Chemistry.



Fig. 10.10
Twin-screw extruder for continuous flow system of MOFs mechanosynthesis. Reproduced with permission
from D. Crawford, J. Casaban, R. Haydon, N. Giri, T. McNally, S.L. James, Chem. Sci. 6 (2015) 1645–1649.

Copyright 2015 Royal Society of Chemistry.
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using solid catalysts only uses powdery starting materials for ease of handling, resulting in

formation of a hierarchical trimodal architecture with interconnected porosity throughout the

micro-, meso-, and macroporous regions.
10.3.6 Continuous flow system of MOFs mechanosynthesis

Crawford et al. applied an extrusion process to mechanochemical synthesis of MOFs, including

HKUST-1, ZIF-8, and aluminum fumarate [78,88,114]. The extrusion is a continuous

processing technique used in industries such as metallurgy, plastics, food, and pharmaceuticals

[115]. A typical extrusion line has a single or twin-screw feeder and a heatable barrel,

conveying the materials. The materials to be extruded are subjected to shear and mixing forces

inside the barrel. Thus, the extrusion technique can be easily integrated or adopted into a

continuous manufacturing process. HKUST-1 was synthesized by extruding copper hydroxide

and 1,3,5-benzentricarboxylate in the presence of methanol (Fig. 10.10) [88]. ZIF-8 was

synthesized by extruding zinc carbonate and 2-methylimidazole at 200°C without any

additives. Aluminum fumarate was synthesized by extruding aluminum sulfate, sodium

hydroxide, and fumaric acid at 150°C. The extrusion process is an efficient way to produce

MOFs with high space-time-yields. This green chemistry continuous process is significantly

promising for the convenient MOFs production.
10.4 Conclusions and perspectives

Despite the recent efforts inMOFs research, commercially available MOFs for their large-scale

applications including biotech areas are still limited by their commercial availability [57],

costs [116], stability [37,56], and safety and effectiveness. On the other hand, many



Table 10.2: MOFs manufacturer.

Manufacturer

(Location) MOFs (sales catalogue) Comment References

Atomis
(Kyoto, Japan)

Spin-off from Kyoto
University

[117]

BASF
(Germany)

Fe-BTC (BasoliteF300)
HKUST-1 (BasoliteC300)
MOF-177 (BasoliteZ377)

MIL-53(Al)
(BasoliteA100)

ZIF-8 (BasoliteZ1200)

Sold by Sigma-Aldrich [118]

MOFapps
(Oslo, Norway)

Aluminum fumarate
HKUST-1

MIL-100(Fe)
MIL-68
MIL-101
ZIF-8
ZIF-67

UiO-66 series

Linked to ProfMOF [119]

MOF Technologies
(Belfast, Ireland)

Aluminum fumarate
HKUST-1

MOF-74(Mg)
ZIF-8
ZIF-67

Partnered with Decco to
develop TruPick

[120]

NuMat
(Chicago, IL, United

States)

ION-X for electronic gas
delivery platform

[121]

Promethean Particles
(Nottingham, United

Kingdom)

MIL-53(Al)
ZIF-8

[122]

Strem Chemicals MIL-100(Fe)
PCN-250(Fe)

ZIF-8

[123]
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international companies involving university spinout companies are energetically leading

development, such as BASF via Sigma-Aldrich (Germany), MOF Technologies (Ireland),

Johnson Matthey (United Kingdom), MOFgen (United Kingdom), Immaterial (United

Kingdom), Axel’One (France), MOFapps (Norway), ProfMOF (Norway), NuMat (United

States), STREM Chemicals (United States), mosaic (United States), ACSYNAM (Canada),

Atomis (Japan), and so on (Table 10.2). Sigma-Aldrich provides MOF Constructor Tool which

offers access to the portfolio of organic linkers and metal precursors including inorganic

secondary building units suitable for the preparation of MOFs on the web [118]. Anyone can

easily explore the tool to learn about the properties of different MOFs and their promising

applications such as gas adsorption, storage, separations, catalysis, sensors, drug delivery,

and more.
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10.4.1 World’s first commercial use of MOFs

While MOFs have long been expected for gas storage, separation, and catalysis applications,

the first product transition from the laboratory was in packaging applications where MOFs

were used as storage materials to release plant growth regulator that slows down ripening

of fruits and vegetables. In 2016, MOF Technologies teamed up with fruit and vegetable

supplier Decco Worldwide Post-Harvest Holdings to develop the MOFs usable for that

next-generation packaging called TruPick [124]. The packaging works by releasing

1-methylcyclopropane, a plant growth regulator that slows down ripening. Although

MOF Technologies has not released any details regarding the MOFs within the TruPick,

MOF Technologies was founded based on patented mechanochemical manufacturing

technique, which was invented at Queen’s University in Belfast [125,126]. It is unknown

how many MOFs are synthesized by mechanochemical process, though a wide catalogue for

commercial MOFs is available from MOF Technologies [120]. As mentioned above, MOFs

are normally synthesized in organic solvents, which poses food and bio-safety concern.

Solvent-free synthesis has advantages in both such safety concerns and efficient manufacturing.
10.4.2 Commercial developments

Many other companies are working toward the commercialization of MOFs. MOFgen was

founded based on patented technology invented at the School of Chemistry at St Andrews

[127]. MOFgen is exploiting its intellectual property in a number of applications including

infection control, wound-healing, and consumer healthcare. ACSYNAM is a spinout company

from the McGill University Department of Chemistry and developing a platform of

energetic materials as next-generation solid fuel components for rocket and spacecraft

propulsion using MOFs [128]. The group of Fris�c�ı�c at the McGill University Department of

Chemistry is leading the research on solvent-free methodologies for clean synthesis of MOFs.

NuMat released MOF-filled dopant gas cylinders called ION-X (Fig. 10.11). The ION-X

offers high capacity storage and safe delivery of dopant gases such as arsine, phosphine, and

boron trifluoride for the electronics industry [129,130]. The pressure in the filled ION-X

cylinder is less than 1 atm, significantly reducing the health and environmental impact of

accidental gas releases. NuMat have explored multiple manufacturing processes including

solvothermal, mechanochemical, and continuous flow methods [121]. MOFapps aims to

develop and offer commercially viable applications in the field of gas storage, industrial

cooling, toxic gas protection, and healthcare, in particular using the exclusive licensee for

UiO-66 and the zirconium-based family of MOFs [119]. Atomis is a venture company from

Kyoto University and aims to apply MOFs to gas storage, batteries, and analysis of trace

substances for development of new pharmaceuticals [117]. Atomis has succeeded in

palletization and tableting by combining MOFs and activated carbon in collaboration with

Ohara Paragium Chemical. Atomis is developing a platform of “gas medicine” which is direct



Fig. 10.11
ION-X technology developed by NuMat for safe storage and delivery of hazardous gases. Reproduced

with permission from Nat. Chem. 8 (2016) 987. Copyright 2016 Springer Nature.

214 Chapter 10
delivery of gases such as carbon monoxide and nitric oxide to organs such as brain, heart, and

liver without passing through the lungs, helping prevent and treat various diseases such as

cancer. Above all, more recently, the movement toward the industrialization of MOFs has

accelerated in Europe. In the framework of a Horizon 2020 project, “PROduction, control

and Demonstration of structured hybrid nanoporous materials for Industrial adsorption

Applications (ProDIA)” has been granted through the European Commission [131]. ProDIA

focuses on the development of reliable production methods of nanoporous materials including

activation and shaping processes. In the project, MOF Technologies, Johnson Matthey, and

Axel One take the lead in mechanosynthesis, water-based synthesis, and spray dry synthesis,

respectively, for pilot-scale production. Recently, DeSantis et al. reported techno-economic

analysis for manufacture of four MOFs, MOF-5, MOF-74(Ni), MOF-74(Mg), and HKUST-1

[116]. This analysis evaluated and compared the cost breakdowns for materials and

manufacturing for the three industrial-scale synthesis methods, including solvothermal, liquid-

assisted grinding mechanochemical, and water-based synthesis, at 92% yield. Although

material costs (primarily organic ligand and metal precursor) are lowered by increased yield,

gains are modest due to the high reactant recycle rates assumed in the baseline process.

Manufacturing costs are further reduced significantly by increased yield due to the lower

capital expenditures for a given production rate. For promising production at a scale of
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2.5 Mkg/year, the analysis suggests that both liquid-assisted grinding mechanochemical and

water-based processes reduce production costs significantly (Fig. 10.12).
10.4.3 Challenges to the mainstream adoption of mechanochemical synthesis

The above-mentioned recent research progress has proved that mechanochemistry can offer

advantages as an alternative to traditional solvent-based synthesis. Table 10.3 shows the main

examples of combining MOFs with pharmaceutically relevant organic molecules using

mechanochemical techniques. For efficient control of drug delivery and release, biologically

active molecules have been successfully incorporated into the framework of MOFs as

building blocks, and/or encapsulated into the nanopores of MOFs as a guest. However, some

challenges to the mainstream adoption of mechanochemical synthesis for MOFs still remain.

In addition, the growing markets will continue to require further cost-efficiency,

environmental sustainability, safety, and differentiation and advantage from other

nanoporous materials.

Even if mechanochemical reaction itself is solvent-free, solvents may still be required for

purification and activation processes. Even though the solvent-minimization process could be

achieved in mechanochemistry, it would not be practical to use no solvent at all from the



Table 10.3: Composite compounds of biologically active molecules and MOFs synthesized

by mechanochemical reactions.

Metal Bioactive molecule (comment) References

Ag 4-Aminosalicylic acid (antibiotic) [132]
Bi Salicylic acid (antiphlogistic

analgetic)
[133]

Cu Isonicotinic acid [99]
Mg Ibuprofen (nonsteroidal

antiphlogistic analgetic), naproxen
(nonsteroidal antiinflammatory),

salicylic acid

[134]

Zn Fumaric acid (food additive,
supplement)

[92]

Zn, Cu Gabapentin (antiepilepticum) [135]
La, Y, Er, Ce, Nd, Mn Gabapentin (antiepilepticum) [136]
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perspective of the whole manufacturing process. Note that mechanochemistry can provide

distinct advantages over the other approaches when avoiding the use of particularly undesirable

solvents such as toxicity and carcinogenicity, when reducing the energy consumption, when

simplifying the subsequent production steps, and when obtaining specific reactivities not

achieved by conventional other approaches.

Most of the mechanosyntheses performed in the laboratory have been performed in the range of

hundreds of milligrams to several grams. The scalability issues in mechanosynthesis have

not been addressed yet. The recent demonstration of continuous flow system using extruder

points to interesting new directions for scalable processing of MOFs mechanosynthesis.

This review discusses the recent developments in mechanochemical methodology for MOFs

synthesis. Recent mechanochemistry is rapidly expanding in the field of chemistry and

materials science, changing its focus from metallurgy, size reduction, and resource recycling

to pharmaceuticals, self-assembly, and supramolecular synthesis. Now, the challenge of

mechanochemistry is to move away from the qualitative and often intuitive interpretations and

to become a quantitative and well-understood area of chemistry. Clearly, in addition to

understanding the chemical reaction itself, engineering aspects such as mass and heat transfer,

scalability, and reactor design must also be understood. This links the fields of chemistry

and engineering, and researchers involved in such development will be required to pay

careful attention to green chemistry/engineering.
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[93] P.J. Beldon, L. Fábián, R.S. Stein, A. Thirumurugan, A.K. Cheetham, T. Friš�ci�c, Angew. Chem. Int. Ed.
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solvent-free assembly of zirconium-based metal-organic frameworks, Chem. Commun. 52 (2016) 2133–2136.
[99] A. Pichon, A. Lazuen-Garay, S.L. James, Solvent-free synthesis of a microporous metal-organic framework,

CrystEngComm 8 (2006) 211–214.
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CHAPTER 11
Sonochemical synthesis of MOFs
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11.1 Introduction

Over the last 40 years, sonochemistry has become a well-defined technique, which revolves

around the ultrasound effect and acoustic cavitation. Ultrasounds include frequencies above

the audible limit of human hearing (20 kHz). In chemistry and synthesis, the typical values

are up to 1 MHz, while in medicine, devices operate to a maximum of 20 Mhz. This technology

has been expanded in a wide spectrum of areas, ranging from chemical synthesis, biology

(microbial/enzyme (in)activation), and medicine to environmental protection (water treatment,

soil decontamination), food industries, and cosmetics (e.g., emulsification) [1, 2]. Some of

the ultrasound applications in (bio)medicine include ultrasonic computed tomography

(UCT), where acoustic waves can replace X-rays in CT scanners, with good results for breast

imaging for tumor detection, lithotripsy for the removal of kidney stones, bone surgery,

and more [3–5].

The effects of ultrasound derive primarily from the acoustic cavitation. The pressure

fluctuations generated by the ultrasounds in a liquid medium lead to the formation, growth, and

implosive collapse of bubbles. More specifically, the liquid continuously expands (negative

pressure) and compresses (positive pressure) until it reaches a critical diameter, which depends

on the nature of the liquid and the ultrasound frequency (Fig. 11.1). The collapse of the

bubble is almost an adiabatic process and it results in the massive buildup of energy within the

bubble. The microscopic cavitations bubbles can also collapse near the surface of the solid

substrate and activate it or split larger particles to smaller ones or deagglomerate nanoparticles.

Other than the elevated temperature and pressure, those localized hot-spots can result in

powerful cavitation-generated shock waves and microjets which can cause effective stirring/

mixing of the adjusted layer of liquid [2, 6].

Sonochemical reactions can occur in three distinct regions. The first region is the interior of

the bubble itself, which can be visualized as a micro/nanoreactor, dictated by extreme

https://doi.org/10.1016/B978-0-12-816984-1.00013-5


Fig. 11.1
Schematic illustration of bubble growth.
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temperature (>5000 K) and pressure conditions (>1000 atm). The second one is the

interface between the bubble and the bulk solvent. The relative efficiencies of nonvolatile

solutes to react in this region depend on their hydrophobicity which determines their ability

to accumulate at the gas-liquid interface [7]. The third one is the vicinity of the

bubble, where the bulk solution is at the ambient temperature and free radicals form in

the hot regions.

Furthermore, there are several external parameters, which can affect the yield and direction

of sonochemical processes. Those processes can benefit from dissolved gas bubbles, like

helium and argon, since they act as a nucleus for cavitation. By increasing the frequency,

the production and intensity of cavitation in liquids decrease. The rarefaction/compression

cycles are very short at high frequency to permit a bubble to grow at a size sufficient for

cavitation. It is important to add that during sonication, due to extreme conditions, highly

reactive radical species are generated, such as H2O2 and OH•. The amount of H2O2 at low

frequencies is lower, since a higher temperature can be maintained for a long time, inducing

H2O2 dissociation to OH• [8]. Higher ultrasonic intensity can deliver more powerful

sonochemical effects, but not indefinitely because the time available for the bubble collapse

at high amplitudes could be insufficient. It could also result in liquid agitation instead of

cavitation and poor transmission of the ultrasound in liquid media. However, an increase in

temperature can allow the cavitation to be achieved at lower acoustic intensity, which is a direct

consequence of the rise in vapor pressure associated with the heating of the liquid. Finally,

the properties of the selected solvent can heavily affect the cavitation, since surface tension and

viscosity can inhibit the formation of voids [2].

Over the past decades, sonochemistry has been widely used in organic synthesis, due to its

convenience. A large array of organic reactions has been repeated under ultrasound irradiation

with high yields and shorter reaction times [9]. Mild conditions have become possible and

many reactions can now be performed at lower temperatures or alternative pathways with
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the same or better efficiency. Selectivity has been another great advantage, since some

reactions can lead to different products under the effect of US by favoring, for example,

the substitution products; an effect called “sonochemical switching” [10, 11].

The extensive use of ultrasounds in various aspects of chemical processes, along with the

tremendous increase in MOFs research, has brought the sonochemical synthesis of MOFs

one step closer, in order to achieve shorter reaction times, phase-selectivity, and shape

control. In 2008, the first sonochemical synthesis of MOFs took place by Qiu et al. with

(Zn3BTC2)�12H2O [12], while later that year, MOF-5 [13] and ZnBDC [14] were also

successfully constructed.
11.2 Use of ultrasounds in MOFs

The implementation of ultrasounds in the MOF research has narrowed the gap to smaller

particle size with milder conditions, as opposed to the conventional methods, mainly dictated

by their need for high temperatures and long reaction times. For a more direct way to

compare the different synthesis techniques, Table 11.1 has been compiled and additional

information is available as well [29].
11.2.1 Comparison with conventional studies

To better understand the differences among the different synthesis methods, Haque et al. have

performed a kinetic study in 2010, where they elucidated the determining factors by comparing

conventional heating, microwaves, and ultrasounds [30]. The mild conditions synthesis of

Fe-MIL-53 has made it an ideal candidate for this comparison. The average reaction time

needed to obtain the product is 1.5–3 days at 70–80°C for the conventional heating, 1.5–2.5 h at
60–70°C for microwaves, and 0.5–1 h at 50–70°C for the ultrasounds. The crystallization

curves have given an estimate of the nucleation and crystal growth rates, while the activation

energies and preexponential factors were calculated with the Arrhenius equation.

In general, chemical reactions can be accelerated either by reducing the activation energy

or by increasing the preexponential factor. In this case, the increased rates

(Ultrasounds >Microwaves > Conventional) are a result of increased preexponential factors.

A similar study of MIL-53 was also done in 2012, where Gordon et al. tested the effect of

reaction time, temperature, power (either microwave or ultrasound), and vessel type (round

bottom flask and sealed pressurized glass) on the crystallinity and yield [27]. Based on the

investigation, during the microwave synthesis, nucleation was visually observed after 30 s

and crystalline materials could be received after 10 min, with better crystallinity after 30 min,

while during sonochemical preparation, nucleation was observed after 5 min and

maximum crystallinity was achieved after 7 min, pointing out that reaction time had



Table 11.1: Comparison among different synthesis methods of known MOFs.

M name Method

Temperature-

power

Reaction

time Particle size

BET/

Langmuir

surface

area

(m2/g)

Pore

volume

(cm3/g) Yield (%) Morphology

References

(year)

UST-1
u-BTC)

ST-reflux 150°C 12 h <30 μm 1239/– 0.62 65 Octahedral [15] (2006)
MC 30 Hz 20 min – 1119/– 0.59 – – [16] (2010)
MW 140°C 30 min �10 μm 1392/– 0.56 88 Mainly

octahedral
[17] (2009)

US 60 W 30 min 10–200 nm 1075/– 0.662 >62.6 – [18] (2009)
60 min 1100/– 0.565 85.1

US-EC 60% 15 min <500 nm 403/541 0.332 92 Quasi-
spherical and
octahedral

[19] (2016)

-MOF-5 RT RT 2.5 h – –/3909 – 63 – [20] (2008)
ST 105°C 24 h �900 μm –/3200 1.21 – Cubic [13, 21]

(2008)
MW 105°C

600 W
30 min 20–25 μm –/3008 1.13 – Cubic [21] (2008)

US 155°C
30%

10 min 5–25 μm –/3208 1.26 – Cubic [13] (2008)

MOF-74 RT RT 20 h – 1007/– 0.65 – – [22] (2014)
ST 125°C 24 h 14 μm 1564/– 0.76 – Cauliflower—

agglomerated
needles

[23] (2012)

MW 125°C
5°C/min

90 min 3–5 μm 1416/
2085

0.682 – Column-like [24] (2013)

US 500 W
(100%)

60 min 0.6 μm 1690/– 0.93 – Uniform
spherical

[23] (2012)
OF

HK
(C

Zn

Mg-



Zn-MOF-177 RT RT 3 h – –/4944 – 60 – [20] (2008)
ST 85°C 48 h 0.5–1 mm 4833/

5403
1.9 – – [25] (2010)

[26] (2007)
MW 105°C

800 W
35 min 15–50 μm 4197/

4807
1.7 – – [25] (2010)

US 300 W
(60%)

40 min 5–20 μm 4898/
6210

2.3 – –

Fe-MIL-53 ST 150°C 15 h 25–250 μm
(prisms)

and 2.5 μm
(bipyramidal)

– – 56.1 Elongated
triangular

prism-shaped
and

hexagonal
bipyramidal

[27] (2012)

MW 150°C
150 W

30 min 0.5–1.5 μm – – 57.6 Hexagonal
bipyramidal

US 300 W
(60%)

15 min 0.5–1.5 μm – – 30.2

Fe-MIL-88A HT 65°C 2 h 550 nm – – 71.2 – [28] (2011)
ST 100°C 24 h >1200 nm – – 91.7 –

MW 65–80°C 2 min 110–160 nm – – 48–59 –

US 50°C 15 min >1200 nm – – 22.5 –

RT, room temperature; ST, solvothermal; HT, hydrothermal; MW, microwaves; EC, electrochemical; MC, mechanochemical; US, ultrasound.



Fig. 11.2
SEM images of Fe-MIL-53 synthesized by (A) conventional heating at 150°C for 18 h, (B) microwaves

at 150°C for 30 min, (C) ultrasounds at 60% power (VCX 500W) for 15 min [27].
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greater influence on yield than power (Fig. 11.2). A recent study of Cr-MIL-101 has also

confirmed the above kinetics [31].

Another essential parameter of a MOF design process is the choice of the metal center.

Different metals need different approaches regarding synthesis methods and conditions, due to

their physicochemical properties. Especially in biomedicine, toxicity is an important factor,

along with stability and the flexibility of accepting the biomolecule. In 2011, zinc, cobalt,

and nickel were compared during the sonochemical synthesis of CPO-27 (also known as

MOF-74) (Fig. 11.3) [32]. Zn reactivity was shown to be higher based on the crystallization

curves, in the order of Zn > Co > Ni. This behavior can be explained if the lability of metal

ions, which follows the previous order, is considered. On the other hand, ligand field

stabilization energy (LFSE) follows the reverse order, thus Zn has the lowest LFSE [33]. More

specifically, the lability is related to the linker deprotonation, affecting the reaction rate. Hence,

when labile ions are used, mild conditions are sufficient for the MOF crystallization.

Other popular synthetic approaches involve mechanochemistry and electrochemistry.

Mechanochemical synthesis can be easily carried out by grinding the MOF precursors together

manually in a mortar or by utilizing a ball mill [34–36]. It is a strict mechanical synthesis without
Fig. 11.3
SEM images of Co-CPO-27 synthesized at 70°C by (A) conventional heating for 24 h, (B) microwaves

for 3 h, (C) ultrasounds for 75 min [32].
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the need of any external conditions, since the temperature is increased by the friction only

and the use of solvents can be avoided as well. Cu-BTC was prepared by grinding copper acetate

and H3BTC for 15 min [37]. The largest portion of the particles had a size of over 60 nm, whereas

the ultrasound technique led to a particle size of less than 65 nm. Surprisingly, surface area

measurements revealed better values for the mechanochemical MOF (M-MOF) (BET: 1034 vs

371 m2/g, Langmuir: 1205 vs 545 m2/g, pore volume: 0.5 vs 0.386 cm3/g), but the dye adsorption

experiments showed that the ultrasound one (U-MOF) had better efficiency for methylene

blue (MB) and crystal violet (CV). Within 2 h, 12.5% and 7.2% have been adsorbed by M-MOF,

13.5% and 18.9% by U-MOF, while after 24 h the percentages are increased to 19.5% and 10.9%

for M-MOF and 31.9% and 27.4% for U-MOF, respectively. Cu-BTC has shown a better

efficiency toward MB, which could be explained due to its smaller size. In other words, MB

can be captured inside the square-shaped pores easier than CV.

Cu-BTC (or HKUST-1) has been one of the most popular MOFs. It has been constructed

by various methods, including attempts for scale-up continuous production and it is suitable

for catalysis, gas adsorption, and other applications [38–40].Most of its sonochemical synthesis

parameters, such as ultrasound power, temperature, reaction time, solvent ratio, and

sonotrode tip size, have been examined by Armstrong et al. [41]. In an attempt to divulge the

crystallization mechanisms, they have studied the effects of these parameters and also

compared the resulting crystals with the conventional synthesis. Variations in amplitude form

an inverse parabola reaching maximum particle size at 80% power, while keeping the

temperature at 10°C with an ice bath does not lead to a reaction. Particle size can be slightly

decreased by increasing the reaction time with an immediate boost on yield. So, based on the

above results and kinetic rates, it is suggested that the shockwave region of the bubble is

involved in the crystal initiation, since in general crystal initiation can either take place in the

shockwave or the implosion region [42]. Sonofragmentation is another phenomenon that

should be taken into consideration during sonochemical synthesis [43, 44], which can be

noticed via SEM analysis.

It has also been tested for its efficiency to adsorb the antibiotic drug rifampicin [45]. HKUST-1

was prepared by both a bulk conventional method by heating at 80°C for 24 h and under

ultrasound irradiation for 1 h without external heating. Almost half of the sonochemically

synthesized particles have a size of 60–100 nm, and 20% has less than 60 nm, whereas the

majority of the conventional have a size above 150 nm. Regarding the uptake properties of

HKUST-1 (13 mg ofMOF in 50 mL aqueous solution of 0.17 mmol rifampicin), the ultrasound

one can adsorb 26.6% within 3 h and 98% after 48 h, while the conventional reaches 19%

and 59.6%, respectively. On the other hand, the bulk can achieve a steep release of rifampicin

in dry ethanol (34.2%within 30 min) and reaches 64.9% after 120 h, whereas the sonochemical

one follows a more gradual release over the course of 72 h (32.4%) and ultimately spiking

up to 78.5% at 120 h, something that might make it more suitable for a controlled delivery.

Imatinib was yet another candidate to investigate Cu-BTC as an adsorbent [46]. With the same
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MOFs and synthesis conditions, 96.7% and 81.1% of this anticancer drug (50 mL aqueous

solution of 0.085 mmol imatinib) was adsorbed after 144 h by the ultrasound and bulk MOF,

respectively. However, the former cannot be fully released and around 59% is observed after

240 h, while the latter can reach 90.7%.
11.2.2 Alternative US methods

Another interesting approach for sonochemical synthesis is the use of a metal substrate instead

of the usual nitrate or acetate form. Two zinc (MOF-5, ZIF-8) and two copper-based MOFs

(Cu-BTC, Cu-BDC) were prepared as thin films by using a Cu clad and a Zn strip [47]. Before

mixing them with the linkers, they were treated in an oxidizing solution of NaOH, (NH4)2S2O8,

and water to receive nanowires and nanostrands. The thin films were grown in situ after a

60-min irradiation in an ultrasound bath, although the first crystals appeared at the 5-min mark.

It is important to note that the ultrasonic irradiation was necessary, since the MOFs could

not be obtained without it under the same conditions (T ¼ 22–45°C).

Microemulsions are thermodynamically stable systems which consist of a water phase, an oil

phase, and a surfactant. They can be considered as many nanoreactors that can be used in

the synthesis of nanomaterials. With appropriate control of the synthesis parameters, they

can produce tailor-madematerials down to the nanoscale level. Aside from oil in water systems,

water in oil microemulsions exist as well and they are referred as reverse micelles. This method

has been used in 2016 for the synthesis of two zeolitic imidazolate frameworks (ZIFs) at

ambient conditions [48]. In 2018, a thorium MOF was prepared with an ultrasound-assisted

reverse micelle technique [49]. More specifically, an aqueous solution of thorium nitrate and a

pyridine-based linker along with n-hexane as an oil phase and sodium dodecyl sulfate as a

surfactant was introduced in an ultrasound bath for 21 min at 40°C. These conditions gave
the optimum results with a mean particle size of 27 nm, uniform morphology, and thermal

stability of 354°C. Without the ultrasounds, even with increased temperature (85°C) and
reaction time (60 min), the product could not reach the previous results, while the crystals

were prone to agglomeration and lacked uniformity.

Combinations of techniques are certainly possible and sonoelectrochemical synthesis can be such

an example. This combination can be either achieved by using those two techniques independently

at the same time or by incorporating the sonotrode into the electrochemical setup as a

working electrode [50–52]. HKUST-1 was simply prepared by introducing the NaNO3

and H3BTC into an electrochemical cell containing the DMF/water mixture and two copper

electrodes partially submerged, which play the role of metal source [19]. The solution was kept

under ultrasound irradiation, while at the same time the anodic dissolution (Cu0(aq) Ð Cu2+(aq) + 2e�)
took place by applying a potential difference. The particles had octahedral and quasi-spherical

shapes and their size was under 500 nm, while the crystallite size ranged from 22.28 to

47.05 nm depending on the selected parameters. The smallest crystallite size was achieved after
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3.5 min with a concentration of 24 mM H3BTC, 60% amplitude, and current density of

69 mA/cm2, but the yield was low (21%). In order to gain maximum yield (92%), duration

increased to 15 min, current density to 135.5 mA/cm2, and concentration was doubled.
11.2.3 Effects of synthesis parameters on final product

Sonochemical synthesis can take place either into an ultrasound bath or with the use of an

ultrasonic probe. Probes can generally be used in a continuous mode or a pulsed mode. Amaro-

Gahete and coworkers have observed the differences among the above modes during the

preparation of Fe-MIL-88A [53]. They have tested an ultrasound bath for 1 and 2 h, as well as

pulsed mode for 5 and 10 min (10 s pulse duration) and a continuous mode for 10 min. By using

the probes, they managed to receive smaller particles, but with lower surface areas.

It is certain that for general use, such as homogenizations, emulsifications, deagglomerations,

etc., a probe is much more efficient, due to a focused and uniform input. Of course, the

sonotrode diameter should always be selected by taking into consideration the solution volume,

since a small tip into a large beaker would not result into a uniform process.

11.2.3.1 Effect of solvents

Some of the most used solvents in the preparation ofMOFs are DMF, ethanol, and water either as

sole solvents or as mixtures. However, not every solvent used for a solvothermal synthesis

is suitable for an ultrasound synthesis. Before selecting a solvent, it is important to consider its

properties based on its type and whether it is polar or nonpolar, protic, or aprotic. Polar aprotic

solvents can increase the activation energy if anionic species are involved in the system, due to the

strong hydrogen bonding between the polar aprotic solvent and the anion [54].

Cu-BTC can be prepared in polar protic solvents even at room temperature with a mixture of

ethanol and water after stirring for 6 h [55]. The adjustment of ethanol ratio in water can

affect the final size and surface area of the crystals. If water is used as the sole solvent or even at

a ratio of 75%, the MOF network collapses. This can be explained by the nature of this MOF,

since large amounts of water prevent the coordination between the copper center and the

carboxyl groups of BTC. Ethanol is necessary at a content of at least 33% in order to receive a

crystalline structure and its use as the sole solvent can further reduce the particle size. BET

surface area achieves its maximum value at 3:1 ratio of ethanol to water, so the use of

water cannot be avoided when the goal is large surface areas for potential gas adsorption

applications. On the other hand, when ultrasounds are used, DMF is preferred as a solvent

and the particle size can be increased when the DMF content in water is decreased, although

ratios with massive DMF or water parts do not form a crystalline product [41].

The effects of solvents have been illustrated by Israr and coworkers. For example, the

attempt of Ni-BTC synthesis was not successful when water and/or ethanol was used under
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sonication [56]. On the contrary, the same system during a solvothermal preparation can lead

to crystal formation, even if it took days. However, if DMF replaces the above solvents,

the effect of ultrasounds is enough to receive a crystalline product after 2 h. Similarly, good

results with high BET surface area and pore volume can be achieved during the Cu-BTC

sonochemical preparation with the same solvent [57]. If a mixture of water and ethanol is used,

the addition of a base, such as NaOH, NH4OH, or pyridine, is essential for the acceleration

of deprotonation, but the surface area is reduced.

DMF has been one of the most popular solvents for the synthesis of MOFs. With a high boiling

point of�153°C, evaporation losses are avoided at the usual operating temperatures of 80–120°C.
If activation energy is taken into account, it is increased due to hydrogen bonding of negative

ions and polar-protic solvents (e.g., water, ethanol), which in turn prevents the reaction between

the cation and the linkers. On the other hand, DMF, as a polar aprotic solvent, can guide the

negative linker anions towards the reaction with the metal cation. However, it is not certain why

the intensity of this effect is so high during sonochemistry, although the reaction rate can be

explained by heating uniformity, increase of heating rate, or enhancement of the precursor gel

dissolution [32, 56, 58].

DEF (b.p. �176°C) and NMP (b.p. �202°C) have also been used for the fabrication of MOFs

and specifically for the synthesis of Zn-MOF-5 (among others). DEF has been used for the

conventional methods [59, 60], but NMP was introduced later in order to compare it with DEF

for the sonochemical synthesis. NMP could lead to superior quality of crystals and reduced

formation time (from 30 to 8 min) [13]. Its lower cost and higher boiling point have also made

it attractive for the synthesis of MOF-177 [25, 26].

Conventional organic solvents are massively used in the synthesis of MOFs due to high

solubility and boiling points. However, their toxicity increases the risks of environmental and

health problems, turning researchers to green chemistry and alternative solvents, such as

ionic liquids (IL) and deep eutectic solvents (DES). A choline chloride/dimethylurea (1:2) DES

with a eutectic temperature of 70°C and almost zero vapor pressure has been successfully

used as a solvent for the sonochemical synthesis of Cu-BTC [61]. Various reaction times

(from 30 to 120 min) and power levels were tested with VCX 500W. By increasing the power

from 20% to 40%, the temperature rises from 100°C to 167°C, with optimal results in

terms of crystal quality and BET surface area at 30% power (145°C). The use of DES had also

made the process of washing and evacuating the DES from the MOF pores more difficult.

In other words, in order to access the maximum of the pore volume and surface area, washing

with water and ethanol was necessary immediately after the synthesis and before cooling

down to a temperature lower than the eutectic one, since once solidified, the surface area could

only be partially recovered. Nevertheless, caution is needed when ionic liquids are tested in

ultrasound synthesis, and problems can emerge due to inadequate stability and degradation

upon irradiation [62].



Sonochemical synthesis of MOFs 233
11.2.3.2 Effect of US power and temperature

Generally, the ultrasound amplitude is directly linked with the reaction temperature, thus

increasing the power leads to an increase in heating rate and/or maximum temperature. Of course,

temperature can be adjusted to a desired level by utilizing a heating immersion circulator

bath, but forcing the reaction to a lower temperature may negatively affect the yield [63] or

obstruct the whole process despite the attempts for high intensities and longer reaction times [13].

During the study of Ni-BTC synthesis, the increase from 40/60% to 80% power promotes a

different product, since the agitation effect can be stronger [56]. In detail, at 80% of the VCX

750W, C26H44O8Ni2N8 is collected, as opposed to C16H41O7Ni4N17 at 40/60%. They both

belong to the same crystal system (monoclinic) and space group, but their lattice parameters,

as well as their compositions, are different. A range of 50–80°C was tested as the operating

temperature and 60°C gave the best results in terms of yield, which is also increased when

the power level rises (29%, 78%, 88% yield at 40%, 60%, and 80% power, respectively).

Different temperatures can also lead to different morphologies. Mehrani and coworkers have

studied how can they alter the morphology of [Cu(BDT)(DMF)�CH3OH�0.25DMF]n by testing

10°C, 40°C, and 70°C [64]. More specifically, the irradiation of the mixture for 2 h with

Tecna 6 ultrasonic bath can lead to rice-like at 10°C, laminate-like at 40°C, and pellet-like

crystals at 70°C. Their particle size with a frequency above 50% varies from 60 to 90 nm

for rice, 65–95 nm for laminate, and 100–120 nm for pellet morphology.

11.2.3.3 Effect of reaction time

The typical durations of sonochemical synthesis are up to 2 h, while durations less than 1 h are

not uncommon, depending on the ultrasound intensity and temperature, something that makes

this technique ideal compared to prolonged reaction times (12–24 h) of solvothermal methods.

Within 5 and 10 min (Zn3BTC2),�12H2O nanoparticles of 50–100 nm can be collected, whereas

increasing the time to 30 or 90 min, size is increased to 100–200 and 700–900 nm [12].

Cu2(BDC)2(dabco)�2DMF�2H2O, TMU-5, and TMU-7 particles can uniformly grow with an

increased size after 90 min, compared to agglomerated particles when reaction proceeds for

no further than 30 or 60 min [65–67]. Changes in size can affect morphology as well.

For example, within 10 min, Zn (BDC)(H2O) nanobelts are being formed with a width of

150–300 nm and length of 2–5 μm, while after 20 min quadrate nanosheets of 500 nm to 2 μm
appear and after 60 min size can go up to 10 μm [14]. Lastly, at the 90 min mark, nanosheets

attain irregular shapes. Similarly, [Tb(BTC)(H2O)6]n nanorods can be prepared after

30 or 60 min with a diameter of 30–50 nm and length of 300–500 nm, which can be converted

to nanowires if duration exceeds 90 min [68]. [Zn(tptz)(fum)�DMF]n loses its rod morphology

when doubling the reaction time from 15 to 30 min and particle size is reduced by a factor

of 30 at 0.001 M [69].
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Surface area can be heavily affected by reaction time, along with other parameters. For

instance,MOF-177 is defined by its high surface area, so optimizations have beenmade in order

to improve this trait. An increase in sonication time from 40 to 50 min can “push” surface

area (BET) from 3322 to 4136 m2/g when ultrasound power is kept at 50% (VCX 500W) [25].

If amplitude is raised to 60%, the same kind of boost is observed when duration is increased

from 30 (3710 m2/g) to 40 min (4898 m2/g).
11.2.3.4 Effect of concentration

The morphology and particle size are directly associated with the initial concentration values.

Various studies have been conducted regarding the optimal concentrations and the general

consensus is that decreasing the reagents’ concentration can lead to the reduction of particle

size. Additionally, the usual problems of agglomeration and absence of uniformity can also

arise from wrong choices of initial concentrations.

With a concentration of 0.05 M (1:1 molar ratio), the particle size of [Zn2(btec)(DMF)2]n
ranges from 50 to 230 nm, where 40% of crystals are less than 140 nm [70]. Changing the

concentration to 0.02 M, the range decreases to 40–160 nm, with a 45% having a particle size

less than 80 nm, while with 0.001 M even smaller particles (30–105 nm) appear, where half

of them are less than 60 nm. Similarly, the size of [[Na16(Ni8L12)(H2O)20(H3O)4](CH3CN)

(H2O)18.5]∞ (H3L ¼ 4,5 imidazoledicarboxylic acid) can be reduced in half after reducing the

initial concentrations in half [71]. With a molar ratio of 1:1.5 (metal:linker), most crystals

have a size of 70–100 nm at [Ni2+] ¼ 0.05 M, while at 0.025 M the largest part (85%) grow

to a size of 30–50 nm. Higher concentrations (0.01 M) yield larger [Cd(L1)(DMF)3]

(L1 ¼ 4,4-(carbonylbis(azanediyl)) dibenzoic acid) particles in the range of 80–160 nm, while

at 0.001 and 0.005 M they are reduced to 40–120 nm [72] (Fig. 11.4).

Changes in concentration can alter the morphology of TMU-31 [74]. Within 15 or 30 min,

uniform TMU-31 plates could be collected for 0.01 M, uniform cubic plates for 0.005 M, and

spheres for 0.001 M (Fig. 11.5). HTMU-55 was tested as a catalyst for the Henry reaction
Fig. 11.4
SEM images of sonochemically synthesized TMU-16-NH2 (15 min) with concentrations of

(A) 0.01 M, (B) 0.02 M, (C) 0.04 M [73].



Fig. 11.5
SEM images of sonochemically synthesized TMU-31 (30 min) with concentrations of (A) 0.01 M,

(B) 0.005 M, (C) 0.001 M [74].
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(benzaldehyde and nitromethane) [75]. It has a sphere morphology at 0.005 M (15 min) and any

increase in concentration (0.01 and 0.05 M) leads to a larger size of rod particles. TMU-23

nanoplates can be received for 0.01 M, while agglomerated particles appear for 0.03 and

0.06 M [76]. By reducing the concentration, TMU-7 and TMU-21 can lose their uniformity and

unique shape [67, 77]. During a 15-min experiment, particle size of [Zn(tptz)(fum)�DMF]n
is increased from 500 nm to 6 μm by changing the concentration from 0.05 to 0.001 M, while

at 30 min it increases from 70 to 500 nm [69].
11.2.3.5 Effect of modulators and additives

Triethylamine has been widely used as an additive in order to initiate or accelerate the

deprotonation of the functional (carboxylic) groups of the organic linker [20, 78]. As a vital step

to the final MOF preparation, the time needed for this process can affect the whole reaction

duration, and many times, depending on the agent and linker, the solvent cannot achieve

this as fast or at all. The work of Yang et al. can be a simple example to demonstrate the

effect of TEA [23]. During the conventional synthesis of Mg-MOF-74, the mixture is heated

at 125°C. However, for the sonochemical synthesis at full power of VCX 500 W, without

using an external heating source, the autogenous temperature is limited to 95°C. When TEA

is added to the solution, the temperature rises to 125°C and uniform crystals can be received.

Instead of a simple addition of TEA into the solution, there is also an alternative way to

introduce it by implementing a vapor-phase diffusion technique. Taking as an example the

preparation of [Cd2(BTC)2(H2O)2], a vial containing TEA andDMF is placed inside the beaker,

which contains the main mixture [79]. The beaker gets sealed with a plastic film and placed

in the ultrasonic bath. MOF nanorods with an average diameter of 30–50 nm and a length
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of 300–500 nm can be collected after 5 min in the presence of TEA vapors. However,

when thevial is removed from the beaker but the ultrasounds are still in effect, the nanorod

templates are dissolved from the inside and MOF nanotubes are formed. The diameter of

the nanorods can be increased to 50–100 nm after 5 min of the vial removal, a small number of

nanotubes appear after 10 min, and a large number of nanotubes with inner diameters of

50–100 nm and outer diameter of 100–300 nm appear after the 20 min mark. Tb-BTC was also

prepared with the same method [80]. Its yield of 0.6%–7.2% (based on Tb) is much lower

than similar MOFs, like Cu-BTC [18], Zn-BTC [12], and Zn-BDC [14], but with a TEA

presence even for 2 min, the yield manages to rise to 65.7%.

Acetic acid can be used as a modulator to block two dimensions and force the crystal growth to

another. To better explain this mechanism, the conventional synthesis of [Cu(ndc)(dabco)0.5]

1D nanorods is described [81]. CH3COOH has the same functionality as the linkers, so it

can hinder the coordination interaction between the metal ions and the linkers, which generates

a competitive situation that regulates the rate of framework extension and crystal growth.

More specifically, the crystal growth takes place in the [0 0 1] direction (dabco-Cu) instead

of the [1 0 0] (ndc-Cu). In other words, due to the same carboxylate functionality of ndc and

acetate, acetic acid can block the other path. By following the same mechanism,

Cu2(BDC)2(dabco)�2DMF�2H2O [65] and [[Cu2(BDC-NH2)2(dabco)]DMF�3H2O] [82] were

prepared in 40 kHz ultrasound bath.

DUT-32[Zn4O(BPDC)(BTCTB)4/3(DEF)39.7(H2O)11.3] synthesis parameters have been studied

along with acetic acid and pyridine effect [83]. At the optimal reaction time of 60 min,

where irregular structures and agglomerated particles can be avoided, it is observed that higher

reagents’ concentrations lead to less regular plate shapes, while with lower concentrations

more spherical particles can be obtained. A higher frequency of 60 kHz was tested as well, which

resulted into larger agglomerated particles, thus 40 kHz frequency was preferred. Regarding

the modulator effects, the addition of pyridine led to a more uniform size with plate-like

morphology and smaller thickness, while the mixture of pyridine and acetic acid yielded larger

nonuniform particles. The amoxicillin removal efficiency of the ultrasound samples was

investigated and values above 92% (conventionalmethod (100°C, 48 h) threshold) were observed
for the fully optimized sample. The anticancer drug doxorubicin release profile

gave sufficient results at pH 7.4 (54%). Modifications in pH managed to increase the percentage

to 83% (pH¼ 6) and 98% (pH¼ 4.5) over the course of 4 days. The in vitro cytotoxicity studies

showed that both the MOF and the doxorubicin-loaded MOF had low impact to healthy cells,

while the drug-loaded DUT-32 was efficient to kill prostate and cervical cancer cells.

During the sonochemical synthesis of Zn(TDC)(4-BPMH)]n,�n(H2O) 1, 2, and 3 mL of pyridine

were tested to examine the differences in morphology [84]. The addition of 2 mL was proven

to give better results with uniform sheet-shaped nano-plates rather than nanoparticles

without order. The nano-plates were also more efficient at the adsorption of 2,4-dichlorophenol

and amoxicillin compared to the crystals prepared without pyridine.
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11.2.4 MOF composites

Combining materials with other substances can be fundamental for their improvement. In other

words, weak points can be ignored and new physicochemical properties can be gained with

enhanced functionalities, like better stability, synthesis kinetics, and a wider range of potential

applications. In a usual preparation of composites, all the reagents (MOF precursors and

composite materials) are mixed together. An alluring technique, for situations where

composing materials need to be trapped into the MOF cage, is called “bottle around ship”.

During this in situ synthesis, the MOF is being built around the composing materials which will

occupy the MOF pores after the formation is completed [85]. Various active species have

been used for MOF composites fabrication, such as carbon allotropes, oxides, and polymers,

but only a handful have been sonochemically synthesized.

Countless carbon forms have been developed through the years, including nanotubes (CNTs),

fullerene, graphite, and graphene, gaining a lot of attention due to their dimensionality (0D

to 3D) and degrees of graphitization [86]. Their phenomenal attributes, such as chemical

and thermal robustness, mechanical strength, low toxicity, etc., can shroud the possibly low

chemical stability and electrical conductivities of MOFs [87]. Two of the most interesting

materials are graphene and graphene oxide (GO). Graphite consists of millions of graphene

layers, where the carbon atoms are arranged in 2D hexagonal-honeycomb lattice. The graphite

structure can make the material hydrophilic and expand the layer separation, when

oxidizing agents are used. Thus, graphite oxide can be dispersed and exfoliated, resulting in

the extraction of monolayer sheets, which is graphene oxide [88].

One of the MOFs that have been combined with GO is TMU-23 [89]. Inside an ultrasound bath,

zinc acetate is added into a well-dispersed DMF solution of graphene oxide. The metal is

added before the linker, in order to achieve a complete exchange of Zn2+ with the oxygen

functional groups on the surface of GO. Subsequently, the linkers are added and GO-TMU-23

(10% GO) is prepared within 1 h. The composite was tested as a dye removal agent and a

10 ppm aqueous solution of methylene blue was used. TMU-23 and GO were also tested

for comparison purposes. After only 2 min, 30 mg of GO-TMU-23 had an efficiency of 89%

removal, and after 15 min, adsorption rises to 97%. At the same time, 3 mg of GO and 27 mg

TMU-23 lead to efficiency rates of 48% and 50% within 2 min, while after 15 min they

increase to 90% and 78%, respectively.

GO-Ni-BTC was fabricated via an ultrasound-assisted ball milling technique with water as

the sole solvent [90]. The coupling effect of ultrasonic waves andmechanical force can promote

the reaction without the need of organic solvents. The difference between Ni-BTC and

GO-Ni-BTC was tested by measuring the adsorption efficiency in an aqueous Congo Red

solution, resulting in capacities of 2046 and 2489 mg/g, respectively.

TMU-4 and TMU-5 were grown on a silk substrate and were studied for morphine adsorption

[91]. A layer-by-layer deposition method was used to develop those zinc MOFs on the silk
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fibers in combination with ultrasounds for homogenous coating. The fibers were treated with a

NaOH solution (pH ¼ 9) prior to MOF growth in order to deprotonate the carboxylic group

on the fibers’ surface. The layers were created by sequential dipping of the silk (for 90 s) in an

aqueous solution of zinc nitrate and alternating with a DMF solution, which contained the

linker, both of which were placed in an ultrasound bath. By skipping the ultrasound bath,

the average particle size was higher while the thickness can be directly associated with the

number of dipping cycles. Regarding the adsorption studies, the MOFs can fully preserve

morphine after around 48 h (TMU-4) and 72 h (TMU-5) and fully release it after 12 and

14 days, respectively, with an initial average of 20% after 7 min. The same synthesis method

had also been followed for Cu-BTC, which was tested for its antibacterial activity against

Escherichia coli and Staphylococcus aureus [92]. A larger number of dipping cycles resulted in

slightly better efficiency, but still, Cu-BTC@silk was inferior to popular drugs, such as

gentamicin. Similarly, Co-BTC@silk was fabricated for the above studies, as well as for iodine

adsorption [93]. HKUST-1, prepared with a combination of ultrasound and solvothermal

methods, has been also combined with active carbon and tested against methicillin-resistant

S. aureus (MRSA) and Pseudomonas aeruginosa [94]. Additionally, the optimization of

various parameters (dye concentration, composite mass, pH, sonication time) for the adsorption

of 3 dyes (crystal violet, disulfine blue, quinoline yellow) was carried out by Taguchi

statistical method.

Abazari et al. have recently tested the effect of a magnetic bio-MOF (MBMOF)

(Zn8(Ad)4(BPDC)6O�2(NH2(CH3)2)
+�8DMF�11H2O) on Leishmania major parasites under

in vitro and in vivo conditions [95]. After the preparation of the mercapto-acetic acid

functionalized Fe3O4 nanoparticles, those were added in a DMF, water and nitric acid solution

containing zinc acetate dehydrate, adenine, and BPDC in a molar ratio of 1:1:1 (0.02 M).

The mixture was kept in a 40 kHz ultrasound bath for 2 h. Shorter reaction times and higher

concentrations were studied as well, but agglomerated and nonuniform crystals appear. For the

in vivo tests, mice subcutaneously infected with L. major promastigotes were used. The

Fe3O4@MBMOF was topically applied to the lesions in an ointment form (vaseline base) with

concentrations of 12.5 and 25 μg/mL. Due to toxic impact on macrophage cells under

in vitro conditions, no other form was utilized on mice. Additionally, there were three control

groups, which were treated with the antimony-based drug glucantime, vaseline, and ethanol,

respectively, and the last control group received no treatment. The mice were topically

treated three times a week for 21 days. After the 3 weeks, the lesion size was slightly reduced in

the two test groups and glucantime group. Also, the number of parasites in liver and spleen

of the above groups was lower than the number of the control groups, while the higher dose of

25 μg/mL has given the best results.

Core-shell nanoparticles have attracted a lot of attention to the biomedical field, due to their

benefits to bio-imaging and drug delivery. Their properties can be modified by adjusting the

core-shell ratio or changing the constituting materials, leading to better functionality and
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stability, as well as controlled release of the core [96–99]. SiO2 was used as a shell during

the preparation of Cu-BTC [100]. In a mixture of DMF, ethanol, and water, containing theMOF

precursors and NaOH, tetraethylorthosilicate is added dropwise, while the system is kept

under ultrasound irradiation. Depending on the reaction time, the silica shell thickness can

be controlled ranging from 12 nm (90 min) to 60 nm (150 min). The core-shell structures

were deposited on glass slides with a sol-gel spin coating technique (2000 rpm) and they

were tested for their photocatalytic activity of phenol decomposition under visible light,

along with TiO2, pure Cu-BTC, and silica. The results showed high efficiency rates of 92%

within 45 min and indicated that a thicker silica shell can improve degradation.

Abdpour et al. have attempted the decoration of Fe-MIL-53 with Fe-MIL-100 [101]. In detail,

the sonochemically synthesized MIL-53 was decorated with the conventionally synthesized

MIL-100, under ultrasound irradiation. The nanoparticles were deposited on the hexagonal

bipyramidal crystals as a result of the electrostatic self-assembly process due to the positively

charged MIL-53 surface and negatively charged MIL-100 particles and the composite was

tested for its photocatalytic activity. MIL-100@MIL-53 showed enhanced performance

compared to the pure MIL-53 during the degradation of methyl orange and it has improved the

activity at visible light spectrum.

Fe-MIL-53 has been prepared with the addition of phosphotungstic acid (PTA) [102]. General

uses of PTA include catalysis [103] and staining (in histology) [104]. In this case, PTA has

managed to increase thermal stability of the MOF from 300°C to 420°C, but surface area and
pore volume have been reducing due to pores being filled with PTA. The composite was

evaluated as a catalyst for the esterification of oleic acid under ultrasound irradiation. The used

solvent (ethanol or n-butanol) during this process did not have a significant impact on the yield,

but modifying other parameters to the optimal values, such as PTA loading, catalyst amount,

and ultrasound amplitude, increased the yield from around 20% to 97%.
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CHAPTER 12
Postsynthetic modification of MOFs
for biomedical applications
Panagiota Markopoulou, Ross S. Forgan

WestCHEM School of Chemistry, University of Glasgow, Glasgow, United Kingdom
12.1 Introduction

Metal-organic frameworks [1–5], commonly referred to as MOFs or porous coordination

polymers [6], are a family of hybrid, often highly porous, network structures comprising metal

ions or clusters connected by organic linkers [3]. The ability to form nanosized particles of

highly crystalline materials with high porosity and the possibility of tuning their properties by

choosing appropriate metals and linkers are a few features of MOFs [6–11] that make them

advantageous for biomedical applications [12–19]. There is no surprise that the ability to

introduce complex chemical functionalities is essential in order to obtain specialized materials

tailored for targeted applications. The ability to tune the chemical environment of their pore

spaces can lead to very effective encapsulation of desired molecules [20, 21] (i.e., drugs), while

functionalization of their outer surface [22–24] can lead to improved stability and

biocompatibility, while targeting groups can also be introduced [25].

The most direct way to introduce functional groups to the structure of MOFs is by using

functionalized organic linkers as building blocks during the framework synthesis [26, 27].

However, this route is often limited by the fact that the solvothermal conditions that are most

commonly used for the fabrication of MOFs are quite harsh (high temperature, high pressure)

and many chemical functional groups cannot survive them [28]. Moreover, even if the

functional groups can tolerate the conditions, there is a high chance of unwanted side reactivity

yielding undesired and unpredictable products [29].

Given the limitations of direct introduction of functional groups, the functionalization of

already made materials can offer a more attractive alternative. The term postsynthetic

modification (PSM) is used to describe the chemical alterations that are used in order to

introduce new functionalities to an already fabricated framework [30, 31], a term inspired from

the biological process of posttranslational modification of proteins [32]. As in nature, where

https://doi.org/10.1016/B978-0-12-816984-1.00014-7
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new chemical functionalities are introduced to an intact peptide/protein [33, 34], PSM takes

place in a similar way on the final material instead of its monomers (linker/metal). It is

important to note that the conditions required to achieve the modification must be tolerated by

the material and typically the crystallinity of the lattice is maintained. Significantly, the fact that

MOFs are porous gives the ability to postsynthetically functionalize not only their outer

surfaces, but their inner surface area as well, as reagents have the ability to penetrate the interior

of the materials through their pores. This is something that cannot be achieved with other types

of materials like quantum dots (QDs), gold nanoparticles (AuNPs), and superparamagnetic iron

nanoparticles (SPIONs) where only the exterior is available and can be modified [35].
12.2 Types of postsynthetic modification (PSM)

In general, the PSM methods used for the functionalization of MOFs can be divided into

five main groups, (i) covalent transformation, (ii) coordinative transformation,

(iii) noncovalent/encapsulation, (iv) hybridization with other materials, and (v) physical

changes (e.g., through application of heat or pressure) (Fig. 12.1). While most types of PSM

applied for biomedical applications are chemical in nature and aim to maintain the crystallinity

of the materials, there are some recent examples of physical postsynthetic modifications

of MOFs where the aim is to alter the crystal structure of the materials in order to achieve

desired properties like controlled drug release. The coming sections will describe some

brief examples of each strategy in the context of drug delivery.
12.2.1 Covalent postsynthetic modification

In covalent PSM, a reagent is used to modify a component of the framework (most usually the

organic linker) by forming a new covalent bond. At first glance, covalent PSMmay seem more

challenging than noncovalent coordinative functionalization. However, MOFs can exhibit

exceptional thermal and chemical stability [36], making this a very viable technique. Many

types of covalent PSM have been employed by several groups to functionalizeMOFs, including

amide bond coupling [37–40], urea formation [40, 41], bromination [42–44], so-called click

reactions [45–48], imine condensation [40, 49, 50], and alkylation [51].

While covalent PSM is typically carried out on pendant functional groups attached to the MOF

linkers, Forgan et al. [47] developed a covalent surface functionalization protocol via a copper-

catalyzed azide-alkyne cycloaddition (CuAAC) to convert functionalized modulators and

selectively surface functionalize Zr-based nanoparticles of the Zr MOF UiO-66

(Zr6O4(OH)4(RCO2)12 oxoclusters connected via terephthalate linkers, UiO standing for

Universitetet i Oslo) with a variety of polymers. Modulators are capping ligands that are added

during MOF synthesis which can control both particle size and surface chemistry; in this case,

p-azidomethylbenzoic acid was introduced to particle surfaces during one-pot syntheses.



Fig. 12.1
Schematic illustrations of various postsynthetic modification protocols: (a) covalent transformation;
(b) coordinative transformation, separated into (i) linker exchange, (ii) coordination to ligand donor

sites, and (iii) coordination to inorganic secondary building units; (c) encapsulation;
(d) hybridization with other materials, and (e) physical transformation, such as pressure or heat.
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Alkyne-functionalized poly(ethylene) glycol (PEG) chains of different molecular weights were

covalently attached to the azide-modulated UiO-66 nanoparticles (Fig. 12.2A), with

thermogravimetric analysis (TGA) showing an addition of �21.7% (w/w) organic matter.

Critically, covalent bond formation was confirmed by mass spectrometry, while controls using

no catalyst showed no evidence of PEGylation. Moreover, as it was shown from degradation

studies, the PEGylated materials showed significantly improved stability toward phosphate

degradation, thus enhancing their potential for use as drug delivery systems. As a proof of

concept, prior to surface functionalization, the nanoparticles were loaded with calcein, a

fluorescent model drug molecule. The release of the cargo was observed to be significantly

delayed at pH 7.4 (Fig. 12.2B) compared to unfunctionalized analogs, with only around 25% of

the drug being released after 50 h.When the pHwas changed to 5.5, the release of the cargo was



Fig. 12.2
(A) Schematic of the click modulation protocol, whereby azide-functionalized modulators are

installed on UiO-66 surfaces during synthesis and then postsynthetically transformed by copper-
catalyzed azide-alkyne cycloaddition (CuAAC). (B) Calcein release profiles of surface-functionalized
MOFs and their nonfunctionalized analogs in PBS (1�) pH 7.4. (C) pH-responsive calcein release
from the PEGylated MOFs in PBS (1�). Modified from I. Abánades Lázaro, S. Haddad, S. Sacca, C.
Orellana-Tavra, D. Fairen-Jimenez, R.S. Forgan, Chem 2 (2017) 561–578. Copyright (2017) Elsevier.

248 Chapter 12
almost immediate and reached 90% within only a few hours (Fig. 12.2C). This makes these

PEGylated particles very promising candidates for use as pH-responsive drug delivery systems.
12.2.2 Coordinative postsynthetic modification

When a reagent forms a dative bond with aMOF building block in a heterogenous postsynthetic

manner, the term coordinative or dative PSM is used. In principle, there are three types of

coordinative PSM. First, an organic molecule is added and forms a dative bondwith unsaturated
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metal sites at the MOF secondary building units (SBUs), for example, at missing linker defects,

low nuclearity clusters, or surface sites [52–55]. In some cases, it is possible to entirely

exchange the initial linker, which is often termed postsynthetic ligand exchange or solvent-

assisted linker exchange [56–61]. In the third class, a metal is introduced to the MOF structure

and attached to the linker via coordinative bonding [62–64]. A variety of MOF structures have

been shown to be able to release auxiliary ligands under certain conditions [65]; this way

unsaturated metal clusters are available for further functionalization.

Mirkin et al. developed a general method to coordinatively functionalize unsaturatedmetal sites

on the outer surfaces of MOFs with terminal phosphate-modified oligonucleotides [66]. To

prove the true potential and generality of their method, nine MOFs containing four different

metals (Zr, Cr, Fe, and Al) were functionalized. The functionalization of the materials was

straightforward and was achieved through coordinative bonding of the terminal phosphate of

the oligonucleotide to the unsaturated metal cluster of the MOF (Fig. 12.3).

By calculating the DNA coverage of three isoreticularMOFs of the UiO-66 family, it was proven

that surface coverage shows a linear correlation to the density of surface metal nodes. Moreover,

itwasobserved that inMOFswithhigherSBUcoordinationnumbers (i.e., higher connectednodes)

a greater DNA surface coverage was achieved, due to MOFs with higher SBU connectivity

having more defective surfaces and therefore more unsaturated metal sites. Furthermore, by

varying themetal inMOFs but retaining the same ligand and topology, it was noticed that stronger

metal-phosphate bonds favor higher DNA surface coverage. By taking advantage of the single-

strand DNA (ssDNA) coverage, surface functionalized UiO-66 nanoparticles were hybridized

(seeSection12.2.4)withAuNPsbearingcomplimentary ssDNA.Byvarying theAuNP:MOFratio

it was observed that, at high ratios, the formation ofMOF-NP satellite structures is favored, where

at low ratios polymeric structures are observed. Finally, the cytotoxicity of UiO-66-AuNP was

assessed with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) metabolic
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assay where no cytotoxic effect was observed for concentrations up to 20 pM after 24 h of

incubation against human ovarian cancer cells (SK-OV-3).
12.2.3 Noncovalent postsynthetic modification/encapsulation

Another route by which modification can be performed is through noncovalent interactions.

This can variously be encapsulation of a cargo molecule like a drug into the pores of the

framework, physisorption of functionality onto the outer surface, or even complete

encapsulation of the material itself into a protecting capsule in order to improve its stability,

enhance its properties, and control leakage of the cargo and burst release.

A good example of this type of modification is the work carried out by Engelke et al. [67] where

MOFs were coated with exosomes in order to improve their stability, prevent burst release of

loaded drugs, and protect both the nanoparticles and the drugs from enzymatic degradation.

Exosomes are more advantageous compared to synthetic lipid bilayers, as they are endogenous

liposomes generated from the cells for communication reasons [68, 69]. Engelke et al.

employed MOFs in order to overcome the challenge of loading drugs into exosomes.

Nanoparticles of MIL-88A(Fe), a flexible iron MOF where fumarate is linked by Fe3O

(RCO2)6(H2O)2OH clusters, were loaded with cargo and then coated with exosomes derived

from the cervical cancer HeLa cell line, using the fusion method (Fig. 12.4A). Control

experiments with calcein-loaded MOFs showed that there was no leakage of calcein from the

exosome-coated particles for up to 10 h. The lysosomal environment was simulated with

artificial lysosomal fluid and the stability profile of the exosome-coated particles was vastly

different in this environment, where the fluorescence intensity increased dramatically in only a

few hours. This was attributed to the fact that the MOFs are decomposing in the lysosomal
Fig. 12.4
Schematic representation of (A) the postsynthetic encapsulation of MOF nanoparticles by exosomes,

and (B) their cellular uptake and proposed cargo release mechanism. Modified from B. Illes, P.
Hirschle, S. Barnert, V. Cauda, S. Wuttke, H. Engelke, Chem. Mater. 29 (2017) 8042–8046. Copyright (2017)

American Chemical Society.
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environment and the increase of the osmotic pressure due to the decomposition leads to the

destruction of the exosome bilayer (Fig. 12.4B). Finally, in order to investigate the potential use

of their materials as drug delivery systems, Engelke et al. loaded the MIL-88A(Fe)

nanoparticles with the chemotherapeutic drug suberohydroxamic acid and evaluated the effect

on the cell viability of HeLa cells via the MTT assay. Interestingly, the empty exosome-coated

nanoparticles caused no adverse effect on the cell viability, but the drug-loaded ones

significantly decreased the cell viability with an IC50 value of 4.78 μgmL�1 after 3 days of

incubation, proving the hypothesis of the use of the exosome-coated materials as efficient

drug carriers.
12.2.4 Hybridization with other materials

A common type of modification for MOFs is their hybridization with other materials such as

silica, quantum dots, andmetal nanoparticles. This way their stability can be improved, and also

new interesting properties can be introduced.

Lin and his team [18] synthesized mixed-linker amino-functionalized MIL-101(Fe)

nanoparticles (a large pore polymorph of the MIL-88 family where Fe3O(RCO2)6(H2O)2OH

nodes are connected by terephthalate linkers) by introducing a small percentage of

2-aminoterephthalic acid along with the terephthalic acid linker during synthesis. This way, due

to the amino functionalities, they were able to further functionalize the materials by attaching

the ethoxysuccinato-cisplatin (ESCP) prodrug through covalent amide bond formation,

achieving conversions up to 40%. Similarly, the particles were loaded with Br-BODIPY

(1,3,5,7-tetramethyl-4,4-difluoro-8-bromomethyl-4-bora-3a,4a-diaza-s-indacene) (Fig. 12.5A)

to test their efficacy as an optical imaging contrast agent, achieving BODIPY incorporation

yields of 5.6%–11.6% (w/w). After the synthesis and functionalization of the materials, their

stability in simulated biological conditions was tested, where both the drug and optical agent-

functionalized nanoparticles showed poor stability under those conditions having half-lives of

approximately 1.2 and 2.5 h, respectively. In order to improve stability, they were coated with a

thin silica layer by exposure to Na2SiO3 (Fig. 12.5B), achieving a Si/Fe molar ratio of 1.4 and

no alteration of the morphology of the nanoparticles according to scanning electron microscopy

(SEM) and powder X-ray diffraction (PXRD). Interestingly, when testing the release of ESCP

and BODIPY from the silica-covered nanoparticles, their half-lives were vastly increased to

14 and 16 h, respectively, establishing their appropriateness for biomedical applications. After

the silica functionalization and stability studies, the corresponding biological efficiency of the

nanoparticles was investigated in vitro. Confocal microscopy on human colon adenocarcinoma

cells HT-29 treated with the BODIPY-loaded materials showed internalization of the particles

in a dose-dependent manner (Fig. 12.5C–E). Interestingly, treatment of the cells with free

BODIPY did not show any fluorescence due to its inability to cross the cell membrane, proving

that the nanoparticles are needed for successful cellular internalization of the imaging agent.
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The anticancer efficacy of the ESCP-loaded nanoparticles was evaluated by employing 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)

cell metabolic activity assays. The IC50 of the drug-loaded nanoparticles was 29 μM, less

cytotoxic than free cisplatin under the same conditions which has an IC50 of 20 μM. In

order to further improve the cytotoxicity of their materials, Lin et al. employed additional
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postsynthetic modification of their nanoparticles [18]. They functionalized the silica shell of

the ESCP-loaded nanoparticles with silyl-functionalized c(RGDfK), cyclo[arginine-glycine-

aspartic acid-phenylalanine-lysine], a cyclic peptide which has the ability to target the αvβ3
integrin, which is known to be overexpressed in most angiogenic tumors [70]. This way,

they managed to achieve similar IC50 values to the free drug, 21 μM, and showed that multiple

orthogonal postsynthetic modification steps can be utilized to optimize properties for

drug delivery.

Zhao et al. [71] synthesized 2D copper-based metal-organic framework nanosheets which were

then postsynthetically hybridized with iron and gold nanoparticles. More specifically, they

managed to synthesize rectangular Cu(HBTC)-1 nanosheets (Cu clusters connected by 1,3,5-

benzenetricarboxylate linkers in two dimensions) with a diameter between 1 and 4 μM, and

consecutively, in a postsynthetic manner, they introduced gold and iron nanoparticles to the

surface of the MOF nanosheets via coprecipitation. The successful incorporation of the

bimetallic nanoparticles at the surface of the MOF nanosheets was established by both PXRD

and X-ray photoelectron spectroscopy (XPS), while transmission electron microscopy (TEM)

and energy-dispersive X-ray spectroscopy (EDS) elemental mapping revealed that a large

number of gold and iron nanoparticles were supported on the surface of Cu(HBTC)-1. After

the successful synthesis and characterization of the materials, their ability to simulate

peroxidase enzyme activity and degrade H2O2 to form hydroxyl radicals that could oxidize

a substrate was evaluated, by monitoring the formation of oxidized

3,30,5,50-tetramethylbenzidine (TMB-H2O2) as it has a characteristic absorbance peak at

652 nm. When the substrate was incubated with the bimetal-functionalized MOF nanosheets,

a strong absorbance at 652 nm was observed, establishing the ability of the hybrid materials

to catalyze the substrate. Control experiments of incubating the nanoparticles by themselves

with TMB showed no absorbance. Incubation of the nanosheets with the substrate showed

some absorbance which was, however, very weak compared to that yielded from the hybrid

materials, establishing that the connection of the nanoparticles and the nanosheets is essential in

order for the system to perform properly. In the final part of the study, Zhao et al. investigated

the ability of DNA to regulate the peroxidase-like activity of their materials. Single-stranded

DNA (ssDNA) was efficiently absorbed through π-π stacking (noncovalent PSM) to the

terephthalic acid linker, showing that multiple PSM protocols are often used in tandem. It was

observed that the strength of the peroxidase-like behavior of the materials correlates with the

concentration of the absorbed ssDNA. The potential applications of the bimetallic materials

were tested, with the first one being the colorimetric detection of H2O2 and glucose, with

obvious importance for diabetes sufferers. Since the absorbance at 652 nm intensifies as the

concentration of H2O2 increases, it was hypothesized that Cu(HBTC)-1/Fe3O4-AuNPs could be

used for the detection of glucose, as the most commonly used mechanism for its detection is

monitoring the generation of H2O2. Indeed, the experimental investigation revealed that this

would be possible as the absorbance increase correlated with the increase of the glucose

concentration. The limit of quantification of the technique was 12.86 μM and the limit of
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detection was 12.2 μM (3δ/s). Given that the range of glucose levels in the blood serum of

healthy and diabetic individuals ranges from 3 to 8 nM and 9–40 nM, respectively, it is clear

that these bimetallic nanosheets have real potential in this type of application.

Zhu et al. [72] hybridized ZIF-8 (Zeolitic Imidazolate Framework, tetrahedral zinc(II) ions

connected by 2-methylimidazolate ring linkers) nanoparticles with graphene quantum

dots (GQD) for efficient simultaneous drug delivery and photothermal therapy by near

IR irradiation. More specifically, the anticancer drug doxorubicin (DOX) was loaded

in situ to the pores of the metal-organic framework nanoparticles; weak coordination bonds

between the DOX molecules and zinc allow the attachment of the drug to the MOF.

Subsequently, the drug-loaded particles were covered with GQDs, which were absorbed to

the surface of the ZIF-8 nanoparticles through hydrogen bonding between the NH groups of

the MOF linker and the carboxyl, hydroxyl, and epoxy groups of the quantum dots

(Fig. 12.6A). The hybrid DOX-ZIF-8/GQD materials showed very promising results in

photothermal therapy, with the temperature increase correlating to the irradiation time and

the concentration of the suspension. Even at the low concentration of 5 mgmL�1 and a low

irradiation power of 2.0 Wcm�2, the nanoparticles increased the temperature of their

suspension from 30°C to 40°C after 10 min of irradiation (Fig. 12.6B). The cytotoxicity and

cellular uptake of the materials were evaluated in vitro against the breast cancer cell line 4T1.

Empty ZIF-8/GQD nanoparticles were proven to be biocompatible even at the highest

concentration tested (200 mgmL�1) by Cell Counting Kit-8 (CCK-8) assay, establishing

that they are safe to be used as drug delivery carriers. The uptake of the DOX-loaded

nanoparticles was investigated with confocal microscopy where it was seen that both the free

drug and the drug-loaded materials were internalized by the cells at a good level. Finally, the

synergistic effect of the chemotherapeutic and photothermal therapy efficacy of the

nanoparticles was tested by incubation of the cells with DOX-ZIF-8/GQD for 8 h followed by

3 min of NIR irradiation. The results were very promising; both free DOX and DOX-ZIF-8/

GQD decreased the cell viability of the cells to a similar extent (approximately 75% cell

viability was obtained), but DOX-ZIF-8/GQD managed to decrease it even further after

NIR irradiation (approximately 32% cell viability, Fig. 12.6C), demonstrating the strong

synergistic effect of chemo- and photo-therapy and highlighting the strong potential of those

materials for this type of applications.

In these examples, incorporation of other materials into the existing MOF is achieved through

unselective surface adsorption. Greater control can be achieved using the strong, selective

recognition characteristic of DNA hybridization. Zhao et al. [73] tested the possibility of further

functionalization via DNA hybridization with a complementary strand after the successful

attachment of single-stranded DNA (ssDNA) to the outer surface of PCN-224 (tetrakis

(4-carboxyphenyl)porphyrin (TCPP) linkers coordinated with Zr6(OH)8(RCO2)6 clusters).

Incubation of the functionalized A30-PCN-224 (30-mer poly-adenine sequence, A30) with

gold nanoparticles (AuNPs) functionalized with a complementary poly-thymine 30-mer
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American Chemical Society.

Postsynthetic modification of MOFs for biomedical applications 255
(T30) strand yielded satellite assemblies (confirmed by TEM) and control experiments where

the MOFs were incubated with noncomplimentary A30-AuNPs did not show efficient

assembly. Subsequently, they hybridized the DNA strands of A30-PCN-224 with the

antinucleolin DNA aptamer AS1411 [74, 75], which was functionalized with 24 extra T bases at

its 50 terminus. Nucleolin is overexpressed on the surface of MDA-MB-231 breast cancer cells

and, therefore, served as a receptor for the aptamer-functionalized NMOFs (Apt-NMOFs). The

internalization of Apt-NMOFs was further investigated with confocal microscopy and flow

cytometry and was found to be significantly higher than in the case of NMOFs functionalized
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with random DNA strands, showcasing the effectiveness of the aptamer to the targeting effect.

Finally, the possibility of using their protocol for attachment of therapeutic DNA strands

was tested. For this purpose, CpG ONDs (cytosine-guanine oligonucleotides, the “p” stands for

the phosphodiester bond between nucleotides) were chosen for their properties as immune

modulators [76]. CpG ONDs-functionalized with a T30 chain were successfully coordinated to

A30-NMOs through the established DNA hybridization protocol. Flow cytometry experiments

showed improved internalization of the CpG-NMOFs by macrophage cells and minimal

internalization of free CpG strands. Moreover, compared to free CpG, CpG NMOFs were more

efficient at increasing the levels of secreted cytokines. Preliminary in vivo studies of the

biocompatibility of nonfunctionalized NMOFs and CpG-NMOFs on ICRmale mice showed no

negative effect for either of the materials tested, making them promising candidates for further

biomedical applications.
12.2.5 Physical postsynthetic modification

A recent type of postsynthetic modification of MOFs involves mechanical or physical

modification of the crystalline materials in order to introduce new advantageous properties.

Fairen-Jimenez [77, 78] developed a new protocol that involves mechanical amorphization of

drug-loaded Zr-based MOFs in order to achieve controlled release and minimize the burst

release effect. They studied a wide range of nanoparticles from the UiO family and efficiently

loaded them with the fluorescent molecule calcein and the anticancer drug α-cyano-4-
hydroxycinnamic acid (α-CHC), achieving loadings as high as 15.2% (w/w) and 20.3% (w/w),

respectively. After the drug loading, they amorphized the materials by ball milling, causing

a partial collapse of the crystal lattice around the guest molecules; the metal-ligand

connectivity was maintained, but the bulk of the material lost its long-range order (Fig. 12.7A).

The effect of the amorphization on drug release depended on the cargo. In the case of α-CHC,
there was no difference between the crystalline and amorphous materials, but, in the case of the

calcein-loaded particles, the results varied between different materials. For all of the crystalline

materials, calcein was fully released in about 3 days with a significant burst effect over the first

hours (Fig. 12.7B). The amorphous MOFs showed a more controlled drug release. In the cases

of UiO-66-Br and UiO-66-NO2, (analogs linked by 2-bromo and 2-nitroterephthalate,

respectively) even after 15 days only 63% and 68% of calcein was released, respectively, due to

entrapment of the molecule into the partially decomposed framework. In a separate study,

amorphizing UiO-66 nanoparticles prolonged calcein release for up to 30 days (Fig. 12.7C).

Finally, the cellular uptake of the nanoparticles from HeLa cells was established using confocal

microscopy, where a strong signal was detected and the internalization of the nanoparticles was

established.

The same group also demonstrated [79] controlled drug release after postsynthetic thermal

treatment of crystalline NU-1000 (Zr6(OH)8O4(OH2)4(RCO2)8 nodes connected with



Fig. 12.7
(A) Stacked PXRD patterns of UiO-66 nanoparticles; predicted (black), as synthesized (blue), after
calcein loading (green), and after postsynthetic amorphization (red). Calcein release profiles from
cal@UiO-66 (black, crystalline) and amcal@UiO-66 (red, amorphized) over the time course of (B) 5 h
and (C) 30 days. Modified from C. Orellana-Tavra, E.F. Baxter, T. Tian, T.D. Bennett, N.K.H. Slater, A.K.
Cheetham, D. Fairen-Jimenez, Chem. Commun. 51 (2015) 13878–13881. Copyright (2015) Royal Society of

Chemistry.
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1,3,6,8-tetrakis(p-benzoate)pyrene linkers, csq topology, NU standing for Northwestern

University) and NU-901 (a related structure where the same nodes and linkers exhibit scu

topology) nanoparticles. After successful synthesis and characterization, the materials

were loaded with calcein and α-CHC and then treated at 180°C, to cause partial decomposition

of the crystal lattice and trap the guest molecules into the framework. It is worth noting

that, on the contrary to the ball-milling approach of their previous studies, the temperature

treatment does not cause complete amorphization of the materials. Regarding the drug release

studies, the delay was not as prominent as in the case of the ball-milling-induced amorphization

of the nanoparticles, but, nevertheless, in the case of NU-1000, the temperature-treated

sample had a delayed release for up to 7 days compared to the nontreated analog, confirming

the hypothesis that this treatment can prove useful to induce controlled drug release

and improve the efficiency of MOFs as drug delivery systems. The endocytosis of the

calcein-loaded nanoparticles was visualized with optical sectioning structured illumination

microscopy (SIM), allowing 3D visualization of the internalization of the nanoparticles. It

was observed that, after 30 min of incubation, the nanoparticles were gathered around the

cells with none being internalized, and over the course of 24 h, the cells gradually take up a

large number of nanoparticles.

These examples show that a large range of protocols are available to the synthetic chemist

to postsynthetically modify MOFs both chemically and physically, often with multiple

methodologies used in tandem, allowing highly complex hybrid materials to be prepared.

The following section will focus on the different types of functionalities typically

postsynthetically incorporated into MOFs and the subsequent biological application(s).
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12.3 Typical functionalities added

There is a great variety of functionalities that are postsynthetically added to MOFs with

biomedical applications in mind. The most common ones can be divided into three categories

based on their type and the goal that aims to be achieved: polymers, biomolecules, and

photodynamic therapy and imaging agents.
12.3.1 Polymers

A major challenge that needs to be overcome for MOFs to be used as drug delivery systems is

improvement of their colloidal stability [77, 80]. It is essential for nanoparticles used as drug

delivery systems to have a monodisperse size distribution and the colloidal dispersion of the

system needs to be stable over time. Attachment of polymers or macromolecules—both

endogenous and exogenous—to the surface of the MOFs helps to improve their colloidal

stability and additionally protects them from degradation [81–83]. Polymer attachment to the

surface of the drug carriers can also help to avoid burst release of the loaded cargo, improve the

biocompatibility and dispersity of the nanoparticles, and induce passive or active targeting

effects, making the drug delivery system more efficient and, in some cases, achieve stimuli-

responsive drug release.

One of the most common polymers used for postsynthetic modification of MOF nanoparticles

for these purposes is poly(ethylene glycol) (PEG) [12, 47, 84]. There are many properties

of PEG chains that make the tactic of using them to decorate nanomaterials very advantageous.

PEG-appended drugs have improved pharmacokinetic properties [75], they show prolonged

blood circulation times [85–87] and, therefore, have improved chances of reaching their

target. Moreover, the mass increase due to functionalization helps to avoid renal excretion

[88], and due to the drug/carrier being covered, its recognition by the immune system is delayed

[89, 90]. The use of PEG chains improves the colloidal stability of drug nanocarriers and

minimizes their aggregation [47, 88].

Given the abovementioned advantages of PEG as well as the fact that it is Food and Drug

Administration (FDA) approved [91], there is no surprise that it is widely used for the surface

functionalization of a variety of MOFs. Horcajada et al. [12] used PEG chains to surface-

functionalize the iron(III)-based porous nanoparticles, MIL-100(Fe) and MIL-88A(Fe) (MIL-

100(Fe) contains Fe3O(RCO2)6(OH2)2OH clusters connected by 1,3,5-benzenetricarboxylate

linkers). The postsynthetic surface functionalization was carried out with CH3O-PEG-NH2

chains that are coordinatively attached to the metal sites of the MOF from the amino

functionality. It was proven by in vivo experiments on Wistar female rats that the PEGyated

samples had slightly less accumulation in the liver and spleen when compared to their non-

PEGylated counterparts. Moreover, after establishing that the iron MOFs are promising

candidates for use as contrast agents due to their successful detection in vivo, they measured

their r2 relaxivities to assess potential applications in magnetic resonance imaging (MRI).
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It was found that the PEGylated materials yielded larger values than the bare ones, and this

was attributed to the PEG coating affecting the r2 values in two opposite ways; firstly,

increasing the size of the individual particles, and secondly, reducing their aggregation.

Having previously described the protocol for PEGylation of UiO-66 (see Section 12.2.1),

Forgan et al. [48] have subsequently applied their click chemistry route to surface functionalize

Zr-fum (a structural analog of UiO-66 linked by fumarate, also known as MOF-801)

nanoparticles, also with PEG chains. Again, the PEGylated samples demonstrated enhanced

stability against phosphate degradation (Fig. 12.8A) and improved colloidal stability

(Fig. 12.8B). Moreover, the internalization efficiency of the functionalized materials was tested

against HeLa and J774 macrophage cells. It was shown that the PEGylation process slightly

decreased the internalization efficacy against HeLa cells, but improved it in the case of J774.

The nanoparticles were loaded with the anticancer probe molecule dichloroacetic acid (DCA)

and it was observed that the PEGylated, drug-loaded nanoparticles had significantly higher

cytotoxicity levels, likely due to inducing enhanced caveolae-mediated endocytosis, proving

that MOF surface functionalization can improve their drug delivery capabilities. The same

group has also used this protocol to surface-functionalize UiO-66 nanoparticles with poly-L-

lactide and poly-N-isopropylacrylamide (PNIPAM) [92]. In both cases, the surface-

functionalized materials again exhibited enhanced stability and improved colloidal suspension,

while also enhancing the uptake of the nanoparticles from HeLa cells. It should be noted

that DCA-loaded surface-functionalized materials induced significant toxicity toward

macrophages and lymphocytes, healthy components of the immune system, highlighting the

need for careful choice of polymer coating when preparing MOFs for drug delivery.
Fig. 12.8
(A) Stability of bare and PEGylated Zr-fum samples, measured spectroscopically by release of

fumarate, in PBS 10� (pH 7.4). (B) Dynamic light scattering profiles of PEGylated and uncoated
Zr-fum nanoparticles in water. Modified from I. Abánades Lázaro, S. Haddad, J.M. Rodrigo-Muñoz,

R.J. Marshall, B. Sastre, V. del Pozo, D. Fairen-Jimenez, R.S. Forgan, ACS Appl. Mater. Interfaces 10 (2018)
31146–31157. Copyright (2018) American Chemical Society.



260 Chapter 12
Sada et al. [93] developed a controlled cargo release protocol by functionalizing UiO-66-NH2

(a structural analog of UiO-66 linked by 2-aminoterephthalate) with the thermoresponsive

polymer PNIPAM, in this case by amide coupling. PNIPAM is known to be soluble in water at

temperatures below 32°C, but it forms aggregates at higher temperatures. Sada et al. took

advantage of this property and suggested that UiO-66 coated with PNIPAM would retain its

loaded cargo at temperatures higher than 32°C, but release it at the lower temperatures where

PNIPAM uncoils. To achieve covalent surface functionalization, they performed amide

coupling between the amino group of the amino-terephthalate of UiO-66-NH2 and a terminal

NHS-ester functionality of the modified PNIPAM polymer (Fig. 12.9A).

Following the coupling, the surface-functionalized material was loaded with cargo; three

different guest molecules were tested, resorufin, caffeine, and procainamide, and the release of
Fig. 12.9
(A) Schematic illustration of the synthesis of UiO-66-NH2 nanoparticles and their postsynthetic
surface functionalization with PNIPAM through NHS-activated amide coupling. (B) Cargo release
profiles from surface-functionalized nanoparticles in high and low temperatures. (C) Step-wise cargo
release of resorufin from PNIPAM-functionalized UiO-66 representing the exceptional temperature
response of the material. Modified from S. Nagata, K. Kokado, K. Sada, Chem. Commun. 51 (2015)

8614–8617. Copyright (2015) Royal Society of Chemistry.
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the loaded molecules was studied at 25°C and at 40°C. It was observed that, at the lower

temperature, where PNIPAM is unfolded, the release of the guest molecules was almost

immediate with 80% of the cargo escaping within the first 24 h. When the analogous

experiment was carried out at 40°C, only about 20% of the loaded amount was released within a

week (Fig. 12.9B). Finally, Sada et al. performed step-wise release experiments where they

alternated the temperature from high to low and observed fast cargo release at low temperature

and immediate arrest of the release at high temperature, showcasing the excellent external

stimuli response and controlled cargo release of their material (Fig. 12.9C).

Wuttke et al. [94] took advantage of the mild conditions used in peptide synthesis for

amide bond formation, using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as a

coupling reagent, and applied this methodology to covalently attach two model polymers to the

outer surface of MIL-100(Fe) nanoparticles. The polymers chosen were an amino-terminated

PEG chain and Stp10-C, a bifunctional polymer having both an amino group to achieve

the attachment to the nanoparticles, via amide coupling with free carboxylates at terminal

linker sites, but also a thiol group for further functionalization with the florescent label Cy5

(Fig. 12.10). After successfully coupling the polymers to the outer surface of the

nanoparticles and proving that functionalization of the nanoparticles significantly improved

their colloidal stability, the biocompatibility and uptake of the fluorescent material were tested.

Fluorescence microscopy proved the internalization of the nanoparticles by murine

neuroblastoma N2A cells after as little as 7 h of treatment and significantly higher uptake

after 24 h of treatment was observed. MTT metabolic assays showed that the surface-

functionalized material was fully biocompatible up to 300 μgmL�1, having an almost identical

profile as the unfunctionalized material. To test the materials for potential use in MRI, both the

longitudinal and transverse relaxations were measured for the two polymer-functionalized

materials and for the unfunctionalized precursor. It was found that both MIL-100(Fe)-PEG and

MIL-100(Fe)-Stp10-C had lower r1 and r2 values than the unfunctionalized MIL-100(Fe) and

this was attributed to minimized water exchange due to the polymer coating. Despite this, the

relaxivity values were still high enough to achieve visualization by MRI.

Bellido et al. [81] covered MIL-100(Fe) nanoparticles with heparin, a naturally occurring

polymer known for its anticoagulant properties [95]. Through FT-IR studies, it was found that

the attachment of the biomolecule to the surface of the MOF was achieved by coordination of

the heparin sulfate groups to the iron sites (Fig. 12.11A). It was estimated that around 6500

heparin chains were surrounding each NP, which corresponds to 0.1 heparin chains per nm2. No

significant difference was observed in the Brunauer-Emmett-Teller (BET) surface areas of the

coated and noncoated materials, suggesting that the pores of the MOF are still accessible after

heparin coating and the biomolecule is attached only to the outer surface of the materials.

Caffeine was loaded to Hep-MIL-100(Fe), and as expected, its release both in water

(Fig. 12.11B) and in PBS pH 7.4 (Fig. 12.11C) was found to be slower in the case of the

heparin-coated material. The coated materials showed improved colloidal stability in both PBS
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spiked with albumin to simulate blood serum and in Roswell Park Memorial Institute (RPMI)

cell growth medium, proving that the surface functionalization improved the properties of the

nanoparticles. Finally, it was proven that the heparin coating confers significant stealth

properties to MIL-100(Fe) with slower uptake of the heparin-coated NPs into macrophage cells

in contrast to the faster uptake of the noncoated analogs. Also, the cellular response (cytokine

production) was found to be much less activated in the case of Hep-MIL-100(Fe) compared to

MIL-100(Fe), making the heparin-coated material a very promising candidate for a drug

delivery system as it has improved half-life that will prolong its circulation and also exhibits

properties that allows it to escape the immune system.

In a similar way, Forgan et al. [92] surface-functionalized zirconiumUiO-66 nanoparticles with

heparin chains. The postsynthetic modification managed to improve the colloidal stability and

aggregation levels of the material, but the stability of the material against phosphate

degradation (PBS, pH 7.4) was not significantly improved, perhaps suggestive of heparin

release over time. However, when the HeLa cell internalization efficiency of the materials was

tested, it was observed that cells took up significantly higher quantities than the bare UiO-66.

Finally, the cytotoxicity of UiO-66-Hep as well as DCA@UiO-66-Hepwas tested against HeLa

cells and it was found that both were very well-tolerated and did not cause any cytotoxic effect

for concentrations even as high as 1 mgmL�1.

Liu et al. [96] synthesized Hf-TCPP nanoMOFs (a MOF with formula Hf6(OH)4O4(TCPP)3
that has the structure of the Zr analog MOF-525) in an attempt to combine the advantageous
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properties of the porphyrin as a photosensitiser and the high X-ray attenuation of Hf, which

could make the MOFs promising candidates for use both in photodynamic therapy (PDT) and

radiotherapy (RT) (Fig. 12.12A). After the synthesis, the nanoMOFs were postsynthetically

surface-functionalized with poly(maleic anhydride-alt-1-tetradecene) chains that had been

grafted with PEG using 3-(dimethylamino)-1-propylamine poly(ethylene glycol) via

encapsulation of the MOF materials. MTT metabolic activity assays against three cell lines,
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HeLa cervical cancer, NIH3T3 mouse embryonic fibroblasts and 4T1 mouse breast carcinoma,

showed no cytotoxicity from both coated and noncoated MOFs toward the cells, while lactate

dehydrogenase (LDH) and reactive oxygen species (ROS) generation assays further indicated

that none of the materials, at any of the concentrations tested, caused any damage to the cells.

In vitro testing against the 4T1 mouse breast cancer cells showed that PEG-Hf-TCCP had

significantly better PDT performance compared to free TCCP, which was attributed to

improved singlet oxygen generation from the nanoMOFs under laser exposure. Radiotherapy

testing also showed that the PEGylated nanoMOFs could cause significant DNA damage under

X-ray irradiation compared to untreated control experiments. In vivo experiments on mice

bearing 4 T1 tumors showed that the PEGylated material had a half-life of approximately

3.27 h in blood circulation and, even though the bioaccumulation in the liver and spleen

was initially very high, rapid decrease indicated biodegradation and clearance of the material

out of the body (Fig. 12.12B), which was confirmed by concurrently tracking Hf levels in

the urine and feces. Evaluation of the efficiency of the material for combinatory RT and

PDT treatment was very promising, showing significant decreases in the size of tumors with
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either laser irradiation or X-ray irradiation after the intravenous administration of MOFs.

More importantly, when the tumor was treated both with X-rays and laser, the shrinkage

was significantly higher than in the separate cases (Fig. 12.12C and D).
12.3.2 Biomolecules

Another key strategy for postsynthetically modifying MOFs for use in biomedicine is

incorporation of biomolecules, in order to improve the biocompatibility of the materials and

also confer them with desirable biological properties such as active targeting. We have chosen

to include oligonucleotides within this section rather than with the polymers in Section 12.3.1,

as they are isolated as defined, monodisperse single molecule sequences.

Folic acid is commonly incorporated into MOFs postsynthetically, as many types of cancer

cells have overexpressed folate receptors on their cell membrane surface, and therefore, folic

acid-functionalized nanoMOFs are expected to exhibit targeting and enhanced permeability in

those cancer cells. Forgan et al. surface-functionalized both Zr-fum [48] and UiO-66 [92]

nanoparticles with folic acid by postsynthetic coordination of the carboxylic acid moieties

of the folic acid molecule to the zirconium sites of the MOFs. Functionalization did not alter

the crystallinity of the MOFs and, in both cases, improved the colloidal stability while

decreasing the aggregation levels of the materials. However, mixed results were obtained

regarding the stability of the surface-functionalized MOFs against phosphate deterioration.

In the case of UiO-66, the stability was indeed improved after surface functionalization

with folic acid against the nonfunctionalized material, but, in the case of Zr-fum, the folic

acid-functionalized nanoparticles degraded significantly faster than the nonfunctionalized

ones. The uptake of the materials by cervical cancer HeLa cells and by J774 macrophage

cells was studied with flow cytometry after synthesizing materials loaded with the fluorescent

probe calcein. In the case of HeLa cells, which overexpress the folate receptor, it was found

that folate coating increased the internalization by 58 � 5% compared to the uncoated analog,

but no significant difference was observed in uptake by J774 macrophage cells, suggestive of a

targeting effect. In the case of folate-coated UiO-66, only the internalization by HeLa cells was

studied, and it was again found to be higher than that of the nonfunctionalized material.

Subsequently, the cytotoxicity of Zr-fum-FA was tested against J774 macrophage cells and

peripheral blood lymphocytes; in both cases, the MOF nanoparticles were very well-tolerated

for concentrations up to 0.5 mgmL�1. The immune system response to Zr-fum and Zr-fum-FA

was also investigated. Specifically, both materials induced ROS production in J774 cells, with

the folate covered MOF inducing a less severe effect compared to the bare Zr-fum. Neither of

the materials activated the immune system, tested by C3 and C4 compliment cascade

activation, where both samples did not have any effect and their behavior matched untreated

control experiments.
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Li et al. [97] developed MOF-based nanoprobes for sensitive and selective DNA detection.

More specifically, they synthesized UiO-66-NH2 nanoparticles, then introduced

sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC), a

maleimide containing cross-linker, which covalently conjugated with the pendant amine

groups. The nanoparticles were loaded with the fluorescent dye fluorescein and, after that, by

taking advantage of the previously introduced cross-linker, the surface of the nanoparticles was

covered with thiolated hairpin DNA strands in order to prevent burst release of the cargo

(Fig. 12.13A). Dye release experiments showed minimal leakage, suggesting the effective

protection of the cargo from the surface DNA hairpins. When a complimentary DNA strand

target was introduced to the material, the hairpin surface oligonucleotides hybridized with it,

leading to disassociation from the surface of the MOF and therefore release of the loaded dye.

As such, the developed materials showed excellent sensitivity as DNA probes with detection

limits as low as 20 fM. To test multiple oligonucleotide strand detection, the probes

were loaded with three different fluorescent dyes and surface-functionalized with three

different sequences of single-strand DNA. Equal amounts of each probe were mixed together in
Fig. 12.13
(A) Schematic representation of the synthesis, cargo loading, and surface functionalization of UiO-
66-NH2 nanoparticles with hairpin DNA. Fluorescence spectra illustrating the selective DNA detection
from the MOF probes. Three MOF probes were mixed together and then exposed to different targets;
(B) T1 green (494/513 nm), (C) T2 blue (525/553 nm), and (D) T3 red (646/664 nm). Modified
from S. Wu, C. Li, H. Shi, Y. Huang, G. Li, Anal. Chem. 90 (2018) 9929–9935. Copyright (2018) American

Chemical Society.
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a suspension and experiments were carried out where only one target complimentary DNA

strand was introduced to the suspension at a time. The probes showcased outstanding selectivity

with only the corresponding dye being released each time (Fig. 12.13B), showing the very

promising properties of the probes for simultaneous multiplex sensing.

Zhao and Li [73] collaboratively developed a versatile, straightforward method for

postsynthetic modification of Zr MOFs with DNA strands. More specifically, they took

advantage of the high affinity of phosphates to Zr and postsynthetically attached

oligonucleotide single strands, through their phosphate groups, to unsaturated Zr centers of the

porphyrin-based Zr MOF PCN-224, which was chosen due to its good stability and

advantageous imaging properties [98]. The DNA strand attached to the MOFs (a 30-mer poly-

adenine sequence, A30) was labeled with Cy3 dye and this way the amount of the attached

DNA to theMOF nanoparticles was quantified and was found to be 9.7 mmol of DNA permg of

nanoparticles. Further experiments showed that the crystallinity, morphology, stability,

colloidal suspension, and aggregation of the nanoparticles did not change after the

functionalization.

In a similar mindset, L€achelt et al. [99] developed a method of postsynthetic surface

functionalization of MOFs via coordinative attachment of oligohistidine-tagged (His-tag)

molecules to the unsaturated metal sites of the frameworks. In order to prove its versatility,

they tested their protocol on three different MOFs, HKUST-1 (Hong Kong University of

Science and Technology, Cu2(RCO2)4 paddlewheels connecting 1,3,5-benzenetricarboxyate

linkers), MIL-88A, and Zr-fum, and used a variety of histidine-tagged polymers, peptides

and proteins. The stability of the Zr-fumHis-tag conjugates in suspension was investigated, and

while stable at pH 7.4, it was observed that acidification led to partial disassociation of

the functionalities, attributed to protonation of the histidine moieties. However, a His-tag-

Zr-fum suspension was stable in Dulbecco’s modified eagle cell culture medium (DMEM)

spiked with fetal bovine serum, establishing its advantageous properties for use under

biological conditions. By employing two different His-tagged fluorescent proteins, the

simultaneous binding of two different functionalities to theMOF nanoparticles was established,

showing the advantage of the protocol for multimodal surface functionalization of MOFs,

proving that simultaneous attachment of more than one functionality of interest (i.e. drug and

targeting or protective groups) is possible. The protocol was used to deliver pro-apoptotic

peptides into cells, dramatically enhancing their cell uptake and cytotoxicity.

Zhang et al. [100] took advantage of the selective binding of mercury(II) to thymine-thymine

(T-T) mismatched base pairs [101–103] and developed a hybrid system consisting of the

zirconium analog of UiO-66-NH2 and T-rich single-stranded fluorescence-labeled DNA as a

sensor for mercury(II). In the absence of mercury ions, the DNA probe binds to the MOF

nanoparticles through π-π stacking and hydrogen bonding, and the fluorescence is quenched

with an efficiency of 75% due to photoinduced energy transfer [104] (Fig. 12.14). When
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Fig. 12.14
Schematic illustration of the postsynthetic modification of UiO-66-NH2 with DNA and its proposed
Hg2+ detection mechanism.Modified from L.-L. Wu, Z. Wang, S.-N. Zhao, X. Meng, X.-Z. Song, J. Feng, S.-Y.

Song, H.-J. Zhang, Chem. Eur. J. 22 (2016) 477–480. Copyright (2016) John Wiley and Sons.
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mercury ions are present, however, they bind to the DNA probe due to their affinity to the T-T

pairs and the DNA probe fluoresces. The limit of detection of this sensing system was

calculated to be 17.6 nM, which is lower than the limit of Hg2+ in drinking water (30 nM)

set by the World Health Organisation (WHO), proving the sensors’ outstanding sensitivity.

In order to test the selectivity of the sensor system, the fluorescence levels were measured

against various other metal ions, where only Hg managed to give very enhanced fluorescence

signals with the rest of the ions giving minimal to no response.
12.3.3 Photodynamic therapy and imaging units

Due to its noninvasive nature and minimal collateral tissue damage, photodynamic

therapy (PDT) has gained interest in research for cancer treatment [72, 105, 106]. Under

irradiation of the appropriate wavelength photosensitisers (PS), the PDT active molecules

can transfer their excited state energy to nearby oxygen and form reactive oxygen species

(ROS) that irreversibly damage cancer cells [107, 108]. Even though PDT has many

advantageous properties for cancer therapy, such as precise treatment localization, there are

still limitations, and one of the main ones is that photosensitisers are usually large organic

molecules with poor aqueous selectivity and high levels of aggregation [109].

In order to overcome the poor bioavailability of PS molecules, the employment of MOFs

as nanocarriers has been investigated. Typically, PS molecules are anchored to the particle

surface to minimize the diffusion distance required for ROS to leave the MOF interior. As an

example, Dong’s group [110] suggested the surface functionalization of UiO-66 nanoparticles
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with S-ethylthiol ester monosubstituted metal-free porphyrin (TPP-SH) under mild

conditions, aiming to exploit the advantages of porphyrin-based PS, efficient singlet oxygen

production and broad absorption spectrum [111, 112], and overcome its limitations; the

high levels of aggregation, and poor tumor localization [109]. The postsynthetic functionalization

of UiO-66 with TPP-SH was based on the known property of S-ethylthiol binding metal

cations, including Zr4+, to form a five membered ring [113–115] (Fig. 12.15A). The binding
of the S-ethylthiol-substituted porphyrin to the Zr sites of the UiO-66 nanoparticles

was confirmed by XPS. The amount of porphyrin incorporated was calculated by UV-Vis

spectroscopy and was found to be 2.9% (w/w), while energy-dispersive X-ray spectra

showed uniform coverage of the surface from the porphyrin units. When the 1O2 generation

efficiency of UiO-66-TPP-SH was tested compared to free TPP-SH, the surface-functionalized

nanoparticles proved to be more efficient, and this was attributed to the different location of the

porphyrin on the nanoparticulate platform. UiO-66-TPP-SH proved to be very membrane-

penetrative for HeLa cells, as proven by fluorescent cell imaging. Finally, the cytotoxicity of

UiO-66-TPP-SH and free TPP-SH were evaluated before (Fig. 12.15B) and after (Fig. 12.15C)

light irradiation by MTT assays. Both compounds were not cytotoxic prior to irradiation for

any of the concentrations tested; however, after irradiation, UiO-66-TPP-SH proved to be

much more efficient at killing the cancer cells compared to free TPP-SH even at 5 μgmL�1

which was the lowest concentration tested. At the lowest concentration, UiO-66-TPP-SH

gave around 45% cell viability after irradiation where the free TPP-SH sample had a cell

viability of approximately 90%, proving the excellent phototoxicity properties of UiO-66-

TPP-SH for use in PDT.

Zheng et al. [116] suggested a different approach to utilize MOFs for PDT. They suggested that

epitaxial growth of porous organic polymers [117, 118] (POPs) on MOFs could prove useful at

improving their properties and facilitate their use in biomedicine. More specifically, they

employed solvent-assisted ligand exchange to incorporate NH2-BDC into already-synthesized

UiO-66 nanoparticles, before utilizing those NMOFs to synthesize photoactive porphyrin-POP-

MOF nanocomposites by growing the porphyrin POPs on the surface of the amino-

functionalized UiO-66. Polymerization of tetrakis(4-aminophenyl)-21H,23H-porphine and

terephthaldehyde in the presence of amino-functionalized UiO-66 yielded the POP-MOF

composites, and the crystallinity, porosity, and stability of the MOF were maintained after

hybridization with POPs. The POP-MOF nanocomposites proved very efficient at ROS

production, established both by UV-Vis spectroscopy with the use of ROS indicators, as

well as inside HeLa cells by confocal microscopy. The phototoxicity of the composites was

tested byMTTmetabolic activity assay against hepatocellular carcinoma (HepG2) and cervical

cancer (HeLa) cells. In both cases, no cytotoxicity is present prior to irradiation, but after

irradiation for times as low as 5 min, the POP-MOF composites show exceptional toxicity,

with cell viability values reaching 50% after 5 min of irradiation and going as low as 20%

after 15 min for the HepG2 cells. In the case of HeLa cells, the effect is even more prominent

with cell viability being 30% after 5 min of irradiation and reaching a low of 10% after 15 min



Fig. 12.15
(A) Schematic representation of the synthesis of UiO-66-TPP-SH and its proposed mechanism for 1O2 generation. Cell viability after the
various treatments (B) before and (C) after laser irradiation (100 mWcm�2, 10 min). Modified from J.-L. Kan, Y. Jiang, A. Xue, Y.-H. Yu, Q.

Wang, Y. Zhou, Y.-B. Dong, Inorg. Chem. 57 (2018) 5420–5428. Copyright (2018) American Chemical Society.
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irradiation. The above results were also confirmed by flow cytometry, establishing the

efficiency of POP-MOF nanocomposites for use in PDT.

Xie et al. [119] surface-functionalized UiO-66 nanoparticles with carboxyl-functionalized

I2-BODIPY (3-(20,60-diiodo-10,30,50,70-tetramethyl-40,40-difluoro-40-bora-30a,
40a-diaza-sindacen-80-yl) propanoic acid) using solvent-assisted ligand exchange in order to

maintain the UiO-66 crystallinity and topology [57, 120] (Fig. 12.16A). Indeed,

characterization of the functionalized materials showed that their crystallinity was intact and

BODIPY incorporation was calculated to be approximately 30% (w/w) by 1H NMR

spectroscopy. The cell uptake of the functionalized nanoparticles was observed with confocal

microscopy and flow cytometry experiments, where it was seen that both the BODIPY-

functionalized UiO-66 NPs and free BODIPY were able to cross the cell membrane and be

internalized from B16F10 mouse melanoma cells, but with the nanoparticles being more

efficient and yielding higher fluorescence values than the free BODIPY. When the singlet

oxygen production abilities of UiO-66-BODIPY and free BODIPY were tested, the results

showed that the free BODIPY was more efficient than UiO-66-BODIPY; the reduced activity

was attributed to the heterogenous nature of theMOFNPs. Subsequently, the cytotoxicity of the

functionalized UiO-66 and free BODIPY before and after irradiation was tested with MTT

assays. Both materials did not show any significant cytotoxicity prior irradiation; however,

after irradiation, they both proved very efficient at killing the cells, with the viability decreasing

to less than 20% for the highest concentration tested (6.25 μg mL�1).

Following this work, Xie and co-workers tested the potential of their UiO-66-BODIPY

nanoparticles as agents for computed tomography(CT) [121]. The Hounsfield Unit (HU)

maximum of UiO-66-BODIPY is 236 HU, meaning that the samples are visible under CT.

Firstly, the biocompatibility of UiO-66-BODIPY was tested in vivo on healthy Kunming male

mice, by monitoring the body weight of tested mice after administration of UiO-66-BODIPY

as well as examining histological images of the heart, liver, spleen, lung, and kidneys.

No difference compared to the control was observed in any of the cases, even at the

highest administrated dose of 100 mgkg�1. The efficiency of UiO-66-BODIPY as an imaging

agent was tested in vivo in mice with orthotopic hepatoma tumors (Fig. 12.16B). At 24 h

after administration, the CT value reaches its maximum of 200 HU and there is clear distinction

between tumor and healthy tissue (Fig. 12.16C and D). The tumor signal remains at very

high levels for another 12 h and after that it gradually reduces due to natural metabolism

until it vanishes 72 h after administration (Fig. 12.16E). The significant accumulation of

UiO-66-BODIPY in the tumor for several hours makes it a promising candidate for use in

computed tomography.
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(A) Schematic representation of the UiO-PDT synthesis. CT images in vivo of rats after treatment with
UiO-PDT nanoparticles (0.1 mgg�1 body weight); (B) images for the ventral sides, (C) images for the
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(red circles). (E) Change of the HU values for the UiO-66-PDT nanoparticles over the time course of
72 h after injection. Modified from T. Zhang, L. Wang, C. Ma, W. Wang, J. Ding, S. Liu, X. Zhang, Z. Xie, J.

Mater. Chem. B 5 (2017) 2330–2336. Copyright (2017) Royal Society of Chemistry.
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12.4 Conclusions

In general, postsynthetic modification of metal-organic frameworks is a very powerful method

to improve the properties of MOFs. A large number of general protocols now exist to

incorporate new functionality or change physical properties of already-synthesized MOFs, and

this chapter has provided pertinent examples for a number of these approaches in the context of

nanomedicine. In general, the drive to prepare highly functionalized nanoparticles has meant

that a majority of these approaches are now being applied toward selective surface

functionalization of MOFs, as opposed to the bulk functionalization that is common for

applications such as gas storage.

The various different approaches of PSM compose a useful toolkit for scientists in order to

(i) maintain and complement the already promising attributes of MOFs that have made them

highly desirable for biomedical applications (nanoparticle size, monodispersity, crystallinity,

thermal stability, high cargo loading), (ii) improve or mask the nondesirable ones (poor

colloidal stability, aggregation, stability under biological conditions), but also (iii) attribute

new ones (targeting, controlled cargo release, imaging, and photodynamic agents) in an effort

to synthesize a new set of improved materials that can prove to be useful in a wide variety of

biomedical applications from controlled and targeted drug delivery to imaging and

photodynamic therapy.
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[48] I. Abánades Lázaro, S. Haddad, J.M. Rodrigo-Muñoz, R.J. Marshall, B. Sastre, V. del Pozo, D. Fairen-

Jimenez, R.S. Forgan, ACS Appl. Mater. Interfaces 10 (2018) 31146–31157.
[49] W. Morris, C.J. Doonan, H. Furukawa, R. Banerjee, O.M. Yaghi, J. Am. Chem. Soc. 130 (2008)

12626–12627.
[50] A.D. Burrows, C.G. Frost, M.F. Mahon, C. Richardson, Angew. Chem. Int. Ed. 47 (2008) 8482–8486.
[51] J.S. Seo, D. Whang, H. Lee, S.I. Jun, J. Oh, Y.J. Jeon, K. Kim, Nature 404 (2000) 982.

[52] S.S. Chui, S.M. Lo, J.P. Charmant, A.G. Orpen, I.D. Williams, Science 283 (1999) 1148–1150.
[53] H. Li, M. Eddaoudi, T.L. Groy, O.M. Yaghi, J. Am. Chem. Soc. 120 (1998) 8571–8572.
[54] S. Ma, H.-C. Zhou, J. Am. Chem. Soc. 128 (2006) 11734–11735.
[55] M. Dincǎ, A. Dailly, Y. Liu, C.M. Brown, D.A. Neumann, J.R. Long, J. Am. Chem. Soc. 128 (2006)

16876–16883.
[56] M. Kim, J.F. Cahill, H. Fei, K.A. Prather, S.M. Cohen, J. Am. Chem. Soc. 134 (2012) 18082–18088.

http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0090
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0090
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0095
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0100
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0105
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0110
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0110
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0115
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0120
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0125
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0130
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0135
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0140
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0140
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0145
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0150
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0150
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0155
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0160
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0165
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0170
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0175
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0180
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0185
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0185
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0190
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0195
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0200
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0205
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0210
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0215
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0220
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0225
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0230
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0230
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0235
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0240
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0240
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0245
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0245
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0250
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0250
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0255
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0260
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0265
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0270
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0275
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0280
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0280
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0280
http://refhub.elsevier.com/B978-0-12-816984-1.00014-7/rf0285


Postsynthetic modification of MOFs for biomedical applications 275
[57] O. Karagiaridi, M.B. Lalonde, W. Bury, A.A. Sarjeant, O.K. Farha, J.T. Hupp, J. Am. Chem. Soc. 134 (2012)

18790–18796.
[59] S. Takaishi, E.J. DeMarco, M.J. Pellin, O.K. Farha, J.T. Hupp, Chem. Sci. 4 (2013) 1509–1513.
[59] S. Jeong, D. Kim, X. Song, M. Choi, N. Park, M.S. Lah, Chem. Mater. 25 (2013) 1047–1054.
[60] O. Karagiaridi, W. Bury, A.A. Sarjeant, C.L. Stern, O.K. Farha, J.T. Hupp, Chem. Sci. 3 (2012)

3256–3260.
[61] H.G.T. Nguyen, M.H. Weston, O.K. Farha, J.T. Hupp, S.T. Nguyen, CrystEngComm 14 (2012) 4115–4118.
[62] S. Proch, J. Herrmannsd€orfer, R. Kempe, C. Kern, A. Jess, L. Seyfarth, J. Senker, Chem. Eur. J. 14 (2008)

8204–8212.
[63] K.L. Mulfort, J.T. Hupp, Inorg. Chem. 47 (2008) 7936–7938.
[64] K.L. Mulfort, J.T. Hupp, J. Am. Chem. Soc. 129 (2007) 9604–9605.
[65] D. Sun, S. Ma, Y. Ke, D.J. Collins, H.-C. Zhou, J. Am. Chem. Soc. 128 (2006) 3896–3897.
[66] S. Wang, C.M. McGuirk, M.B. Ross, S. Wang, P. Chen, H. Xing, Y. Liu, C.A. Mirkin, J. Am. Chem. Soc.

139 (2017) 9827–9830.
[67] B. Illes, P. Hirschle, S. Barnert, V. Cauda, S. Wuttke, H. Engelke, Chem. Mater. 29 (2017) 8042–8046.
[68] C. Bang, T. Thum, Int. J. Biochem. Cell Biol. 44 (2012) 2060–2064.
[69] A.-K. Ludwig, B. Giebel, Int. J. Biochem. Cell Biol. 44 (2012) 11–15.
[70] J.W. Lee, R.L. Juliano, Mol. Biol. Cell 11 (2000) 1973–1987.
[71] B. Tan, H. Zhao, W. Wu, X. Liu, Y. Zhang, X. Quan, Nanoscale 9 (2017) 18699–18710.
[72] Z. Tian, X. Yao, K.Ma, X. Niu, J. Grothe, Q. Xu, L. Liu, S. Kaskel, Y. Zhu, ACSOmega 2 (2017) 1249–1258.
[73] W. Ning, Z. Di, Y. Yu, P. Zeng, C. Di, D. Chen, X. Kong, G. Nie, Y. Zhao, L. Li, Small 14 (2018) e1703812.

[74] J.H. Lee, M.V. Yigit, D. Mazumdar, Y. Lu, Adv. Drug Deliv. Rev. 62 (2010) 592–605.
[75] S. Soundararajan, W. Chen, E.K. Spicer, N. Courtenay-Luck, D.J. Fernandes, Cancer Res. 68 (2008)

2358–2365.
[76] D.M. Klinman, Nat. Rev. Immunol. 4 (2004) 249–258.
[77] C. Orellana-Tavra, R.J. Marshall, E.F. Baxter, I.A. Lázaro, A. Tao, A.K. Cheetham, R.S. Forgan, D. Fairen-

Jimenez, J. Mater. Chem. B 4 (2016) 7697–7707.
[78] C. Orellana-Tavra, E.F. Baxter, T. Tian, T.D. Bennett, N.K.H. Slater, A.K. Cheetham, D. Fairen-Jimenez,

Chem. Commun. 51 (2015) 13878–13881.
[79] M.H. Teplensky, M. Fantham, P. Li, T.C. Wang, J.P. Mehta, L.J. Young, P.Z. Moghadam, J.T. Hupp,

O.K. Farha, C.F. Kaminski, D. Fairen-Jimenez, J. Am. Chem. Soc. 139 (2017) 7522–7532.
[80] C. Orellana-Tavra, S. Haddad, R.J. Marshall, I. Abánades Lázaro, G. Boix, I. Imaz, D. Maspoch, R.

S. Forgan, D. Fairen-Jimenez, ACS Appl. Mater. Interfaces 9 (2017) 35516–35525.
[81] E. Bellido, T. Hidalgo, M.V. Lozano, M. Guillevic, R. Simon-Vazquez, M.J. Santander-Ortega, A. Gonzalez-

Fernandez, C. Serre, M.J. Alonso, P. Horcajada, Adv. Healthc. Mater. 4 (2015) 1246–1257.
[82] S. Sene, M.T. Marcos-Almaraz, N. Menguy, J. Scola, J. Volatron, R. Rouland, J.-M. Grenèche, S. Miraux,

C. Menet, N. Guillou, F. Gazeau, C. Serre, P. Horcajada, N. Steunou, Chem 3 (2017) 303–322.
[83] E. Bellido, M. Guillevic, T. Hidalgo, M.J. Santander-Ortega, C. Serre, P. Horcajada, Langmuir 30 (2014)

5911–5920.
[84] Z. Shi, X. Chen, L. Zhang, S. Ding, X. Wang, Q. Lei, W. Fang, Biomater. Sci. 6 (2018) 2582–2590.
[85] R. Gref, Y. Minamitake, M.T. Peracchia, V. Trubetskoy, V. Torchilin, R. Langer, Science 263 (1994)

1600–1603.
[86] A. Abuchowski, T. van Es, N.C. Palczuk, F.F. Davis, J. Biol. Chem. 252 (1977) 3578–3581.
[87] A. Abuchowski, J.R. McCoy, N.C. Palczuk, T. van Es, F.F. Davis, J. Biol. Chem. 252 (1977) 3582–3586.
[88] K. Knop, R. Hoogenboom, D. Fischer, U.S. Schubert, Angew. Chem. Int. Ed. 49 (2010) 6288–6308.
[89] D.D. Lasic, D. Needham, Chem. Rev. 95 (1995) 2601–2628.
[90] V.P. Torchilin, Nat. Rev. Drug Discov. 4 (2005) 145–160.
[91] J.M. Harris, J. Macromol. Sci. Part C 25 (1985) 325–373.
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13.1 Introduction

Metal organic frameworks (MOFs) are a new class of hybrid material where organic molecule

binds up with inorganic molecule (generally high nuclearity metal clusters or transition

metal ions) through coordinate linkage and formed framework or cage-like structure. So, the

MOFs are one type of coordinate polymers (CPs). Periodic arrangement of metal and

organic linkers offers the high crystallinity of MOFs, which allow to differentiate from

noncrystalline CPs. Depending on crystalline morphology and synthetic strategies, MOFs are

generally divided as crystalline, amorphous, luminescent, nano-, and bio-MOFs [1]. In

crystallineMOFs, the linkers are arranged in infinitely regular way to form highly ordered solid

porous framework. In amorphous MOFs, the basic building block as in crystalline is retained,

but the infinite arrangement is not observed. The luminescent MOFs give an emission light

when excited at a particular wavelength due to presence of luminescent organic ligand or

metal ion. The nanosized or nanoparticulate structure MOFs are called nano-MOFs (NMOFs).

In bio-MOFs, the biomolecules are incorporated by trapping into the porous cavities of MOFs

or by incorporating during the synthesis of MOFs. Simultaneously, the bio-MOFs are

synthesized by using biomolecules as linkers and bioactive metal as inorganic counterpart.

All these MOFs have unique characteristic features like microporosity and can be easily

functionalized by surface modification or properly choosing the organic ligand. Surface

modification using polymer or peptide can also provide the functionalization of MOFs. Due to

all these properties, MOFs have attracted much more attention in various fields like gas or

fuel storage, heterogeneous catalysis, sensing andmolecular separation, etc. [2–6]. Due to small

size with high surface area and facile synthetic procedure, NMOFs have drawn much more

attention in biomedical field like drug delivery, biosensors, cancer treatment, biogas storage,

enzyme immobilization, bio-imaging and magnetic resonance imaging (MRI), etc. [7–12].
Stability of NMOFs in various solvents including water and also over a wide range of

temperature is a significant feature for biomedical application.

https://doi.org/10.1016/B978-0-12-816984-1.00015-9


278 Chapter 13
Microporous NMOFs can be used as a biomimetic mineralization for the coating of cells and

viruses. The tunable pore size of NMOFs builds up a selective barrier to allow the passing

of biologically relevant substrate toward cell or virus [9]. Very high surface area with

effective pore size and pore volume of NMOFs provides effective enzyme or drug

encapsulation [12,13]. Generally, NMOFs are massively used in drug delivery because of its

high drug loading with controllable release efficiency, adequate colloidal stability, and also

the degradation rate. The NMOFs can be efficiently internalized into the cell due to their

small size. Most importantly, NMOFs possess major criteria, biocompatibility and nontoxicity,

for biomedical application. Magnetic resonance imaging (MRI) is an enormous 3D imaging

method and generally used in clinic for noninvasive imaging to detect tumor or to assess

chemotherapy response [11]. The NMOFs formed by or composited with MRI contrast agent

like paramagnetic Gadolinium (Gd3+) or superparamagnetic Fe2+ or Fe3+ oxides or sometime

Mn2+ are generally used in clinical field for medical theragnostic study.

So, after synthetization, the NMOFs should be properly characterized to be used in biomedical

field. As the NMOFs have several unique characteristics properties, there are also numerous

techniques for analysis of these features. This chapter is discussing about almost all these

characterization techniques which are generally used to detect the properties of NMOFs.
13.2 Characterizations

MOFs are regularly arranged coordinated polymer like highly notorious with unique

characteristics compound. In recent days, all these unique properties are properly characterized

by using several modern advanced techniques. Some of these techniques which are mostly

crucial are explained in this following chapter.
13.2.1 Structural characterization

The MOF is formed by regular arrangement of organic linkers and inorganic metal ions.

So, several types of plane or crystalline structural arrangement can be possible, which are

investigated by X-ray diffraction method (XRD). As both the organic and inorganic types of

molecules are present in the MOFs, atomic composition is studied by energy dispersive X-ray

(EDX) analysis. The functionality after MOF formation is investigated by several procedure

like Fourier-transform infrared spectroscopy (FTIR) analysis, nuclear magnetic resonance

(NMR) spectroscopy, X-ray photoelectron spectroscopy (XPS), etc. These techniques are

discussed with some explanation in the following section.
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13.2.1.1 Phase purity and structure modeling

MOFs are formed by regular attachment of metal and organic linkers. So, the MOFs have a

particular crystalline arrangement. This crystallinity can be studied using XRD method.

Generally, two types of XRD analyses can be performed depending on sample condition. First

one is single crystal XRD (SC-XRD), which is a nondestructive analytical technique and

provides the detailed information about the crystal including bond length, bond angle, cell

dimension, etc. For SC-XRD, sample size should be in the range 30–300 μm with crystal size

150–250 μm. Another one is powder X-ray diffraction (PXRD) where powder sample is used to

study the crystallographic analysis. Generally, nano materials which have size <200 nm are

used for biomedical application. So, SC-XRD analysis is not feasible for nano-MOFs analysis.

So, phase purity and crystalline structure are determined by using PXRD method.

In PXRD, a diffraction pattern is obtained due to interaction of the incident X-ray beam and

powder sample. The X-rays are produced in a cathode tube where electron is produced by

heating the filament, and then accelerated toward target material by applying voltage, to

bombard the target material with electron. When the electron has sufficient energy to dislodge

an inner electron of the target material, the X-rays are produced from the target material.

The X-rays are collimated and directed toward the powder sample, after filtering with crystal

monochromators to produce monochromatic X-rays. The instrumentation of PXRD is present

in Fig. 13.1. Cu is the most common used target material and Kα radiation of wavelength
Fig. 13.1
Schematic instrumentation of PXRD technique.
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1.5418 Å is used to bombard the powder sample. The intensity of reflected X-rays is recorded

into the rotated detector.

Constructive interference is produced from the reflected X-rays when the condition satisfied

the Bragg’s law. This law correlates the wavelength of incident X-rays (λ), the incident angle
of the X-ray beam (θ), and the spacing between the plane of crystal lattice (d). The Bragg’s

equation is

nλ¼ 2d sinθ

Where n is an integer (1, 2, 3,…). So, constructive interference occurs when the path length of
the incident X-rays is equal to the integer multiple of the wavelength of the X-ray beam.

The diffraction pattern produced from XRD analysis gives sharp, well-defined, narrow, and

significant peak for crystalline compound. However, for amorphous compound, the

diffraction pattern consists of noise signal with messy peak or with some sort order of bumps.

The PXRD can be used to measure the crystallinity of the compounds by comparing

the integrated intensity of sharp peak and background noise. Till now different methods are

reported to calculate the crystallinity and crystallinity index.

Crystal structure can be determined by using this powder X-ray diffraction [14–17]. But,
sometimes it becomes difficult in case of PXRD due to overlapping of the reflection beam

generated from the powder sample. A number of methods like simulated annealing and charge

flipping are developed for structural determination of the crystal compound. Unknown

structure of powder sample can be determined by using Rietveld refinement method. It is full

pattern analysis technique. Structure modeling can also be performed from PXRD diffraction

pattern using various softwares like TOPAS Program or material studio software.

Fujii et al. developed the structure elucidation from the PXRD pattern of mixed ligand metal

organic framework. For determination of the structure of the MOF, GSAS program is used

to perform the Rietveld refinement on the PXRD diffractogram using a reference sample as

shown in Fig. 13.2C. The final refinement is used to predict the crystal structure of the mixed

ligand MOFs shown in Fig. 13.2A and B [18].

Yakovenko et al. constructed a method for structure envelope (SE) of a MOF from the PXRD

pattern. To envelope the structure, the intensities of reflection intensities are used in

SUPERFLIP software, from where charge-flipping (CF) structure can also be resolved, shown

in Fig. 13.3 [19].

Yakovenko et al. then developed a new method, difference envelope density (DED) analysis,

to study the guest molecule into the MOFs. From the PXRD data, this DED analysis provides

many information about guest molecule inside the MOF like solvent location, activation

process, gas loading, etc. So, using this analysis, structure determination can be performed

for MOF with any guest molecule using PXRD pattern, shown in Fig. 13.4 [20].



Fig. 13.2
Crystal structure ofMOF (A) along C-axis (B) along b-axis; (C) Rietveld refinement of PXRD diffraction

pattern for the MOF. Reproduced from K. Fujii, A.L. Garay, J. Hill, E. Sbircea, Z. Pan, M. Xu, D.C.
Apperley, S.L. James, K.D.M. Harris, Direct structure elucidation by powder X-ray diffraction of a metal–organic
framework material prepared by solvent-free grinding, Chem. Commun. 46 (2010) 7572–7574, with permission

from The Royal Society of Chemistry, Copyright 2019.

Fig. 13.3
Diagram illustrating the algorithm for structure envelope (left side) and charge flipping (right side).
Reproduced from A.A. Yakovenko, J.H. Reibenspies, N. Bhuvanesh, H.-C. Zhou, Generation and applications of

structure envelopes for porous metal–organic frameworks, J. Appl. Crystallogr. 46 (2013) 346–353, with
permission from IUCr, Copyright 2019.
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13.2.1.2 Elemental and functionality analysis

MOFs are synthesized bymixing a metal salt and one or more type of organic linker in a solvent

or without solvent by grinding procedure. So, after the formation ofMOFs, the elements present

in the MOFs are analyzed using energy dispersive X-ray (EDX) analysis.

In this analysis, at first an electron beam hits the sample and transfers energy to an atom of the

sample. Using this energy, an electron of the atom “jumps” to a higher energy level or is

“knocked out” from the sample leaving behind a hole. In second step, negatively charged



Fig. 13.4
(A) Final Pawley whole pattern decomposition plot of HKUST-1, (B) its observed structure envelope
based on ρobs, (C) its calculated structure envelope based on ρcalc, and (D) its difference envelope
density ρΔ overlapped with its structural model. Reproduced from A.A. Yakovenko, Z. Wei, M. Wriedt, J.-R.
Li, G.J. Halder, H.-C. Zhou, Study of guest molecules in metal–organic frameworks by powder X-ray diffraction:
analysis of difference envelope density, Cryst. Growth Des. 14 (2014) 5397–5407, with permission from The

American Chemical Society, Copyright 2019.
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electron from higher energy level fills the positively charged hole of lower energy. The energy

difference of this transition is released as X-rays whose characteristic energy depends only

upon the atomic number of an element and is captured by a detector for EDX analysis. So, this

analysis is the fingerprint to identify elements (generally atomic number>5) or atom present in

the MOFs. So, after the synthesis, the composition of NMOFs is investigated using EDX

analysis. But, for organic linkers, only the element present can be studied using this

analysis. The functionality of the organic linkers is studied using FTIR, NMR, Raman, and XPS

studied.

Ray Chowdhuri et al. synthesized multifunctional upconversion NMOFs for targeted

antitumoral drug delivery application and have used EDX analysis to prove proper elemental

composition in the targeted particle. The EDX spectrum of only upconversion nanoparticles

(UCNP), only UIO-66-NH2 MOFs, are compared with the targeted MOFs for confirmation of

successful synthetization and elemental composition of the designed UCNP-embedded

NMOFs [21].
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Fourier-transform infrared spectroscopy (FTIR) analysis is performed to analysis the functional

group present in the compound. So, the FTIR analysis is used to identify the functionality of the

MOFs, as well as it performed to recognize the presence and binding status of guest molecules

like drug, enzyme, etc. into the MOFs.

FTIR analysis can be performed by two modes, one attenuated total reflection (ATR) mode and

another is diffuse reflectance (DRIFTS) mode. ATR mode is generally performed for strongly

adsorbing or thick sample or for liquid sample. The solid or liquid sample is directly used to

measure the reflected IR beam from which the detector records and produces the IR spectrum.

DRIFTS mode can be used for both organic and inorganic solid materials which can be ground

as fine powder and mixed with ground KBr to form a pallet. The detectors record the

transmitted IR beamwhich scattered from the pallet and produced IR spectrum by following the

Fourier-transform equation. These IR spectra are used to analysis the functional group present

in the MOFs or biomolecule-embedded NMOFs.

As a preliminary proof for proper synthesize and conjugation, FTIR spectroscopy is used in all

research works. For example, magnetic-IRMOF-3 is synthesized and targeted by conjugating

with folic acid (FA) for targeted anticancer drug delivery [22]. FTIR is used here for

confirmation of proper synthesize and conjugation. In general, carbonyl group in the range

1800–1500 cm�1, amine group in the range 3600–3300 cm�1, and metal oxygen linkage in the

range 600–400 cm�1 are used to detect from FTIR analysis MOFs applied in the

biomedical field.

Nuclear magnetic resonance (NMR) spectroscopy is also used for further confirmation of the

status of organic linkers and the presence of guest molecule.13C NMR spectra for Organic

linkers, drug or enzyme, can be performed in solution phase as they are soluble in D6-DMSO or

CDCl3. As the MOFs are not soluble in any organic solvent, solid-state NMR spectroscopy is

performed for MOFs and guest molecule like drug- or enzyme-loaded MOFs.

NMR is a physical phenomenon in which nuclei of the compound are perturbed by weak

oscillating magnetic field in a strong static magnetic field and produced an electromagnetic

signal which has characteristic frequency depending on individual compound. So, these spectra

give the detailed information about the structure of the material. So, the solid-state NMR

spectroscopy allows to study the structural formulation of NMOFs as well as performs to

identify any guest molecule like protein, drug, etc. present in the MOFs. A broadened line

spectrum is resulted for NMOFs from the solid-state 13C NMR spectrophotometer, whereas for

organic compound dissolved in NMR solvent, a single peak type spectrum is observed in liquid-

state 13C NMR. This line broadening is obtained due to different types of interaction, clearly

described by Br€uckner et al. [23].

X-ray photoelectron spectroscopy (XPS) is also used to properly analyze empirical formula or

chemical state of MOFs and also to study the electronic state of the metal ion. Generally,
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transition metal ions are used to synthesize a MOF and the transition metal ion has several

numbers of electronic states. So, XPS is an obligatory characterization technique to find the

proper ionic state of the metal ion.

XPS is a surface characterization technique where soft X-ray source (AlKα or MgKα) is used to
ionize the electron from surface of the solid sample. When a sample is bombarded by sufficient

energy X-ray, the inner shell electron transfers to an excited state or ejects from the atom. In

XPS, sufficient energy X-ray is used for breaking the photoelectron away from the nuclear

attraction force from the element. Some of these photo-ejected electrons are scattered

inelastically, while others undergo prompt emission from the solid surface to the vacuum.

These ejected electrons are collected by an electron analyzer and measure the kinetic energy to

produce an energy spectrum of intensity of ejected electron versus binding energy of the

electron. XPS can detect all the elements with an atomic number greater than three by

measuring the binding energy of the electron. Hydrogen and helium are possible to detect from

XPS. From the area calculation under a peak, the element percentage in a sample can also be

obtained from the XPS spectra. By further studying one peak deconvolution, all the possible

bonds correspond to that element present in a sample can also be identified.

Ke et al. had studied the XPS spectrum of fumarate (Fu)-MOFs to analysis the ionization state

of the metal ion and also to confirm the selective fluoride ion removal by MOFs [24]. The XPS

spectrum of Zr-MOF confirms the presence of C, O, and Zr element present in the MOF. The

high-resolution spectrum of Zr3d confirms the Zr(IV) is present in the MOF-801. They also

study the XPS spectrum of CaFu MOFs and confirm the presence of Ca(II) ion in the MOFs.

The CaFu MOFs are used to selectively remove fluoride ion. It is also approved from XPS

spectrum of before and after treatment of fluoride ion.

13.2.2 Surface characterization

Characterization of surface property for NMOFs can be possible by several techniques. The

surface morphology of the particles is studied by using scanning electron microscope (SEM) or

field emission scanning electron microscope (FESEM) analysis. The detailed inner structure

can be visualized by transmission electron microscopy (TEM) analysis. The hydrodynamic

particle size and the surface charge of the particles can be investigated by dynamic light

scattering (DLS) technique and zeta potential analysis, respectively. Surface area and pore size

distribution of NMOFs are studied by Brunauer-Emmett-Teller (BET) analysis. All these

techniques are explained in the following section.

13.2.2.1 Surface morphology analysis

Investigation of surface morphology of MOFs is required for confirmation of successful

synthetization of MOFs or effect of any target molecule, drug, or enzyme on the material. SEM

and FESEM imaging are used to study the morphology of the particle. Principle for both these
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analyses is the use of focused electron beam to produce high magnification of surface

tropology, which perform visual analysis of surface morphology. In SEM, the electron beam

generated by thermionic process, i.e., from heated tungsten filament, has lower energy. So,

SEM could not give the clear image for nanoscale materials. But for biomedical application, the

used material or MOF should have size in the range 200–50 nm as the pore size of shell is in

nano range. So, FESEM imaging is used for morphology study of NMOFs in biomedical

application. FESEM is field emission scanning electron microscope where a thin sharp needle

shape tungsten is used to generate the electron beam by electro magnetization. The produced

beam has sharp high electron density and produced high-resolution image for the particle. Dried

samples are used for FESEM imaging after making the conducting surface by thin layer coating

of gold or platinum under high vacuum. The overall microscope, used in FESEM, is kept under

high vacuum. The surface of object is scanned by electron in zig-zag pattern. The secondary

electron beam generated from the surface of the scanned object is caught by detector and

transformed into digital image which is seen on the screen of monitor.

Generally, MOFs have a particular morphology which depends on the metal ion, organic

ligand, and/or solvent used in synthesis. By changing any of these precursors, the morphology

can be changed. FESEM analysis can be visualized by any change of the surface morphology of

NMOFs. For example, ZIF-8 synthesized in dry methanol have almost spherical morphology

[25]. But when folic acid (FA) dissolved in DMF is added during synthesis, the morphology

changed to cubic structure. This change in structure may be due to the presence of different

solvents or presence of different organic ligands. Again, when vancomycin (VAN) and FA both

are mixed during the synthesis of ZIF-8, slightly distorted cubic structure is observed. This

distortion may also occur due to the presence of VAN.

TEM or HRTEM analysis is another imaging technique to clearly study the crystalline structure

of NMOFs and study the presence of any guest nanoparticle into the NMOFs. Principle of TEM

is same as SEM or FESEM; here, the only difference is scattered electron beam which passes

through the thin section of material and is used in detector to create an interference image.

HRTEM provides high-resolution image than TEM. In TEM instrument, only the scattered

electron beam is used in detector, whereas both transmitted and scattered electron beams are

used in the detector for HRTEM analysis. Wiktor et al. have reviewed and described the

importance of the TEM analysis for characterization like crystal structure determination of

NMOFs [26].

Selected area electron diffraction (SAED) pattern can be achieved in HRTEM instrument to

study the crystallography analysis. SAED pattern for amorphous and crystalline powder is

different. Simple diffuse rings are obtained for amorphous material, whereas for crystalline

compound ring is formed by using bright spot which is arisen due to Bragg reflection from

individual crystal lattice. NMOFs are generally crystalline compound in which characteristic

planes exist to produce bright ring spot in SAED pattern.
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Lattice fringe analysis can also be performed in HRTEM instrument. It is nothing but a periodic

fringe calculated which formed two waves; a transmitted wave exiting from a crystal and a

diffracted wave from one lattice plane of the crystal. The spacing of fringe depends upon only

the lattice plane which is unique for a crystal lattice. So, the lattice fringe can be used as

fingerprint analysis to identify the nanocrystal.

Xu et al. synthesized magnetic Ni-nanoparticles (NP) from the Ni-MOF by in situ hot stage in

TEM by continuous enhancement of temperature up to 700°C [27]. They have detected the

formation of Ni-NPs by following the TEM image and SAED pattern of the initial Ni-MOFs at

every 100°C of rising temperature. At 400°C, Ni-NPs are formed from the Ni-MOFs, confirmed

by SAED pattern, and 400–600°C stability of NI-NPs in carbon units is increasing, confirmed

by both TEM image and SAED patterns. At 700°C, some Ni-NPs are coagulated to form a big

particle and came out from the carbon moiety. So, the SAED pattern of crystalline Ni-MOFs is

gradually broken by following the formation of new crystallinity pattern for Ni-NPs shown in

Fig. 13.5. Authors have also analyzed the lattice fringe of Ni-NPC at 600°C to confirm the

formation of NPs from the MOFs structure.

Yang et al. synthesized Ag-dopped ZnO nanoparticle for photocatalysis where ZnO is derived

from ZIF-8 MOFs. The presence of Ag and ZnO is detected from the lattice fringe of 0.235 and

0.256 nm for (111) plane of Ag and (002) plane of ZnO, respectively, which are derived from

TEM analysis shown in Fig. 13.6 [28].

13.2.2.2 Particle size and surface charge analysis

The size distribution of nanoparticle can be measured using dynamic light scattering (DLS)

technique. In this analysis, the powder sample is homogeneously suspended in solution,

generally water for MOFs, and the hydrodynamic diameter is used to measure the average

particle size. DLS instrument can only measure the nanosized particle whose dimension is in

the range of 1–1000 nm. Small particles in the suspension undergo random thermal motion

known as Brownian motion. Particle size can be measured from this random motion using

Stokes-Einstein equation.

Dh ¼ KBT

3πηDt

Where Dh is the hydrodynamic diameter, Dt is the translational diffusion coefficient, KB is the
Boltzmann’s constant, T is the thermodynamic temperature, and η is the dynamic viscosity. But

from DLS analysis, the actual particle size cannot be obtained rather than the hydrodynamic

diameter.

In biomedical application of NMOFs, surface charge plays an important role which can be

calculated by zeta potential analysis. Generally, the DLS and zeta potential are measured in

same instrument, Zetasizer. When the particles are suspended in a solution, a charge is

generated on the outer surface of the particle depending upon the surface charge of the particle.



Fig. 13.5
The hot stage images of TEM at (A) room temperature, (B) 100°C, (C) 200°C, (D) 300°C, (E) 400°C,
(F) 500°C, (G) 600°C, (H) 700°C, and (A-1)–(H-1) the corresponding SAED patterns. Reproduced
from D. Xu, D. Zhang, H. Zou, L. Zhu, M. Xue, Q. Fang, S. Qiu, Guiding by in-situ hot stage in TEM to synthesize
magnetic metal nanoparticles from a MOF, Chem. Commun. 52 (2016) 10513–10516, with permission from

The Royal Society of Chemistry, Copyright 2019.

Characterizations of MOFs for biomedical application 287
When an electrical potential is applied into the solution, the particles move toward a particular

direction with a velocity due to interaction of the charge particle and applied field. The velocity

is proportional to the potential charge of the particles’ shear plane which is called zeta potential.

Stability of colloidal dispersion can be distinguished by zeta potential measurement. Colloidal

dispersion is the necessary condition for biomedical application because in the blood or cell the

used particle should be dispersed for long time rather than the coagulation. The zeta potential

indicates the surface charge, so large value of zeta potential gives massive repulsion between

the particle. So, the particle which has large positive or negative value zeta potential is highly

stable in colloidal medium.



Fig. 13.6
Low magnification TEM images and HRTEM images of (A and B) ZIF-8 and (C and D) Ag/ZnO.
Reproduced from X. Yang, L. Qiu, X. Luo, ZIF-8 derived Ag-doped ZnO photocatalyst with enhanced photocatalytic
activity, RSC Adv. 8 (2018) 4890–4894, with permission from The Royal Society of Chemistry, Copyright 2019.
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For some example, Ranji-Burachaloo et al. studied zeta potential to verify the high dispersity

of rMOFs. Reduced MOFs (rMOFs) have higher negative value zeta potential compared to

MOFs and prevent the coagulation [29]. Liu et al. synthesized ZrMOF conjugated with DNA

aptamer [30]. The aptamer conjugation is confirmed by zeta potential analysis because the

positive value of zeta potential of MOFs is converted to negative potential after aptamer

conjugation due to the negative value of DNA. Lei et al. developed redox-responsive MOFs

for anticancer drug delivery by varying metal with synthesize temperature [31]. They also

explain agglomeration in water using the zeta potential value. Zr-MOF has high zeta potential

compared to Fe or Al MOFs for which it has high dispersibility in water. The hydrodynamic

diameter measured by DLS is also compared to choose the better drug carrier. The

hydrodynamic diameter for Zr-MOFs synthesized at 40°C is 125 nm which is most favorable

to be used as a drug carrier.
13.2.2.3 Surface area analysis

Surface area of NMOFs is an important factor for the biomedical application. Generally, the

NMOFs have high surface area with high microporosity. So, they have high loading capability.

These surface areas with pore size and pore volume distribution can be analyzed by gas

adsorption-desorption isotherm using Brunauer-Emmett-Teller (BET) theory.
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The specific surface area can be determined by calculating the amount of physically adsorbed

gas on the surface of the solid. The adsorbate gas forms monomolecular layer on the surface

of solid adsorbent by weak van der Waal forces. Before the BET analysis, the solid sample

is dried at elevated temperature under high vacuum or nitrogen purging. Then the sample is

used for gas adsorption (generally nitrogen) at the temperature of liquid nitrogen (�196°C, i.e.,
77.4 K). The amount of adsorbed gas is calculated by volumetric or continuous flow technique.

Then the data is treated in Brunauer-Emmett-Teller adsorption isotherm equation:

1

Vα
P0

P
�1

� �� �¼C�1

VmC
� P

P0

+
1

VmC

Where P and P0 are partial vapor pressure of adsorbate gas in equilibrium with the surface at
77.4 K and saturated pressure of adsorbate gas in pascals, respectively. Vα is volume of gas

adsorbed at standard temperature and pressure (STP) [273.15 K and atmospheric pressure

(1.013 � 105 Pa)], in milliliters, Vm is volume of gas adsorbed at STP to produce an apparent

monolayer on the sample surface, in milliliters. C is dimensionless constant which associated

the enthalpy of adsorption of the adsorbate gas on the powder sample. Using this equation,

the adsorption-desorption isotherm can be plotted, and by calculating the value of Vm, the

effective surface area of the solid surface can be measured in m2 g�1 by following the equation:

S¼ VmNα

m�22;400

Where N is the Avogadro constant, α is effective cross-sectional area of one adsorbate
molecule, in square meters,m is themass of the solid powder, and 22,400 is themolar volume of

adsorbate gas at STP in milliliters.

The surface area determination is highly focused in MOFs to explain the high drug loading

capacity. For some example, Uio-66 MOFs possess high surface area with micro-porosity for

which it has high drug loading capacity [21,32]. Wang et al. synthesize the core shell MOFs

(CS-MOFs), where the core and shell are formed by Mn3[Co(CN)6]2 MOFs (C-MOFs) and

MIL-100(Fe) MOFs (S-MOFs), respectively. The CS-MOFs has high surface area compared to

the C-MOFs, for which the CS-MOFs become an ideal drug carrier [33].
13.2.3 Thermal stability analysis

Thermal stability study is not so essential for biomedical application, but necessary to study the

stability of NMOFs up to an elevated temperature. This can be performed by

Thermogravimetric analysis (TGA), where the amount of weight loss is measured with

increasing temperature at a constant heating rate. From the TGA analysis, composition of

MOFs that means how many types of molecule present in the MOFs can be confirmed.
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By comparing the weight loss percentage, the amount percentage of loading can also be

calculated for any biomolecule-loaded NMOFs.
13.2.4 Luminescent property analysis

MOFs, having luminescent property, are used in various fields of application including in

biomedical field, especially for cell study and/or sensing [34]. Some NMOFs possess inherent

fluorescent property due to π-electron enrichment and charge transfer of ligand to metal or

metal to ligand [35–38]. In some cases, fluorescent material like upconversion nanoparticle

[39–42], gold nanoparticle [43,44], or quantum/carbon dot [45–47] is incorporated into the

MOFs during synthesis or by other procedure to make fluorescent MOFs. This luminescent

property is determined by measuring the photoluminescence (PL) spectra.

Photoluminescence is the nondestructive powerful optical method of probing the electronic

structure of materials. In this process, a light of particular wavelength is directed toward the

material, where the light is adsorbed and the electron in the material is excited to higher energy

state. After that, the excited electron is returned to the equilibrium state by releasing the excess

energy following emission of light (a radiative process) ormay not (nonradiative process).When

the light is emitted by photo excitation, it is called photoluminescence, as shown in Fig. 13.7.

The emitted light is collected and analyzed spectrally, spatially, and also temporally.

The energy of emitted light depends on the difference between excited and equilibrium electron

state. The equilibrium electron state is fixed for a material, but the excited electron state

depends on the energy of directed light. Generally, different wavelength laser light is used for

excitation in PL instrument. So, the PL spectrum is not an adsorption spectrum, whereas it is an
Fig. 13.7
Principle of UV and PL spectra.
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emission spectrum which deals with the transition of electron from excited state to ground

state. The value of wavelength at which the molecule adsorbed energy can be used for

excitation wavelength and provide the most intense and sometimes red shifted emission

spectra.
13.2.5 UV-visible spectroscopy

UV-visible spectroscopy study is one of the most important characterizations in biomedical

application. Generally, drug molecule or biological macromolecule contains π-electrons with
high conjugation. So, they are UV-active which means they can absorb the light of wavelength

in the region UV-visible range and give a spectrum in the UV-Vis instrument. So, the content of

UV-active drug or any other biomolecule in the NMOFs can be measured calculating and

comparing the intensity of the spectrum [48–50]. Again, MOFs are composed of metal and

organic linkers. So, they also have an electronic conjugation structure which makes it

UV-active and gives an UV-Vis spectrum. The wavelength of light at which maximum

absorbance occurs can be found out from the spectrum. This maximumwavelength can be used

as excitation energy to obtain the emission spectra in PL instrument for fluorescent MOFs.

UV-Vis spectrophotometer provides the energy of far and near UV and visible region of the

electromagnetic spectrum (that means 200–800 nm) to the liquid sample contained in a quartz

or glass sample holder. The instrument operates by passing beam of light through the sample

and measuring the wavelength and intensity of transmitted light reached in the detector.

Generally, tungsten filament, deuterium arc lamp is used as the source of UV-radiation and

light emitting diodes (LED) and xenon arc lamps for the visible radiation. The detector is

typically a photodiode or a charge couple device (CCD) with monochromators for filtering the

light to get single wavelength reach the detector.

The spectrophotometer measures the absorbance or transmittance by following the Lambert-

Beer’s law. This law is established from the transmittance (T) of the transmitted light. If the

intensity of transmittance is I light and I0 is the intensity of directed light, then transmittance (T)

is equal to I
�
I0
with transmission rate I

�
I0
�100. So, the value of absorbance is log (1/T). These

values depend proportionally on the concentration and the path length of the beam. Following

overall this condition, the Beer-Lambert’s equation is as follows:

A¼ εCl

Where A is the absorbance, C is the concentration of solution in mol L�1, l is the path length of
the beam which is the width if the sample holder in cm and ε is the proportionality constant,

which is called molar adsorption coefficient in unit L mol�1 cm�1. The value of ε depends only
on the material under certain specific condition. So, the absorbance and transmittance are

unitless quantity.
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13.2.6 Biocompatibility test

Besides the characterization of all these above-discussed techniques, biocompatibility test of

NMOFs is essential for biomedical application. NMOFs are composed of metal and organic

linkers. All the metals and also the excess quantity of metal are not good for health as well as

organic moieties can have some poisonous effect on health. So, before application in

biomedical field, one should check the cytotoxicity which can be measured by various methods

like dye exclusion, colorimetric assay, fluorometric assay, and luminometric assay. The

quantitative cytotoxicity is generally achieved by MTT assay which is a colorimetric method.

MTT is a yellow tetrazole reagent, generally 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide, which reduced to purple color formazan, (E,Z)-5-(4,5-

dimethylthiazol-2-yl)-1,3-diphenylformazan, by mitochondrial succinate dehydrogenase. As

this reaction is only possible in living cell system, using this assay quantitatively measurement

of living cell concentration can be possible after addition of a fixed amount of NMOFs.
13.3 Conclusion

In this chapter, a brief discussion is presented about various techniques relevant to the

characterization of nanosized MOFs for application in biomedical field. MOFs can be of

various sizes and shapes like nano- to macro-size MOFs. But for biomedical application, only

nanosized MOFs are used; that’s why the characterization techniques used for NMOFs are

deliberated in this chapter. All these techniques revealed the structural properties like plane

detection, atomic modeling, functionality, surface morphology, etc. or physical properties like

thermal stability, surface area, photoluminity, etc. of NMOFs. These are common methods to

characterize the NMOFs which are used generally in any type of application. For biomedical

application, biocompatibility of NMOFs should be studied before application in bio-field for

cytotoxicity determination.
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14.1 Introduction

Pharmaceutical applications are always one of the most interesting tasks which can take

advantage of other scientific areas such as biomaterials and nanomaterials in order to

overcomemany obstacles in biology, medicine, etc. [1]. Different genetics, lifestyles, nutrition,

enzymes, and biological environments in the body which are not completely known make

it hard to underestimate what would happen to therapeutic and other materials that enter the

human body [2]. This is where we use biomaterials and nanomaterials to have targeted

delivery in order to reduce the interactions between the unknown biological environments and

our therapeutic molecules [3]. Different routes have been used such as “organic route”

which uses either biocompatible dendritic macromolecules or polymers [4, 5]. The deficiency

of this method was the absence of a well-defined porosity which could make it hard to

achieve controlled delivery. There is also another route as “inorganic route,” in which the hosts

are inorganic porous solids, such as zeolites or mesoporous silicate materials [6]. In this

route, the main problem is low drug-loading capacity. To overcome the main problems and

have the useful features of both routes, Hybrid inorganic-organic solids with large pores

and ability of controlled release and delivery have been proposed [7]. Such characteristics

made us able to load various kinds of therapeutic agents through noncovalent or covalent

methods with different amounts [8]. One of the most promised hybrids for pharmaceutical

applications is metal organic frameworks (MOFs). They are newly developed platforms,

which proved themselves as mighty candidates in this matter. These astonishing platforms

are constructed from metals (or metal clusters, chains, or layers) which are connected

by organic linkers. With this structure, they show some of the highest porosities known

https://doi.org/10.1016/B978-0-12-816984-1.00016-0
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with different range of numbers [9]. This ideal ability makes us able to load and controllably

deliver therapeutics and other molecules through the body’s complex environments.
14.2 Biological concerns for drug delivery development

14.2.1 Toxicological study

One of the most important matters in drug delivery development are toxicological studies

and biodegradability routes of inserted delivery systems [10]. As mentioned, MOFs are made

of metal points which are attached by organic linkers. So these metals and their organic

linkers should be nontoxic or results gained from toxicological studies should be used to

balance their biological toxic effects. About the metals used in these hybrids, chromium,

cadmium, nickel, cobalt, and other metals are not suitable as metal nodes for their high toxicity,

but the most appropriate metals are Ca, Cu, Mn, Mg, Zn, Fe, Ti, or Zr. Data on their

biological fate and their toxicity are estimated by oral lethal dose 50 (LD50), Ca, 1 g/kg;

Cu, 25 μg/kg; Mn, 1.5 g/kg; Mg, 8.1 g/kg; Zn, 350 μg/kg; Fe, 30 g/kg; Ti, 25 g/kg; and

Zr. 4.1 g/kg [11].

About the organic linkers in this class of materials, we can divide them into two groups:

exogenous linkers and endogenous linkers. Exogenous linkers are the most common ones

used in this hybrid which are gained or synthesized from natural compounds without

interfering in the body cycles. This group consists of polycarboxylates, imidazolates, pyridyl,

amines, etc. The toxicity data (LD50) among few subclass of this group are 5 g/kg

(terephthalic acid), 8.4 g/kg (trimesic acid), 5 g/kg (2,6 napthalenedicarboxylic acid),

1.13 g/kg (1-methylimidazole), 1.4 g/kg (2-methylimidazole), 5 g/kg (isonicotinic acid),

and 1.6 g/kg (5-aminoisophthalic acid) [12]. The results indicate that their toxicity is

acceptable for biomedical applications.

In an in vivo toxicity test, around 220 mg/kg of MIL-100 and 78 mg/kg of trimesic acid were

intravenously injected to rats. The results demonstrated that animal behavior and weight

evaluation didn’t have any difference between the injected and noninjected ones. So this

system is acceptable for drug delivery systems [13].

Considering that most in vivo toxicity tests are mostly investigated in animal physiological

state which is almost different from human physiological conditions, more detailed and precise

tests in human biological environments are needed. The second group used as linkers are

endogenous organic linkers, that is, molecules are constitutive ingredient of body composition.

It’s mentioned that this group is the most appropriate route for MOF drug delivery because the

organic linkers might be reused in the body. This ability could significantly reduce adverse

effects. Amino acids MOFs, [Cu(L- or D-glutamic) (H2O)]�H2O, nucleobases-based 3D
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permanently porous MOFs, [Zn8(adenine)4(biphenyldicarboxylate)6O�2Me2NH2]�
8DMF11�H2O (bio-MOF-1) with a BET surface area up to 1700 m2/g, symmetrical cyclic

oligosaccharide, g-cyclodextrin (g-CD) were employed as a ligand to synthesize two MOFs,

[(g-CD) (KOH)2] and [(g-CD)(RbOH)2] [14].
14.2.2 Stability and biodegradability

About the pharmacokinetic of drug delivery systems, a balanced stability and instability

(biodegradability) is indeed an important matter. This system should be stable and could

efficiently distribute in body and deliver the drug to the targeted site [15]. After targeted

delivery, an adequate biodegradability is needed in order to interact well with biological

environments and be ejected from the body [16]. Depending on the crystalline structure,

composition, particle size, formulation, and external circumstances, the degradation of MOFs

can be modified over some days to several weeks [17]. The stabilities of some MOFs have

been researched, such as, MIL-100(Cr), MIL-101(Cr), MIL-53(Cr), and Zeolitic Imidazolate

Framework-8 (ZIF-8). It should be mentioned that the gathered information are mostly

achieved from simulated physiological condition and information about real

pharmacokinetic features of these systems are still unknown.

Stability study on MIL-100(Cr), a 3D mesoporous structure, made up of trimeric metal

octahedron and 1,3,5-tricarboxybenzene (BTC), demonstrated that this hybrid can degrade

after three days in simulated body fluid. MIL-101(Cr) consisting of the identical Cr, trimeric,

and terephthalic acid, with a zeotype cubic structure, degraded after 7 days in simulated

body fluid (SBF) at 37°C [18].

A 3D framework constructed from terephthalate (BDC) and trans-chains of Cr octahedron

called MIL-53(Cr) degraded after 21 days in SBF [19]. ZIF-8, hybrid composed of ZnN4

tetrahedra linked with imidazolate anions, was tested in two different mediums; PBS

(phosphate buffered saline, pH 7.4) and acetate buffer (pH is at 5.0, simulated similar to

tumor tissue). The results demonstrated degradation after seven days in PBS and degradation

after a few minutes in acetate buffer at 37°C. This significant difference between these two

media is related to the boosted protonation of imidazolate linker in acetate buffer which

could subsequently lead to the reduction of the complexing power of the linker toward

the metals [20].

By controlling the mentioned features (composition, crystalline structure, and external

circumstance) and having a brief look at the results demonstrated from each tests and

different metals and organic linkers, we can absolutely alter and tune our structures in order to

synthesize controllable-degradable hybrids. The main problem is that in vivo information

in human body liquid is very little, so further investigations are still needed.
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14.3 MOFs: Structures and methods of synthesis

Generation of new ideas in pharmaceutical applications is not as hard as transforming it into

reality. This transformation needs methods which are called synthesis [21]. In generating

ideas, you are free to think and write based on scientific information, but in synthesis there are

always unexpected problems. For instance, there are different administration routes such as

oral, transdermal, intravenous, etc., but the route which is widely used for

biopharmaceutical is IV injection. So we should obey the rules for this route. Firstly, it

should have the appropriate particle size to circulate within the smallest capillaries without

any aggregation. Particle size should be smaller than 200 nm, so scale down process is

needed in order to make nanoscale MOFs [11]. And secondly, preparing homogeneous and

stable nanoscale MOFs which could circulate smoothly through vessels is significant. It

should be mentioned that scaling down to nanoscale MOFs gave some advantages to us such

as: controllable sizes and shapes, tunable surface to volume ratios, and easy surface

modifications. These features are used and discussed in following sections [12]. Talking

about synthesis of MOFs, four different methods have been used including solvothermal

method, reverse microemulsion, ultrasonic synthesis, and microwave irradiation.

Solvothermal method: this conventional route is related to several parameters, such as the

reaction time, temperature, pressure, stoichiometry, pH, and concentration. By adjusting these

parameters, we can alter the kinetic of the reaction or control the rate of nucleation-growth

process. Moreover, with the use of blocking agents (acetic acid, hydroxybenzoic acid,

pyridine …), we can effectively gain controllable sized and shaped particle. For instance,

the flexible porous iron(III)dicarboxylates MIL-88A (150 nm) [22], MIL-88B_4CH3 (40 nm)

[22], or the porous zinc terephthalate MOF-5 (100–200 nm) [23] are topical examples

obtained by decreasing reaction time or temperature. Furthermore, pyridine was proposed

as an inhibitor in the solvothermal synthesis of porous indium terephthalate particles [24].

Reverse microemulsion: this route lets us control the nucleation and the growth rate of the

nanoscale MOFs. Based on the metal, organic linker, and micelles of cationic

cetyltrimethylammonium bromide surfactant (CTAB) in an isooctane/1-hexanol/water

mixture, nanometric nonporous Mn-based polycarboxylates MOFs with imaging ability were

synthesized [25]. Use of mentioned solutions due to their high toxicity makes it hard to

be used in pharmaceutical applications. In another research, Gadolinium BDC nanorods were

prepared by stirring a transparent microemulsion of GdCl3 and [NMeH3]2[BDC] in the

cationic cetyltrimethy-lammonium bromide (CTAB)/isooctane/1-hexanol/water system for

2 h. The nanorodes had different morphologies related to the different w values

(w ¼ the water/surfactant molar ratio). Under the condition of w ¼ 5, the obtained nanorods

are 100–125 nm in length and 40 nm in diameter, while increasing w value to 10, nanorods

are 1–2 μm in length and 100 nm in diameter [26].
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Ultrasonic synthesis: this method is a nonharsh, rapid, and high yielding method with low cost

and many nanoscale MOFs have been synthesized by this method [27]. The mechanism is

acoustic cavitation associated to a collapse of bubbles due to ultrasonic irradiation with

localized hot spots and a very large gradient of temperature/pressure and a rapid mobility

of the molecules. This could form high energy microreactors which could lead to the rapid

crystallization of MOFs. Nanocrystals of microporous MOF, Zn3(BTC)2�12H2O, were
synthesized by this method in different duration times. With reaction times of 5 and 10 min,

a size range of 50–100 nm nanoparticles and with increasing the reaction time to 30 min,

nanocrystals with diameters of 100–200 nm were achieved. Furthermore, increasing the

reaction time to 90 min, the diameter of nanocrystals increased to 700–900 nm [28]. In another

research, microcrystals of a microporous flexible iron(III) terephthalate MIL-53 and a rigid

copper trimesate were successfully prepared. In the end, it should be mentioned that this

method is able to control the dimensionality of nanoscale MOFs with tunable size and shape

by varying the reaction time [29].

Microwave irradiation: this method has a lot of advantages including rapid crystallization

period, adjustable morphology control, and phase selectivity with process parameter

evaluation. The mechanism of action is related to high dielectric absorption of polar

solvents which could lead to a highly efficient thermal conversion of the energy to local

superheated spots, favoring a fast and homogeneous nucleation over the crystal growth

process [30]. The zinc terephthalate IRMOF-1, 2, and 3 [31], mesoporous chromium

terephthalate MIL-101 [32], flexible microporous iron terephthalate MIL-53 [13],

mesoporous iron trimesate MIL-100 [13], iron amino terephthalate MIL-101_NH2 [13],

and the iron fumarate MIL-88A [22] are all synthesized by this method.
14.4 Surface modification of MOFs for delivery purposes

Designing compatible nanoscale delivery systems like MOFs with human body is always a

tough challenge. Always, scientists talk about great potentials of nano-delivery systems

like targeted delivery, convenient intracellular and transcellular movement, etc. But to achieve

all of these demands, we need good circulation of these systems through human’s vascular

system. In other words, we have to increase their half-life. So we need a strategy to improve

water dispersity, reduce plasma protein binding, bypass reticuloendothelial system, increase

the affinity to the targeted tissues and cells, and control the degradation of these systems

which could allow us to have delayed-release of therapeutic molecules. In nanoscale MOF

delivery system, this strategy is called surface modification [33]. Two main methods have

been used to modify this systems surface: silica encapsulation and coating with organic

polymers. Other surface functionalization approaches need to be explored to further

optimize the in vivo performance of many NMOFs.
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Silica encapsulation: this system has some advantages including biocompatibility, increased

water dispersibility, and easy functionalization with silyl-derived molecules. Furthermore,

this system is mostly used to modify inorganic and polymer nanoparticles. Before silica

coating, NMOFs should firstly be coated by hydrophilic polymers such as poly vinyl

pyrrolydone to keep them well-dispersed and ignore aggregation in order to have individual

particle silica coating. A manganese-based nanoscale MOF which was used for magnetic

resonance imaging had a short half-life in water and PBS (3.5 h in water and 18 min in

PBS buffer). To delay its degradation, silica-coated Mn nanoscale MOF was prepared by

base-catalyzed condensation of tetraethyl ortho silicate on polyvinylpyrrolidone-modified

particles of the solid in ethanol. The half-life was successfully increased to 7.5 h in

water and 1.44 h in PBS buffer [25].

In another research, iron-BDC MIL-101 was coated with silica and was compared to the

uncoated ones: the silica-coated particles had stability of around 14 h in PBS, while the

uncoated ones could readily decompose (t1/2 is about 1.2 h). Furthermore, MOF

nanoparticles made of a cisplatin derivative and Tb3+ ions with a shell of silica of around 7 nm

were synthesized. Its stability and controlled drug release were improved due to

controlling thickness of the shell [34].

Organic polymer coating: this method is another way to increase biocompatibility and

decrease framework decomposition. The polymers must have an end group which can bind

to the NMOF through either vacant metal coordination sites, electrostatic attraction to the

particle surface, or covalent attachment to the bridging ligand. These coaters can be added

either during the synthesis or postsynthetically. Most polymers used in this method are

called hydrophilic stealth polymers such as poly ethylene glycol (PEG) which could efficiently

reduce opsonization by blood proteins and uptake by macrophages of the mononuclear

phagocyte system [35].

14.5 MOFs in pharmaceutical technology

As previously mentioned, MOFs are built up from nontoxic metals with low toxic organic

linkers such as carboxylic or phosphonic acid [9]. Along with their amazing hybrid structure,

there are some advantages related to their structure which makes it possible to be used in

pharmaceutical and biomedical applications. These advantages include: (1) Use of none or low

toxic molecules which makes it easy for the body to handle it. (2) Most of them are

biodegradable to some degree especially in aqueous medium. (3) The internal environment

made up of hydrophobic-hydrophilic characteristics let us load different therapeutic molecules

with different capacities and physicochemical features. (4) The most important feature

is that they are highly versatile and different improvement changes can be done on its

structure such as changing pore size, boosting drug load, increasing flexibility and

interconnectivity, etc. As it was mentioned, in order to use it in body environment, scaling down
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to nanostructure is needed [36]. This process is important which could prevent aggregation in

body’s tight capillaries. We are going to call this nanostructures as nanoscaled MOFs or

NMOFs. This class of NMOFs is also advantageous like MOFs including features such as

different compositions, shapes, sizes, and chemical properties. They are also biodegradable as a

result of labile metal organic bonds which are important for a nanocarrier after targeted

drug delivery. With the acknowledgement of all of this amazing features, we are going to

summarize some of the recent advances in NMOFs and their targeted and controlled

drug delivery.
14.5.1 Stimuli-responsive MOFs for drug delivery

Different pathways have been used to deliver drugs to specific areas of body.

Stimuli-responsive pathway is one of the most widely used methods for recent drug delivery

systems [37]. Stimuli include many different categories such as pH, magnetic field, ions,

temperature, light, and pressure. Between these categories, pH-responsive drug delivery

systems are widely used due to the acidic microenvironment of tumors and the high

sensitivity of coordination bonds to external pH. Furthermore, these systems can be single

stimulus or multiple-stimulus-responsive. NMOFs were no different from other drug

delivery systems and used to deliver drugs via stimuli-responsive pathway (Fig. 14.1).

14.5.1.1 pH-sensitive MOFs

In a recent research, in situ encapsulation of DOX with 1,10-(1,4-butanediyl) bis (imidazole)

(bbi) solution was performed and the surface was coated with silica to prevent rapid

decomposition [38]. Furthermore, folic acid was conjugated on the surface of the system to

specify the delivery system. The results demonstrated pH-dependent release behavior and good

anticancer efficacy. In another research, pH-responsive ZIF-8 was negatively charged and

encapsulated with camptothecin (CPT) [39]. The mechanism of drug delivery was driven

by the dissociation of the ZIF-8 framework at the acidic target. CPT-ZIF-8

demonstrated increased cell death compared with free CPT-treated cells.

In a novel research, pH-sensitive delivery was used to examine in vitro oral drug delivery.

PCN-221 MOF which was prepared from 5,10,15,20-tetrakis (4-carboxyphenyl) porphyrin

(TCPP) and ZrCl4 was conjugated with anticancer drug methotrexate (MTX) and was

examined in PBS solution which had a pH varying from 2 to 7.4 [40]. This PBS solution is

very similar to the gastrointestinal pH of human body. The results exhibited that about 40% of

MTX was released at pH ¼ 2.0 (around the pH of stomach), whereas 100% of MTX was

released at pH¼ 7.4 (close to the intestinal pH) after three days. In a study, CRISPR/Cas9 was

conjugated with an engineered single guide RNA and then was encapsulated on zeolitic

imidazole framework [41]. This system was further tested and the results revealed knocking

down the gene expression of green fluorescent protein by 37% after 4 days. The targeted



Fig. 14.1
A general schematic on how a stimuli-dependent metal organic framework is designed and delivered.
Reproduced with permission from W. Cai, et al., Metal–organic framework-based stimuli-responsive systems for

drug delivery, Adv. Sci. 6(1) (2019) 1801526.
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delivery was due to the sensitivity of ZIF to acidic pH, which resists its structure in other pHs.

Furthermore, the designed system overcame the delivery problem due to large protein

size and highly charged RNA component.

14.5.1.2 Ion-responsive MOFs

In this method, everything happens via strong electrostatic interactions between the drugs and

the frameworks which control the diffusion and release of drugs. Furthermore, after

targeted delivery, the ionic exchange happens and the drug will be released in the targeted

site. In a recent research, an anionic MOF called bioMOF-1 was explored to test its

capability to store, deliver, and release procainamide HCl, a cationic antiarrhythmic drug [42].

The results exhibited adequate drug release in a simulated PBS with pH of 7.4.

In another research, a cationic drug carrier, MOF-74-Fe(III), was conjugated with

ibuprofen (an anionic drug) [43]. Because of the special preparation process, the MOF had

the ability to be loaded with two distinctive ibuprofen anions. Therefore, two different

delivery methods were observed in the simulated PBS solution. At first, sodium ibuprofen

and the other coordinated free anions were released because of diffusion or ion exchange

between the drug-encapsulated MOF and PBS solution. After that, the further release

was triggered by phosphate anions through competitive adsorption.

In a novel research, an NMOF system built up of indium, tris (para-carboxylphenyl) phosphine

oxide, and 5-fluorouracil was designed and synthesized [44]. In this system, Zn2+ was

used as the competitive binding agent. After conducting several tests in PBS solution with

different Zn2+ concentrations, the results revealed that approximately 65% of the 5-FU

was released when the Zn2+ concentration was 500�10�9 m, with more 5-FU released as

the Zn2+ concentration increased. Furthermore, the interaction between 5-FU and in-based

MOF was weakened by increasing the temperature.

14.5.1.3 Other stimuli-responsive MOFs

There are some MOFs which have abilities to deliver drugs in temperature and pressure

stimuli-response. Switchable UiO-66-PNIPAM nanocarrier conjugated with Resorufin,

caffeine, and procainamide [45] and another system [46] consisting ZJU-64 and ZJU-64-CH3

conjugated with methotrexate demonstrated massive drug release due to a slight

temperature changes at the physiological temperature of 37 °C. Other systems such as

Zr-based MOF built from (2E,2E0)-3,30-(2-fluoro-1,4-phenylene) diacrylic acid (F-H2PDA)

and zirconium cluster conjugated with diclofenac were used to prolong the release of the

drug in body due to the different pressure of different parts of the body [47].

Humidity was also used as a stimuli for drug delivery. Three novel systems, called HKUST-1

(Cu) (organic linker: 1,3,5-benzene tricarboxylic acid), MOF-74(Zn) (organic linker: 2,5

dihydroxyterephthalate), and RPM6-Zn (linking ligand: biphenyl-4,40-dicarboxylate; pillar
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ligand: 4,40-azobispyridine), were used for this purpose [48]. After designing the system,

an antimicrobial molecule called allyl isothiocyanate (AITC) was loaded into this carrier.

After conducting several tests, the results demonstrated that this system is humidity-dependent

and, by increasing the humidity, percentage of the drug release increases. Furthermore, the

researchers declared that this system can be used for food safety and food industry applications

due to AITC excellent antimicrobial characteristics against a broad spectrum of foodborne

pathogens and food spoilage-inducing microorganisms.

Reducing agents such as glutathione (GSH) were also a conflict of interest for targeted drug

delivery. Cancers’ physiological condition has proved that there’s a higher concentration of

GSH in cancer cells than any other cells. The disulfide bond (S-S), a redox-responsive group

that can be cleaved in the presence of GSH, was an attractive group to design an MOF system.

The backbone of the system was built up of manganese with dithiodiglycolic acid as the

disulfide (SS)-containing organic linker [49]. Then DOX was loaded to the system and was

coated with polydopamine. Furthermore, it was modified with PEG in order to achieve

spherical structure. After conducting several tests at different pH values, the results revealed

that DOX release was quite dramatically accelerated in the presence of GSH. Moreover,

protonating the amino group of DOX accelerated drug release at lower pH values.

Insulin and glucose were also investigated to design an MOF system [50]. In this system,

Glucose oxidase (GOx) and insulin were efficiently loaded into ZIF-8 in order to design a

glucose concentration-dependent MOF system. After conducting several tests at different

glucose concentrations, the results revealed that, at 4 mg/mL glucose, �420 μg/mL of insulin

was released in 4 h; however, at either no or 1 mg/mL glucose, only 84 and 145 μg/mL

were released in 24 h, respectively. Furthermore, the mechanism of action was mentioned that,

at high glucose concentration, GOx produces gluconic acid and H2O2 from glucose which

lowers the pH inside the composite. This event leads to decomposition and thus insulin release.

14.5.1.4 Multiple-stimuli-responsive MOFs

Until now, all of the mentioned drug delivery systems were related to only one stimuli. But

our purpose is to deliver drugs to specific targets in human body. So, as it was mentioned

humans’ body environment is more complex than what we think and there are many unknown

objects about it. So, we can use multiple stimuli-responsive MOFs in order to have more

control on our delivery system and also overcome unknown obstacles in our delivery pathway.

For warm up, we are going to start with pillararenes. Pillararens, newly developed

supramolecular hosts, proved their ability for host-guest delivery systems due to their

special features such as special structure, facile functionalization, and desirable host-guest

performance [51].

Multiple-stimuli-responsive drug delivery system (DDS) made up of MOFs and pillararene-

based supramolecular nanovalves was synthezied and tested [51]. UMCM-1-NH2 was used as
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the host material and carboxylatopillar [5] arene (CP5) was used as a dual stimuli-responsive

gatekeeper which was linked by positively charged pyridinium (Py) stalks (CP5-capped

UMCM-1-NH-Py). After testing this system, the result demonstrated that it is dependent on

two stimuli: pH and competitive binding. In acidic pH of tumor, the non-covalent binding

interaction between cp5 and the stalk weakens, which could lead to unblock the MOF and

the drug release occurs. Moreover, adding competitive agents such as methylviologen

salts would lead to a desirable drug delivery due to the detachment between cp5 and

pyrridinium.

Another cp5-mof-based system called CP5-capped UiO-66-NH2 5-Fu nanocarrier was

synthesized and tested [52]. Before examination, this system was modified by positively

charged quaternary ammonium salt as stalks (Q) to thread the negatively charged CP5 rings,

to form [2] pseudorotaxanes as stimuli-responsive supramolecular gates which regulate

drug release. The results demonstrated that this system was dependent on two stimuli:

Zn2+ which could be a competitive agent and increased temperature which could lead

to weakening the interaction between CP5 and stalk.

Another novel system in this category was CP5-gated Zr-MOFs hybrid [53]. This system was

also modified by positively charged quaternary ammonium salt stalks. The mechanism of

action was due to three reasons: pH, increased temperature, and competitive binding agents.

The special thing about this system was that it could be used in bone marrow tumors because

of the acidic pH and higher concentration of Ca2+ in osteoclasts. Furthermore, high

temperature could kill tumor cells. So, this triple stimuli-responsive platform can be

essential and useful in bone marrow cancers.

Let’s switch to another supramolecular macrocycle called β-cyclodextrin (β-CD). This
macrocycle has proved its ability for multiple stimuli-responsive platforms in recent

investigations.

For instance, a multifunctional MOF platform, from encapsulating DOX, MIL-101-N3 (Fe),

and coating with β-CD derivative (β-CD-SS-BCN), was synthesized [54]. Furthermore,

targeted peptide functionalized polymer, Lys (adamantane)-Arg-Gly-Asp-Ser-bi-poly

(ethylene glycol) (PEG) 1900 (bi¼ benzoic imine bond, K(ad)RGDS-PEG1900), was added to

the surface of the nanocarrier. This platform was mentioned to work through two

mechanisms due to the presence of a benzoic imine bond in K(ad)RGDS-PEG1900 and

disulfide bonds linking β-CD on the MOF: pH sensitivity and redox sensitivity. The

experiments indicated that tumor cell uptake was increased, toxicity of DOX was

decreased, and in overall, the efficacy was increased.

In another experiment in this category, a supramolecular complex consisting of β-CD on

the surface of UiO-68-azobenzene was synthesized and tested [55]. Azobenzenes are

photosensitive and their isomeration can change between cis and trans. So this light sensitivity
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can be used to regulate drug (rhodamine B) delivery. Furthermore, competitive agents such as

amantadine could also trigger the dissociation of the gatekeeper from the azobenzene

stalks due to its higher binding affinity toward β-CD.
14.5.2 MOFs for the induction of antibacterial activities

Bacteria, which are the most important microorganisms that human community had to deal

with, have emerged lots of subtypes and subgroups. These subtypes can have good effect like

lactobacillus [56], can coexist with human body parts like staphylococci [57], or maybe

dangerous for humans like pseudomonas aeruginosa [58]. Through a long time, designing new

drugs like beta lactams, cephalosporin, etc. allowed us to control the growth and also the

damage of many dangerous subtypes. According to the latest reports, there are several new

resistant subtypes which have drawn attention of many scientists [59]. Several attempts have

been made to design new bio/nanomaterial-based delivery systems in order to control the

growth of some subtypes. NMOFs also revealed its ability against bacteria in several

experiments.

A MOF system called Ag@ZIF-8 nanowire with different thickness revealed its antibacterial

activity against Bacillus subtilis and Escherichia coli BL21 [60]. Another MOF system

called copper metal organic framework-cotton was strategically fabricated to introduce

free amine to tune the physicochemical properties of the material [61]. In this system, MOF

Cu3(NH2BTC)2 was fabricated between carboxymethyl fiber in order to have a modified

copper release. The results demonstrated that this cotton had a massive antibacterial

activity against Escherichia coli under wet or dry condition. These results allow us to have

ideal cottons for clothing, bandages, and other textile applications which limit the growth

of bacteria and barely kill most of them [62].

In a recent research, a composite by coating magnesium-mediated metal organic framework

(Mg-MOF74) and strontium substituted hydroxyl apatite on the surface of titanium was

constructed [63]. This composite was used for local injury treatment with complication like

osteosarcoma or bacterial infection. After conducting several tests, the results proved that this

system can efficiently kill surrounding Staphylococcus aureus, Escherichia coli, and Saos-2

cells. The mechanistic study revealed that the superficial Mg-MOF7 rapidly degrades at

bacteria or osteosarcoma induces acidic environment and kills the mentioned bacteria.

Then the strontium-substituted hydroxyl apatite promoted the proliferation and osteogenic

differentiation of osteoblasts.

A MOF system was built in order to improve the obstacles and difficulties of long-term

antibacterial therapy like multiple injections for several weeks. This system was constructed

from conjugating ceftazidime to ZIF-8 with the purpose of having sustained release over a

long period of time [64]. After conducting several tests against Escherichia coli, the results
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indicated effective antibacterial activity due to the sustained drug release up to a week.

Furthermore, this system proved its relevant compatibility with macrophage and lung epithelial

cell lines, which allows us to have pulmonary and intracellular infection drug delivery and

treatment.
14.5.3 Targeted contrast agent delivery via NMOFs

14.5.3.1 Magnetic resonance imaging

Cells’ physiological condition is the most important issue in designing the treatment

protocol [65]. Different diseases have different pathophysiological conditions and could have

a massive effect on the biopharmaceutical behavior of drugs. Controlling these conditions

demands a tool which could let us know what is happening at any time in the cell.

Magnetic resonance imaging (MRI) is a noninvasive imaging technology which gives us a

3D detailed image which could let us know what is happening in the targeted part [66].

Like any other imaging technique, there is a need for contrasting agent in order to achieve

adequate 3D image. Gadolinium-based molecules are the most widely used contrast agents

in MRI, but its most important side effect is nephrogenic systemic fibrosis, especially in

patients with severe renal impairment [67]. By using NMOF system, we can control this

fatal side effect and also alter the efficacy of the image by the targeted delivery.

In a recent research, a gadolinium-porphyrin-based NMOF with a spherical structure and

good water solubility was synthesized and conjugated with folic acid [68]. In order to identify

the capability and biopharmaceutical behavior of the system, several tests were conducted

in HepG2 cells, embryonic, and larval zebrafish. The results demonstrated low biotoxicity,

excellent magnetic resonance imaging capability, and high tumor eliminating ability.

Regarding gadoliniums’ fatal side effect, several other metals were also used as core magnets

for MRI. Mn was one of those chosen ones which proved its magnetic ability. In a recent

novel research, a NMOF system built up of Zr4+ and Mn-porphyrin bridging ligand was

prepared and then was conjugated with s-nitrosothiol on the surface of the system [69]. Several

tests were conducted on a tumor-bearing mouse via an intravenous injection and the results

demonstrated acceptable MRI activity, controllable NO release, and synergist photothermal

therapy under single near-infrared irritation. Other than Mn-based NMOF, Fe-based and

Au-based NMOFs have also been explored as potential MRI contrast agents.

In a novel recent research, a Fe-based NMOF with bovine serum albumin, sulfonamide,

and porphyrin was constructed and tested [70]. Due to the presence of sulfonamide, the

NMOF system could actively target the carbonic anhydrase IX of the tumor cells.

Furthermore, this system proved its ability in PDT, PTT, and MRI and the results demonstrated

that this system can target tumors with hypoxia condition and also increase the fatality rate

in 4T1 cancer cell by inducing PTT and PDT together.
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In another novel research, a special NMOF system was designed to specifically target triple

negative breast cancer (TNBC) which is a fatal and life-threatening cancer [71]. In this

system, a TNBC-targeted peptide called ZD2 was engineered and conjugated with a gold

nanostar (AuNS) and MIL-101-NH2 (Fe). After conducting several tests, the results

demonstrated good biocompatibility, efficient MRI activity, and stable photothermal ability.

Furthermore, this system proved that it could specifically target TNBC cell (MDA-MB-23),

but not the other subtype (MDA-MB-435, MDA-MB-468 and MCF-7), which could lead

to visualize breast cancer with molecular classification.

14.5.3.2 PDT and PTT therapeutic methods

Along with many applied therapeutic methods for different diseases, there is a need for

new routes to overcome the deficiency of those methods [72]. Photodynamic therapy (PDT)

and photo thermal therapy (PTT) may be the two new routes for new diseases such as

cancer, even though they have been used in several different diseases.

PDT

PDT is a newmethodmainly used for cancer theranostic nowadays. The mechanism of action is

due to the activation of photosensitizers by a specific wavelength and generation of ROS

system by the activated PS [73]. So, we assume there are three factors for PDT:

photosensitizers (PS), light, and tissue O2 concentration. These three variable factors are in

some ways related together. Targeted delivery of PS, depth, wavelength, and extinction

coefficient of the irradiated light and the content of oxygen in the tissue in order to activate

the ROS system are the important subfactors. Putting these factors together and looking at

the mentioned features of NMOF’s, it may be concluded that they are the appropriate systems

to be synthesized and tested.

At first, porphyrins, which have been used for PDT in different classes under different

brand names, were tested. 5,15-di(p-benzoato)-porphyrin (H2DBP) was conjugated with

Hf4+ in an NMOF system and was compared with H2DBP alone [74, 75]. The results

demonstrated high PS loading, overcoming the aggregation issue, enhanced PDT efficacy, and

no dark toxicity in the conjugated system [75]. Another porphyrin class called TCPP

(5,10,15,20-tetrakis(4-carboxylphenyl)-porphyrin) was conjugated with Hf4+ and pegylated

in order to overcome low water solubility [76]. After identifying biopharmaceutical features

of this system, an in vivo test was exhibited in 4T1 tumor-bearing mice via intravenous

injection. The results demonstrated that this system can partially suppress tumor growth

via intravenous injection.

The main problem of the H2DBP class was the lowest wavelength absorption of 634 nm, which

is near the high energy edge of the tissue-penetrating window (600–900 nm). So, they

switched to chlorine-based photosensitizers to modify the absorption at a higher wavelength.

5,15-Di(p-benzoato)chlorin (H2DBC) was synthesized and conjugated with Hf4+ in an
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NMOF system [77]. The results demonstrated better ROS generation, induced cellular

apoptosis, increased PDT efficacy, and induced immunogenic cell death.

In another novel research, researchers concentrated on the immunogenic cell death caused by

chlorine-based NMOF’s [78], deficiency of PDT in metastatic cancer therapy, and

overexpression of antitumor suppressing molecules such as indoleamine 2,3-dioxygenase

(IDO). They synthesized a system built up from 5,10,15,20-tetra (p-benzoato) chlorin

(H4TBC), Hf4+, and an IDO inhibitor (IDOi@TBC-Hf) [79]. This system and TBC-Hf

(without IDO inhibitor) were tested for in vivo efficacy and abscopal effect in two colorectal

mouse models, CT26 and MC38. The results demonstrated that both systems can reduce

primary tumor growth via PDT, but the IDOi@TBC-Hf system could efficiently reduce the

sizes of the distant tumors while the other system had a very little effect on it. The mechanistic

study suggested that uptake of the antigens from destroyed primary tumor cells and presenting

them to specific tumor suppressor T cell plus the IDO inhibitors could systemically activate the

immune system against metastatic tumor cell (Fig. 14.2).
Fig. 14.2
A novel chlorine-based MOF delivery system, which was made up of 5,10,15,20-tetra (p-benzoato)
chlorin (H4TBC), Hf4+, and an IDO inhibitor (IDOi@TBC-Hf), was tested in two colorectal mouse
models called CT26 and MC38. The results demonstrated higher abscopal and metastatic inhibitory

effect in IDOi@TBC-Hf than TBC-Hf without IDOi. Indoleamine 2,3-dioxygenase (IDO) is an
antitumor suppressing molecule that is secreted by tumor cells. So, by inhibiting IDO, tumor

suppressing T cells could systemically be activated against metastatic tumor cells. Reproduced with
permission from K. Lu, et al., Chlorin-based nanoscale metal–organic framework systemically rejects colorectal
cancers via synergistic photodynamic therapy and checkpoint blockade immunotherapy, J. Am. Chem. Soc. 138(38)

(2016) 12502–12510.
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PTT

Besides all mentioned advantages of PDT, there are also some disadvantages including:

(1) Generating ROS system: it’s a good ability for PDT, but the reactive oxygen could also

harm noncancer cells and increase the side effects. (2) Dependency on tissue oxygen

content: hypoxia state is dominant in cancer cells and may cause resistance among PDT.

Considering the disadvantages of PDT, another alternative of PDT gained a massive

attention in recent years called Photo thermal therapy (PTT). Different from PDT,

PTT is oxygen-independent and ROS-free [80]. Mechanistically, it can rise the temperature

of the targeted site above 40 degrees and kill targeted cells. Also, it can hyper-sensitize

them to chemotherapy and radiotherapy. As for the cancer treatment protocol and the

importance of combination therapy, it seems like PTT is a better choice due to its

mechanism of action.

In a research, an NMOF system made up of Pd nanocubes, Au nanosheets, ZIF-8, and

Doxorubicin (DOX) was designed and synthesized [81]. Pd nanocubes were considered as

seeds and Au nanosheets covered them to help the photothermal converting ability of the

system. Furthermore, DOX was attached to the system by an acid-sensitive framework, ZIF-8.

After an in vitro experiment, the results demonstrated enhanced efficacy due to the combined

PTT-chemotherapy treatment and also lower toxicity for the combined system than each of

them alone.

In another research, a nanocomposite called MCM@PEG-CO-DOX was synthesized and

tested [82]. In this system, carbon monoxide was used for combined gas therapy,

chemotherapy, and photothermal therapy next to other materials used such as Doxorubicin,

pegylated Fe(III)-based nanoMOFs (MIL-100), and modified Mn carbonyl. The results

demonstrated efficient antitumor activity and tumor dual-model imaging capability including

magnetic resonance imaging (MRI) and photoacoustic imaging (PAI).

In a recent research, a molecularly organic/inorganic hybridized nanocomposite called

HMONs-PMOF was synthesized and tested [83]. This system was built upon hollow

mesoporous organosilica nanoparticles (HMON) merged with MOF and polydopamine

interlayer. After designing the backbone, doxorubicin was loaded to the interior cavity of

HMON, while indocyanine green was loaded to the outer porous shell of MOF. Conducting

in vitro cell experiments demonstrated several different mechanisms of action: (1)

Photothermal activity which could lead to lysosomal rupture and facilitating lysosomal escape

in order to facilitate doxorubicin diffusion to the cytoplasm. (2) Magnetic resonance and

photoacoustic dual-model imaging accomplished by iron ion coordinated on PDA and ICG

confined in MOF. (3) Chemotherapeutic effect of doxorubicin. All three mentioned

mechanisms had a synergistic effect next to each other and enhanced the antitumor activity of

the system.
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14.5.3.3 X-ray computed tomography (CT) scan

Different imaging methods provide altered quality images for various purposes. The

importance of adequate images in order to achieve exact diagnosis and treatment is undeniable.

One of the powerful tools in this matter is X-ray computed tomography scan. In this method,

the physician can see anything and everything in your body without cutting it or doing any

harmful activity to your body [84]. The device rotates around the body and takes different 2D

images which are called slices from each angle. Then the computer takes these different

slices and creates cross-sectional pictures. Like other imaging methods, we also need contrast

agent to perform all the mentioned procedures. Mostly used contrast agents in this method

are iodinated aromatic molecules and barium sulfate. The problem is that they are very

small and have rapid clearance which could lead to higher dose administration and higher

side effects. That’s where we include NMOFs in order to improve bio-distribution and

pharmacokinetic features of contrast agents.

In a research, an NMOF systemwas constructed from iodine-boron-dipyrromethene (BODIPY)

and was named UIO-PDT [85]. Several in vitro and in vivo tests were conducted and the

results demonstrated that this system has no obvious severe, acute, or subacute toxicity even at

a very high injected dose. Furthermore, the results in rats-bearing hematoma suggested that

most of the injected UIO-PDT was accumulated at the tumor site, which gave the best imaging

performance after an IV injection for about 24 h.

In another research, gold-based NMOFs were also studied for this matter. In this study, gold

nanorod-incorporated nMOF called Au@MIL-88 was synthesized [86]. Low toxicity, high

penetration depth, high spatial resolution, and high contrast ability made this system favorable

to be tested. The results revealed that, beside the ability for usage in CT scan, this system

can also be used in MRI and photoacoustic imaging. Furthermore, this system was modified

with poly (ethylene glycol)-carboxyl acid (PEG-COOH) in order to protect MOFs from

aggregation during in vivo tests and demonstrated high resolution in human glioma models.

In a recent research, a new bismuth NMOF called bismuth-NU-901 was synthesized and tested

[87]. This system is made up of eight connected Bi6 nodes and tetratopic 1, 3, 5, 8-(p-benzoate)

pyrene linkers. After conducting several in vitro tests, the results demonstrated that this new

NMOF system has 7 times better contrast intensity than zirconium-based MOFs with same

topology 14 times better contrast intensity than commercially available CT contrast agents.

With a brief look at the results, bismuth-based MOFs may be the appropriate alternative for

commercial CT contrast agent.

14.5.3.4 PET

Cells’ different features are related to each other and little change in some parts can make

a massive change in other parts. Metabolism is one of the most important tasks in cell

which is related to different conditions of the cell. Being healthy or being infected etc. changes
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the path of the cells’ metabolism. In order to figure out which path is active, we look at the

metabolites. In order to specifically identify certain metabolites, there are several different

means. Positron-emitting tomography (PET) is a nuclear imaging method which works with

positron-emitting radio nucleotides [88]. This radio nucleotides accumulate at the targeted

site and generate gamma ray photons. These photons can be captured by sensitive detector

panels and the computer makes a 3D image.

In a recent research, an 89Zr-containing NMOF was designed by attaching Zr to UiO-66

NMOFs and functionalizing it with pyrene-derived PEG. Furthermore, it was conjugated with a

peptide ligand called (KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK, F3) in order to

have tumor-targeted delivery [89]. After conducting an in vivo test via intravenous injection,

this nanoparticle was traced by PET, 2 h after the injection. The results demonstrated that

untargeted nanoparticles have lower tumor accumulation than targeted ones. Furthermore,

significant uptake by liver and spleen was also observed which needs further investigation.

Nonetheless, with a brief look at the results, it seems like Zr-containing NMOFs would be

a better choice for the long-term imaging due to its longer half-life than other routine

methods used in PET.
14.5.3.5 Optical imaging

Though imaging-guided diagnosis and treatment has been in a lot of attention in bio/Nano

medicine therapy, how to specifically deliver the contrast agent to the desired tissue or

organ is still a hot topic for researchers to resolve [90]. One of the strongest tools in

imaging issue that has proved its ability in recent years is optical imaging [91]. In this method,

the device detects the ballistic or diffusive photons in the targeted part and uses the light

illumination to design the image of that part [92]. All of these mentioned happenings need

to have the contrast agent at the targeted site which could lead us to use NMOF delivery

system to achieve it.

In a research, indocyanin green (ICG), an FDA-approved organic dye for clinical

applications, was conjugated with metal organic framework called MILL-100 (Fe) and

hyaluronic acid in order to increase ICG’s water solubility, targeted delivery, and

specifically enhance its cancer theranostic sensitivity [93]. After conducting several tests, the

results revealed that greater cellular uptake by CD 44-positive MCF-7 occurred, higher

tumor accumulations in xenograft tumor were observed, and its ability for image-guided drug

delivery and PTT and this system could efficiently inhibit the growth of MCF-7/xenograft

tumor cells.

In another study, a novel NMOF system built of Fe-MOF and Eu-MOF was built and tested

[94]. In this heterostructure, the spherical Fe-MOF was introduced as the large surface matrix

for the growth of rod like Eu-MOF. After designing and synthesizing it, the researchers
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announced that this system exhibits excellent magnetic resonance/optical imaging

capacity and satisfactory drug delivery behavior.

In a novel recent study, an NMOF system called Fe-MIL-53-NH2 was used to encapsulate an

anticancer drug 5-fluorouracil (5-FU), a fluorescence imaging agent 5-carboxyfluorescein

and folic acid [95]. After conducting several tests, the results demonstrated good

biocompatibility, strong inhibitory effect on cancer cells, and outstanding magnetic resonance

imaging and optical imaging capability. As we can see, the researchers did many tasks

only by using one multifunctional nanoplatform. This NMOF system may empower the

researchers to design better NMOF platforms with the purpose of aiming new possibilities.

14.6 Future perspective

With the growing interest in the use of NMOF delivery systems and the development of

diseases which need new treatment routes, there is still room for many novel NMOF-based

delivery systems to be used against these diseases [96].

Alzheimer’s is one of the most challenging diseases which human community has been dealing

with for many years. In this disease, the main problem is the aggregation of peptides called

amyloid beta. This aggregation causes neurotoxicity, and after a while, when many other

neurons get involved, Alzheimer’s appears. So, an NMOF system called PCN-224 which was

constructed from tetra-kis (4-carboxyphenyl) porphyrin (TCPP) and zirconium was used to

control amyloid beta’s aggregation [97]. After conducting several tests, the results

demonstrated the ability of the system to prevent self-assembly aggregation of these

peptides and also reduce their toxicity under near-infrared radiation (Fig. 14.3).

Parkinson disease is also one of the most advanced diseases which needs new delivery and

treatment routes. In this disease, the dopamine-releasing neurons are damaged at substantia

nigra region in the brain, which could lead to Parkinson disease. Conventional routes prefer to

use L-3,4-dihydroxyphenylalanine (L-dopa), a carboxylate precursor of dopamine. Although

this route has been useful for many years, the side effects like the dysregulation syndrome

and the pharmacokinetic problems like competitive absorption forced scientist to design

another treatment protocol. In a study, dopamine was loaded into a Fe-based MOF system

called MIL-88A and was tested in PC12 cells as the neural cell model. The results proved

that this system can be used as long-term delivery tool, protects dopamine from

oxidative damage, and enhances targeted delivery [98].

Among many approved administration routes, oral administration is the most widely used

route. Several attempts have been made to enhance the ease, absorption, and unwanted

happenings like drug decomposition. For instance, acidic pH of the stomach that catalyzes and

damages the structure of many drugs, decomposition of the drug before reaching the

absorption site, and also the structural damage of drug to the digestive system are all example of



Fig. 14.3
Schematic presentation of the inhibitory effect of porphyrinic metal organic framework called
PCN-224 on the aggregation of amyloid beta peptides. The study demonstrates that, via a

near-infrared radiation and the high photo-oxygenation efficiency of the nanoparticle, PCN-224
nanoprobe activated by NIR light could successfully inhibit self-assembly of amyloid beta peptides.

Furthermore, the activated nanoprobe could efficiently decrease the amyloid beta-induced
cytotoxicity. Reproduced with permission from J. Wang, et al., Porphyrinic metal–organic framework PCN-224
nanoparticles for near-infrared-induced attenuation of aggregation and neurotoxicity of alzheimer’s amyloid-β

peptide, ACS Appl. Mater. Interfaces 10(43) (2018) 36615–36621.
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why we need controlled delivery in oral administration. So, in a study, a copper-based

metal organic framework was conjugated with ibuprofen and then was protected with a

pH-sensitive biopolymer called carboxymethylcellulose in order to enhance the oral delivery

system [99]. The drug release test showed that this system had better protection against

stomach’s acidic pH which could help us to have controlled release in the gastrointestinal

tract condition. Furthermore, MTT tests revealed that this system has low toxicity against

Caco-2 cells (represent the epithelial colorectal cells). With a brief look at the reported results,

it seems like this system could have a bright future for controlled oral delivery system.
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15.1 Introduction of biomolecules

Evidently, the cell is the fundamental building block of the living systems. These cells or units

of life encompass multiple information bioactive molecules. Although there is no certain

information on the first formation of the cells, a huge deal of evidence suggests various

chemical and physical procedures on the earth or the atmosphere which can guide us to

knowledge about simple molecules with cellular status. Upon their entrance into an interacting

network, biomolecules got involved in more complex groups and structures. Ultimately,

biomolecules expressed themselves in the form of life by giving rise to a robust and organized

unit. Living cells comprise various biomolecules including nucleic acids (DNA and RNA),

lipids (fats) and carbohydrates, amino acids, proteins, enzymes, fatty acids, nucleotides, nucleic

acids, histones, acidic proteins, chlorophyll, and hemoglobin. It is impossible to determine

which one of these biomolecules is alive, as none of them can independently express life. As the

most primitive manifestation of life, viruses encompass two major biomolecules: protein

and RNA or DNA.
15.2 Meaning of biomolecules

Biomolecules have been considered as the basis of a living cell. Some of them (i.e., amino

acids, nucleotides, and monosaccharides) are the constituents of the more complex ones.

The role of biomolecules such as proteins, carbohydrates and fats, enzymes, vitamins,

hormones, and nucleic acids is of crucial importance. Some of these biomolecules are in

the form of polymers, among which starch, proteins, and nucleic acids can be mentioned which

can be considered as the chains of simple sugars, amino acids, and nucleotides, respectively.

The structure of the majority of biomolecules is large and highly complicated, making their

https://doi.org/10.1016/B978-0-12-816984-1.00017-2
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reactions mechanisms more sophisticated. Biomolecules’ association to the living organisms

can be expressed by following sequence:

Living Cells!Organs! Tissues!Cells!Organelles
!Biomolecules Carbohydrates, proteins, fats, and nucleic acidð Þ

15.3 Types of biomolecules

Among the various types of biomolecules, the nucleotides are of crucial significance as they are

the building blocks of DNA and RNA (biomolecules involved in heredity). Lipids are also

involved in the formation of biological membranes as well as energy provision. Hormones are

another class of biomolecules which are responsible for regulating the metabolism and a

myriad of other procedures in living organisms. Carbohydrates also play a key role in supply of

energy and its storage. Amino acids, the building blocks of proteins, have an undeniable

role in living organisms from the protein synthesis to lipid transport. Although the vitamins

are not synthesized by organisms, they are important biomolecules with vital function in

the health and survival of the organisms.

There exists a vast spectrum of biomolecules:
Small molecules: Lipids, phospholipids, sterols, glycerolipids, glycolipids, vitamins,

sugars, carbohydrates, metabolites, hormones, neurotransmitters

Monomers: Monosaccharides, nucleotides, amino acids

Polymers: Hemoglobin, nucleic acids, DNA, RNA, cellulose, lignin, oligosaccharides,

polysaccharides (including cellulose), peptides, oligopeptides, polypeptides, proteins
15.4 Applications of biomolecules

In addition to their essential impact on life, biomolecules play a decisive role in industrial

purposes, in particular, food and pharmaceutical production. These molecules can be employed

as natural catalysts, sensors, or oxidative-reductive agents [1]. Most of the industrial

operations occur under nonnatural environments (i.e., at the presence of organic solvents,

variable temperatures, and pH values or mechanical processing), while most of the

biomolecules can be only applied at mild condition. The delicate nature of biomolecules has

given rise to their low operational stability, lack of robustness, and difficult recovery

which have challenged their applications. In this content, biomolecules’ stabilization will retain

their function under industrial condition which is an essential perquisite for their successful

application [2, 3].
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15.5 Incorporation of biomolecules with inorganic materials and
metal-organic frameworks

Biomolecules can be incorporated in a protectivematrix which could be an interesting approach

for enhancing their stability [2–8]. In comparison to their free counterparts, the biomolecule-

matrix composites can show a significant enhancement in their thermal, chemical, and even

mechanical stability. Such an approach will drastically extend the operational condition of

biomolecules and develop new in vitro and in vivo potential applications. Known as the

nature’s catalysts, enzymes exhibit excellent reactivity, selectivity, and specificity at mild

conditions [9]. Enzymatic catalysts have been intensively studied for chemical,

pharmaceutical, and food purposes [10]. The low operational stability, difficult recovery, and

nonreusability at operational conditions have, however, limited the enzymes’ application in

industry [11]. Enzyme can be immobilized on the solid supports (including sol gels hydrogels,

organic microparticles, nonporous and porous inorganic supports) which will dramatically

improve their stability and facilitate their separation and recovery simultaneous to protecting

their activity and selectivity [12]. Regarding the high surface area and tunable and uniform

pores of mesoporous silica materials, a huge deal of studies has been devoted to immobilization

of enzymes within them [11, 12]. Mesoporous silica materials do not interact with enzyme

molecules; hence, the immobilized enzyme may be leached during the procedure declining the

system effectiveness during their reuse [6, 11, 12]. Use of functional organic groups for

postsynthetic modification of pore walls can result in their interaction with the immobilized

enzyme and preventing from enzyme leaching. This strategy will, however, significantly

decline the enzyme loading and/or block the channels [6, 12]. An ideal host matrix should

have following features: (1) the hierarchical pore sizes whose larger ones place the enzymes,

while smaller pores provide a path for the reactants and products to diffuse, (2) enhanced

surface area which will guarantee proper enzyme loading, (3) use of interacting functional

organic groups to decorate sufficiently large cages which will prevent from enzyme leaching,

and (4) a framework which maintains its integrity under the reaction condition. In this

regard, development of innovative porous materials for biomolecules incorporation is of crucial

importance. Past decade has witnessed the development of a novel class of porous

materials known as porous metal-organic frameworks (MOFs) [13–18]. The reason for such a

huge deal of interest on this class of materials lies in their astonishingly large surface areas

due to their ultra-micro-porosity and their structural and composition flexibility offering a

wide range of pore shapes. In fact, MOFs possess the highest porosity among the

available. These two major features have introduced MPFs as a promising candidate for

various applications, most of which are attributed to their ultra-high porosity (up to 7000 m2/g).

Today, MOFs are employed in gas storage/separation procedures [19], sensing [20],

magnetism [21], catalysis [22], and several biomedical purposes [23]. Recently,

biomolecules have been used as one of the components of biological metal-organic

frameworks (bioMOFs).
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15.6 Definition of BioMOFs

BioMOFs have not been clearly defined yet. A literature survey revealed two different insights

[24–28]. While some researchers define bioMOFs as composites comprising at least one

biomolecule in the form of an organic ligand, others introduced bioMOFs as a class of high

porosity MOFs providing platform for biological and medical applications. The first group

emphasizes that MOFs should include nature-derived biomimetic units, whereas the latter are

concentrated on MOFs’ biological applications. The mandatory standards for biological

applications are much more serious than industrial uses. In this regard, the toxicology, stability,

efficacy, particle size, and morphology of the bioMOFs have to be extensively assessed before

their real application. As a field combining porous crystals with biological field, investgation of

bioMOFs not only investigates the structural properties and inner porosity of conventional

MOFs, but also addresses their chirality, molecular recognition, and biomolecular catalytic

function. Regarding its declined toxicity and proper biocompatibility, bioMOF has been

proposed for numerous biological applications. Use of biomolecules in construction of

bioMOFs can result in several advantages:

• Simple biomolecules (i.e., amino acids, nucleobases, and sugars) are accessible in large

quantities and reasonable prices; hence, bulk quantities of bioMOFs are achievable.

• Incorporation of biomolecules can result in formation of biocompatible MOFs.

• Regarding the structural diversity of biomolecules, they can affect the functional nature of

the target bioMOFs giving rise to rigid or flexible bioMOFs.

• Considering the various metal-binding sites offered by biomolecules, they offer several

coordination modes which can enhance the structural diversity of bioMOFs.

• The intrinsic self-assembly feature of biomolecules can be exploited for tuning the structure

and function of bioMOFs.

• Chirality of biomolecules can facilitate the construction of chiral bioMOFs with interesting

recognition, separation, and catalytic attributes [29].

Moreover, the high surface area and porosity of MOFs have made them a promising support for

the biomolecules’ incorporation in biological applications as they provide more loading sites.

Furthermore, the substrates and products can pass through open structure of MOFs; hence, an

interaction would occur between the guest biomolecules and its surrounding medium. Also, the

metal nodes, ligands, and the topological structures of MOFs are of high diversity; so, the

geometrical parameters and other features of bioMOFs can be adjusted for a specific

application. Uniformly distributed active groups (both in the pores and on the surface of MOFs)

can make the interacting sites to prevent or decrease the leaching of biomolecules. Ultimately,

the proper crystallinity of MOFs results in a well-defined network with clear structural

information. Such information is vital for investigation of MOFs’ interaction/mechanisms with

the guest molecules [30].
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However, bioMOFs have been in wide attention due to their pretty structures’ singular

biomimetic features and rich supramolecular chemistry.
15.7 Design of BioMOFs with biomolecules

So far, several biomolecules have been incorporated inMOFs. Symmetry defect is, however, an

obstacle for synthesis of well-ordered crystalline materials. Besides, the flexibility of most

of the biomolecules and labile metal-ligand coordination may result in their mutual penetration

and undesirable geometry or stoichiometry, giving rise to nonporous frameworks. These

drawbacks have hindered the advancements and applications of bioMOFs. Numerous studies

have addressed the synthesis of new bioMOFs which introduced several empirical routes to

achieve well-functioning bioMOFs: (i) biomolecules@ MOFs via the covalent coupling

structure possessing preexistingMOF linkage or the outer surface obtained by the postsynthetic

modification or biomolecules encapsulation inside the MOF porosities by diffusing or

permeating; (ii) Formation of a cyclic oligomer through tiny biomolecules with low symmetry;

(iii) introduction of an auxiliary ligand with high symmetry (i.e., ZnBTCA) to counterpoise

the lower symmetry of the bio-ligand [31]; (iv) application of an asymmetrical bio-ligand

resulting in the formation of a secondary unit with high symmetry, i.e., bio-MOF-100 [32].

15.8 Nucleobases

The term “nucleobase” refers to five natural compounds known as the differentiating

component of nucleotides; three of these bases are common to RNA and DNA (uracil replaces

thymine in RNA). Depending on their chemical structures, the bases are divided into two

groups: purines and pyrimidines. While purines are larger, double-ring molecules (adenine and

guanine), pyrimidines refer to bases possessing only a single ring structure (cytosine and

thymine/uracil) [33, 34]. More heteroatoms and hydrogen bond donor or acceptor sites in

purine nucleobases have introduced them as a suitable candidate to form coordination bond or

interact by other species (compared to the pyrimidines) [35]. Many nucleoside analogues

have been employed to treat cancer and viral diseases [36]. Besides these promising

applications, nucleobases have been proposed as proper ligands to construct the bioMOFs

due to having multiple heteroatoms capable of coordinating cations and forming high strength

hydrogen bonds. Adenine (ad) is mostly applied for this purpose as it presents five

potential interaction sites: the N6 amino group and N1, N3, N7, and N9 imino nitrogen

atoms (Fig. 15.1) [37].

Formation of the MOFs generally involves the nucleobase deprotonation and coordination as

well as application of auxiliary polycarboxylate ligands. The majority of studies on

nucleobasemetal compounds relies on a 1D or 2D structure and nonbiocompatible metallic

element (e.g., Co) [38, 39].



Fig. 15.1
Adenine structure showing the numbering scheme and the Watson-Crick and Hoogsteen faces.

Reproduced with permission from G. Beobide, O. Castillo, J. Cepeda, A. Luque, S. Perez-Yanez, P.
Roman, J. Thomas-Gipson, Metal–carboxylato–nucleobase systems: from supramolecular assemblies to 3D porous

materials, Coord. Chem. Rev. 257 (2013) 2716–2736. Copyright 2013, Elsevier.
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Fig. 15.2
(A) Porous structure of [Zn8(ad)4(bpdc)6O.2Me2NH2]�8DMF�11H2O; (B) drug release from bio-
MOF-1 through cation exchange. Reproduced with permission from J. An, S.J. Geib, N.L. Rosi, Cation-triggered

drug release from a porous zinc–adeninate metal–organic framework, J. Am. Chem. Soc. 131 (2009)
8376–8377. Copyright 2009, American Chemical Society.
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One of the innovative studies on metal-nucleobase synthesis was conducted by Rosi et al.; they

entitled their product as “bio-MOFs” [32, 40]. They produced bio-MOF-1 with Zn2+ and

adenine (ad), and biphenyldicarboxylate (bpdc) [40]. [Zn8(ad)4(bpdc)6O.2Me2NH2]�
8DMF�11H2O (also called bio-MOF-1) was their first three-dimensional permanent porous

framework composed of infinite Zn(II)-Ad columns including apex-sharing Zn(II)-Ad

octahedral cages. The cages included 8 Zn2+ cations surrounded by four Ad ligands through N1,

N3, N7, and N9 coordination. According to Fig. 15.2A, the Zn(II)-Ad columns are connected to

each other via multiple bpdc linkers, giving rise to large one-dimensional channels which
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maintain their stability after elimination of the guest solvent molecules. This sample exhibited

the surface area of 1700 m2/g for nitrogen adsorption (BET analysis). Owing to its nucleobase

content, bio-MOF-1 showed an anionic zeta-potential which could be helpful in drug loading.

Encapsulation of a cationic antiarrhythmic drug (procainamide HCl) was achieved through

electrostatic interactions which could be easily released via simple cation exchange

procedure (Fig. 15.2B).

Lezama et al. developed another porous Ad-derived 3D bioMOF [41]. This framework

([Cu2(Ad)4(H2O)2]�[Cu(ox)(H2O)]2�4H2O (where ox is oxalate)) was achieved through

paddle-wheel clusters comprising two Cu(II) ions which were bridged by four Ad ligands

through N3 and N9 coordination. N7 of each Ad ligand formed a connection to another Cu(II)-

ox unit, which is connected to another cluster to lead to a three-dimensional structure.

The final structure includes the one-dimensional tube-shaped channels with approximate

diameters of 13 Å. The guest waters leave the channels at 95°C with no disturbance to the

crystalline structure. A novel adenine-containing bioMOF was introduced by Cai et al.

(ZnBTCA (BTC ¼ benzene-1,3,5-tricarboxyl, A ¼ adenine)). In this figure, ZnII1 and ZnII2

form three bonds with two bidentate carboxyl groups and one adenine (N3 and N9 sites),

giving rise to a binuclear-Zn secondary building unit (SBU). This SBU is further expanded

along its axial position by connecting 2 monodentate carboxyl groups along the c axis.

Further propagation of the mentioned unit could be achieved by coordination with ZnII3 which

formed the overall framework. One of the distinctive attributes of ZnBTCA is its sinusoidal

channels with open Watson-Crick sites which are immobilized on the internal surface in a

periodic pattern. These sites provide the conditions required for molecular recognition in

host-guest chemistry [31].
15.9 Amino acids

Amino acids (AA) are known with the general formula of H3N
+-(CR1R2)N-COO� in which

n¼1 and 2 represent α-amino acids and β-amino acids, respectively. Each AA possesses the

amino and carboxylic acid groups (H3N
+ and dCOO�, respectively). R also stands for the

organic side chain. Amino acids are vital components of life as they are the major constituents

of protein and peptide with several undeniably significant biological functions. In terms of

coordination, AA possesses two common metal-binding sites: nitrogen of amino and oxygen of

carboxylate groups. Some AAs offer other types of metal-binding sites through their side

chain residues: for instance, imidazole nitrogen in L-histidine (His) or thiolate and thioether

sulfur atom in L-cysteine (Cys) and L-methionine (Met), respectively, as well as β-carboxylic
acid groups in aspartic acid (Asp) and glutamic acid (Glu). Basically, amino acids possess an

α-carbon. The amino group and α-carboxylic acid groups are bound to this carbon. Metals

have tendency toward the typical five-member glycinate (Gly) chelate ring, giving rise to

discrete complexes. Extendedmetal ion-AA frameworks are also achievable throughmetal ions
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coordination by α-carboxylate groups via bi- or tridendate bridging modes [42]. Amino

acids often form metal-AA chelates or discrete polynuclear clusters with prominent biologic

actions in nature; i.e., metal ions transport through the blood. Regarding the diverse

coordination modes offered by AAs, they can be considered as versatile biomolecules for metal

interlinking to bioMOFs.

Incorporation of amino acids in MOFs has gained considerable attention mostly because of the

inherent chirality AAs, which may offer enantioselectivity with several possible applications in

different processes; i.e., drug enantioselective preparation [43] or release [44]. Presence of a

single complexing group (carboxylate) in typical synthesis conditions has made the completely

biocompatible 3D AA-based MOFs a rare product as such conditions will lead to 1D or 2D

coordination networks [45].

Compared to two or three-dimensional structures, pure AA-based 1D coordination networks

are more common. 2D metal ion-AA frameworks were achieved when glycine (Gly)

coordinated to metal ions (e.g., Ni(II) [46], Mn(II) [47], and Co(II) [48]) in a 2:1 manner.

In such two-dimensional structures, each octahedral metal ion is linked to four other metal ions

through glycine ligands with μ2-O1:O2 coordination (Fig. 15.3). Coordination of 2 AA ligands

to an octahedral metal ion by typical O,N-chelating mode is another possible connectivity

pattern which may result in 2D frameworks. Each AA could also bridge to its neighboringmetal

ions through its second carboxylate group oxygen (μ2-N1O1:O2 coordination mode, Fig. 15.3).

Samples with such two-dimensional structures were attained by linking L-phenyamine (Phe) to

Mn(II) [49] and Cu(II) [50], L-tryptophan (Trp) to Mn(II) [51], and Ni(II) [52], and L-glutamine

(Gln) to Cu(II) [53]. Zhang et al. presented two enantiomorphic zeolitic MOFs with

zeotype sodalite topology, Ni(L-alanine)2 and Ni(D-alanine)2, on the basis of an enantiopure

alanine (Ala) ligand and Ni(II). Each alanine was linked to the Ni(II) ions via the O,N- O,N-

chelating mode and the second oxen of its carboxylate groups giving rise to a 3D structure

[54]. Despite the scarce reports on three-dimensional metal ion-AA frameworks, some amino

acids offer their R side chains for binding metal ions (i.e., the b-carboxylate groups of

aspartic and glutamic acids, the imidazole group of histidine, the thiol or thioether groups

of cysteine and methionine, respectively, or the phenol ring of tyrosine). Besides offering

metal-binding sites, these groups could be employed for bridging the metal ions and even
µ2-O1:O2 µ2-N1O1:O2 µ2-N1O1:O1O2

α α α

Fig. 15.3
Coordination modes of α-amino acids, in which NH2 and COOH represent the amino and carboxylic

acid groups, respectively; while R shows the organic side chain.
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more enhancement in dimensionality of metal ion-AA networks (Fig. 15.3) [29]. Ma et al.

employed the dicarboxylate L-aspartic acid to form a bridge Dy4O4 cubane unit.

They reported a high porosity framework possessing intersecting channels of ca. 12 Å [55].

A year after, Wang et al. announced the synthesis of a similar structure based on [Er4(μ3-OH)4]
8+

motifs and the dicarboxylate glutamate [56]. Their framework showed approximate

parallelogram-shaped pores opening of 4.4 � 9.1 Å. The applicability of the mentioned structure

could be only confirmed through biocompatibility assays. Xiao et al. [57] presented two new

three-dimensional chiral MOFs possessing chiral amino acid ligands containing n-fold

interwoven helices composed of the mixed ligands 1,3,5-benzenetricarboxylic acid (BTC)

and chiral His and Zn(II). Normal μ3-N1O1:O1:O2 coordination was detected in His and Zn(II)

of the system.

The potential chirality of bioMOFs depends on their amino acid nature. Furthermore, the

framework porosity could be applied for specific molecular recognition and selective

separation, in particular, enantiomers.
15.10 Peptides

A short chain of amino acids is called a peptide in which the amino acids are connected to each

other through peptide bonds. Peptides differ from proteins by their shorter length; the threshold

number of amino acids for definition of a peptide is, however, arbitrary. Peptides generally

include two or more amino acids, while the proteins are long arrays of several peptide subunits;

that’s why they are sometimes called polypeptides. The unique amino acid sequence of each

peptides can be determined by its AAs’ conformation and stereochemical configuration.

Therefore, each peptide will have its specific recognition properties and inherent chirality

which can be exploited in various applications, i.e., asymmetric catalysis and enantioselective

separation [58]. In humans, peptides can serve as neurotransmitter, hormone, and antibiotic

[59]. The increasing attention of pharmacists in these natural compounds lies in their high

selectivity combined with their relative safety and well-tolerance. Today, about 140 therapeutic

peptides are under investigation in clinical trial studies [60]. Peptides have exhibited proper

reactivity toward metal ions, giving rise to various 2D or 3D peptide-based bioMOFs. As the

shortest polypeptide, dipeptides have been often applied to construct the peptide-based

bioMOFs. Application of peptides as the organic linkers of MOFs could result in several

benefits: (i) similar to AAs, peptides offer the same reactive terminal groups (dNH2 and

dCOOH), however, with an enhanced degree of adaptability due to their double-bond

character; this prevents from rotations around the bonds [61]; (ii) infinite number of peptide

structures are achievable by changing the peptide length, its AAs’ type, and order [62];

(iii) intrinsic chirality of peptides has made them primary candidate for fabrication of

chiral MOFs. Rosseinsky group reported the application of carnosine dipeptide (b-alanyl-L-

histidine, Car) ligand to form a reaction with Zn(II) ions which led to a ZIF-type three-
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dimensional water-stable MOF, ZnCar; Gly-Ser (GS) was then applied to construct a layered

porous framework Zn(GS)2 with tunable porosity after elimination of the guest [33].

Peptides can also form conjugation with preexisting MOF linkers and frameworks.

These molecules can bond with the linkers through a different incorporation method by

covalent coupling. Solid-phase peptide synthesis has been widely used for postmodification of

the MOFs’ linkers. In such cases, the MOF serves as a “bead” to trigger the coupling. The first

report on peptide-conjugated MOF using solid-phase peptide synthesis protocol was

presented by Canivet et al. who coupled proline and alanine with (In) MIL-68-NH2 MOFs

(Fig. 15.4) [63]. Peptide conjugation to free amines was accomplished through linker by

use of bromo-trispyrrolidinophosphonium hexafluorophosphate (PyBroP, coupling agent) and

4-(dimethylamino)pyridine (DMAP, base additive). The MOF retained its crystalline structure

after modification. Solid-phase peptide coupling route has opened new horizons to anchor

the chiral biomolecules and catalytic species. The mentioned method is also helpful for

immobilizing moieties with high activity and/or coordination within the MOF’s pores.

Navarro-Sánchez et al. employed a GHG-based (tripeptide Gly-L-His-Gly) chiral Cu(II) 3D

MOF to enantioselectively separate the metamphetamine and ephedrine. Based on the MC

simulation results, chiral recognition is associated with one of the enantiomers’ preferential

binding due to additional H-bonds with higher strength in the framework which led to higher

stability in diastereomeric adducts (considering energy). Cu(GHG) could be synthesized
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(2017) 4294–4297. Copyright 2017, American Chemical Society.
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through gradual diffusion of glycyl-L-histidylglycine and Cu(II) acetate. Cu(GHG) produced

from 4-fold helicoidal Cu-peptide-Cu chains interconnection with μ2-carboxylate bridged in

C-term Gly (Fig. 15.5A). Peptides can serve as metal connectors for inward decoration of

the channels’ surface with carboxylate, amide, amino, and imidazole groups (Fig. 15.5B).

If employed as a chiral SPE cartridge, Cu(GHG) can separate more than 50% of (+)-ephedrine

from a racemic within 4 min (Fig. 15.6) [64].

Lei and colleagues synthesized the NP@MOF core-shell nano-probe entitled Au-Cy3P@ZIF-8

in which the pH-sensitive ZIF-8 and cyanine 3 (Cy3)-labeled substrate peptide

(Cy3-GRRGKC)-functionalized gold nanoparticle (Au-Cy3P) were the shell and the core

responding to acidic environment and CaB activity, respectively. At acidic environments, the

mentioned nanostructures could be employed as a dual-recognition switch, hence offering a

strategy for lysosomal cathepsin B imaging with high novelty (Fig. 15.7) [65].



Fig. 15.6
Chiral polar drugs separation by Cu(GHG). Reproduced with permission from Y. Ikezoe, J. Fang, T.L.

Wasik, M. Shi, T. Uemura, S. Kitagawa, H. Matsui, Peptide–metal organic framework swimmers that direct the
motion toward chemical targets, Nano Lett. 15 (2015) 4019–4023. Copyright 2015, American Chemical Society.
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Design of the peptide-MOF motor to swim toward high pH. Reproduced with permission from J. Solà, M.
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In comparison with dipeptide-MOFs, fewer number of polypeptide-MOFs have been reported

which may be attributed to difficulty in constructing a 3D framework due to higher flexibility of

longer chains in polypeptides. On the other hand, the peptide’s flexibility is the main contributor

in adaption and dynamic response of bioMOFs toward guest permeation [66–68]. Peptide-based
bioMOFs can be employed as molecular switches as well [24, 28, 69, 70].
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15.11 Proteins

Antibodies, enzymes, and structural proteins are basically long chains of amino acids in a

sophisticated and flexible 3D structure. These proteins are responsible for highly specific

functions within the cells (for instance: cellular dynamics, communication). Owing to their

building blocks (AA), proteins can also coordinate metal ions. Indeed, several metal ions are

necessary in the function of several proteins (i.e., appropriate protein folding). Although several

natural protein complexes have been identified [66], no study has addressed the extended

coordination of frameworks associating the metal ions and proteins. The reason can be found in

the protein structure whose complexity and flexibility hinder controlling and coordinating

metal ions at the protein interface. The covalent conjugation of the protein to MOF linkers is

possible through nucleophile sites of proteins (i.e., thiols, amines, and hydroxyls) which form

a conjugation with the MOF linkers’ carboxylates by nucleophilic substitutions [29]. Tezcan

et al. successfully designed a porous three-dimensional protein crystalline framework which

was assembled by interactions between metals and organic compounds directed by linkers.

As Fig. 15.8 suggests, ferritin (known as the octahedral iron storage enzyme) was adjusted in its

C3 symmetric pores through tripodal Zn coordination site. The bdh-Zn-T122Hferritin system

is the first ternary protein-metal-organic crystalline framework in which each constituent can

be regarded as an integrated part of the structure. The bcc lattice exhibits an enhanced packing

density (packing factor¼0.68) for the spherical building blocks. On the other hand, the

ferritin hubs have hollow shape, giving rise to a framework with high porosity and solvent

content of 67%. Therefore, the crystals of bdh-Zn-T122Hferritin possess high permeability

toward solutes, which lets the ferritin hubs exhibit their intrinsic enzymatic activity inside the

lattice (that is soluble Fe2+ oxidation to Fe3+-oxide mineral crystals) (Fig. 15.9). Generally
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Fig. 15.8
Metal/linker-directed self-assembly of ferritin into 3D crystals; surface-exposed-binding sites for Zn2+

(in gray)were modified at the C3 pores (magenta) using the T122Hmutation. At the presence of ditopic
organic linkers, the resulting T122Hferritin variants formed a bcc lattice. Reproduced with permission from
P.A. Sontz, J.B. Bailey, S. Ahn, F.A. Tezcan, A metal organic framework with spherical protein nodes: rational
chemical design of 3D protein crystals, J. Am. Chem. Soc. 137 (2015) 11598–11601. Copyright 2015, American

Chemical Society.



Fig. 15.9
Optical micrograph of bdh-Zn-T122Hferritin crystals as the result of iron loading/mineralization. bdh-
Zn-T122Hferritin crystals turned rust-colored after 24 h of soaking in a 10 mM (NH4)2Fe(SO4)2�6H2O

solution which indicates Fe2+! Fe3+ oxidation. Reproduced with permission from P.A. Sontz, J.B.
Bailey, S. Ahn, F.A. Tezcan, A metal organic framework with spherical protein nodes: rational chemical design of 3D
protein crystals, J. Am. Chem. Soc. 137 (2015) 11598–11601. Copyright 2015, American Chemical Society.
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speaking, this group of bioMOFs can be considered as the modularly integrated proteins, metal

ions, and organic linkers [71]. Two years later, they systematically studied the variations

in metal ions in the vertices of the ferritin nodes (Zn2+, Ni2+, and Co2+) and the synthetic

dihydroxamate linkers and introduced a comprehensive library including 15 ferritin-MOFs.

Results of their research revealed easy modular change of protein-MOFs lattice symmetry

and unit cell dimensions like the traditional MOFs synthesis. This has resulted in the ascending

development of crystalline protein-MOFs [72].
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Encapsulating a series of hemoproteins, microperoxidase-11 (MP-11), myoglobin and

cytochrome c within a mesoporous MOF, Tb-mesoMOF was achieved. The resulting compound

exhibited excellent catalytic activities in the form of the unprecedented size-selective

biocatalysis. Based on kinetic studies, encapsulation will result in improved enzyme stability and

enhanced enzyme activity in different solvents. Beyeh et al. [73] used synthetic cyclophanes

and protein cages to construct a framework (Fig. 15.10). The optimal host was determined as

a pillar [5] arene containing 10 protonatable amines with face symmetry which is self-assemble

with ferritin cages through electrostatic forces, giving rise to an ordered framework structure.

The size of the crystals’ interconnected pores between the protein cages varies nano-scales.

Cyclophane-protein cage framework is a structure between molecular framework and colloidal

crystalline nanoparticle which simultaneously offers the benefits of synthetic supramolecular

hosts and the high selectivity of biomolecules. Such advancements will result in development

of the versatile heterogeneous catalyst (whose cyclophanes are capable of trapping the

guest molecules near the catalytic site of the biomolecule [74]), multipurpose water remedy

substances [75], and zeolite-type structures possessing rod-shaped biomolecules [76].

De novo protein encapsulation has been recently proposed for incorporation of proteins

into MOFs, regardless of their relatively large size. In this approach, the proteins will be

distributed within the MOF synthetic solution during MOF formation. MOF particles prefer to
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grow around the proteins; hence, the protein will be finally encapsulated by MOF particles.

Study of Lyu et al. involved direct embedding of cytochrome c (Cyt c) in metal-organic

frameworks (MOFs) using a co-precipitation route. The Cyt c/ZIF-8 composite was

successfully attained independent of PVP; therefore, the coordination interaction between Zn2+

and protein amide bonds probably contributed in the Cyt c embedment in the ZIF-8 during

crystal growth. PVP-modified Cyt c was also distributed in the ZIF-8 synthetic solution

which resulted in the formation of Cyt c-encapsulated ZIF-8 particles (Fig. 15.11). They

declared that the majority of protein molecules were embedded on the surface of ZIF-8 crystals.

This approach resulted in 10-fold enhancement in the apparent activity of Cyt c in ZIF-8.

Cyt c-MOF composite succeeded in fast and visible detection of explosive organic peroxides

with high sensitivity [77].

The other protein incorporation approach involves application of large-pore MOFs; hence,

the proteins can diffuse into the framework. Lykourinou et al. reported the immobilization

of MP-11 on mesoporous Tb-TATB MOF (Tb-meso MOF) [78]. They used an MOF with

relatively big-sized pore’s dimension (3.9 � 4.7 nm) which enhanced the enzyme diffusion

rate. At room temperature, the loading capacity of 19.1 μ/mol g (enzyme/MOF) was achieved

through simple diffusion experiments. Diffusion of MP-11 into the MOF pores was visually

verified, although single crystal optical absorption spectroscopy was also employed. Compared

to silica supports, this MOF-enzyme support exhibited excellent biocatalytic features.

Regarding the strong entrapment of the enzyme inside the MOF cages, enzyme leaching

was prevented even after repeated application; such a strong entrapment could be attributed

to hydrophobic interactions between enzyme MP-11 and Tb-TATB MOF. After 7 cycles,

Tb-TATB MOF managed to maintain�47% of its original catalytic activity.
Zn2– +
N

Methanol

NH
+

PVP-modified Cyt c

Polyvinyl pyrrolidone

Cytochrome c

(a) (b)

Fig. 15.11
Construction of the cytochrome c-embedded ZIF-8. Reproduced with permission from F. Lyu, Y. Zhang, R. N.
Zare, J. Ge, Z. Liu, One-pot synthesis of protein-embedded metal–organic frameworks with enhanced biological

activities, Nano Lett. 14 (2014) 5761–5765. Copyright 2014, American Chemical Society.
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As flexible 3D structures, proteins, such as antibodies and enzymes, could be helpful in

construction of soft and biomimetic materials due to their chemically and structurally diverse

entities and intrinsic functions (catalysis, electron transfer, and molecular recognition) [79].

15.12 Porphyrins and metalloporphyrins

Porphyrins refer to a class of heterocyclic macrocycle organic materials with four modified

pyrrole subunits which are mutually connected through their α-carbons via methine bridges

(]CHd). A huge deal of efforts has been devoted to construction of porphyrin/

metalloporphyrin-based bioMOFs to be used in gas storage, molecular machines, biomimetic

catalysis, and drug delivery purposes [80–90]. Tunable pores of porphyrin-based MOF have

increased their drug loading ability, adaptable functionality, and biodegradability. These

systems are capable of drug delivery at a controllable rate which made it a versatile therapeutic

tool [91]. Use of metalloporphyrin-based drug delivery systems will minimize the

complications due to direct drugs administration (i.e., dose quantity and different side effect as

the result of nonspecific distribution of drug) [92]. MOF-based substances are stable and

compatible inside the physiological environment; hence, they can be considered as an efficient

drug carrier. Furthermore, stimuli-responsive, sustained, and adjustable release of drug

from metalloporphyrins can be achieved through drug-MOF interactions including

hydrophobic interactions, hydrogen bond, and van der Waal’s force. Temperature and pH

can be employed to control the drug release. MOF has been studied for oral drug delivery

[93, 94]. Lin et al. [91] reported a porphyrin-based MOFs PCN-221 which can be applied as an

oral drug carrier. For this purpose, they used methotrexate which was adsorbed into the MOF

pores through diffusion mechanism. The resulting structure exhibited enhanced drug loading

capacity and sustained a controllable pH-responsive drug release [91]. Using hydrogen

peroxide, metalloporphyrins-MOFs can be employed for peroxidation of organic substrates.

Larsen’s and coworkers [95] presented a new class of biomimetic catalysts entitled

MOMzyme-1(metal-organic material enzyme) using selective encapsulation of catalytic

metalloporphyrins within one of the three nanoscaled cages of HKUST-1 through application

of a “ship-in-a-bottle” method [96]. The mentioned route involved encapsulation of

metalloprophyrins within the MOM frameworks, while it was solvothermally synthesized.

Interesting result was the selective encapsulation of the metalloporphyrin in the most suitable

octahedral cage due to the different sizes and symmetries of the three nanoscale cages of

the framework. On the other hand, the benzenesulfonic acid group of the porphyrin ligand was

further diffused to neighboring cages, giving rise to an orient-specific proximal and distal heme

pocket. This feature plays a vital role in the catalytic functions of the heme enzymes.

Furthermore, the hierarchal cages of MOMzyme-1 system will offer several advantages: the

large pores can host the metalloporphyrin ingression, while the remained cavities will facilitate

the penetration of substrates and products. Based on the porphyrin concentration during
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synthesis, up to�66% (cavity) porphyrin loading was achievable. The catalytic function of the

mentioned system was assessed through investigation of the peroxidase activity of

Fe4SP@HKUST-1 (one of the MOMzyme-1 catalysts) toward monooxygenation of organic

substrates by 2,20-azinodi(3-ethylbenzthiazoline)-6-sulfonate (ABTS), which was employed

as the redox indicator. A comparison was made between the catalytic reaction of this system

and that of the homogenous systems (including microperoxidase-11(MP-11), horse heart

myoglobin (hhMb), and Fe4SP). Under solution condition, the maximum yield of the tested

systems was comparable with those of MP-11 and Fe4SP. The substrate molecules’ diffusion

to the HKUST (Cu) frameworks, however, slowed down the formation of the products in

this heterogeneous Fe4SP@HKUST-1systems when compared to their homogeneous

counterparts. It must be also noted that �66% of the initial catalytic activity of

Fe4SP@HKUST-1 was recovered after 3 cycles.

15.13 Cyclodextrin and other biomolecules

Cyclodextrins refer to cyclic oligosaccharides encompassing 6-cyclodextrin, 7-cyclodextrin,

8-cyclodextrin, or more glucopyranose units which are connected by -(1,4) bonds. These

compounds are the product of starch degradation by cyclodextrin glucanotransferase (CGTase)

enzyme and are also called cycloamyloses, cyclomaltoses, and Schardinger dextrins [1–3].
The hydrophilic outer edge of cyclodextrin (Rim) combined with its hydrophobic cavity has

provided a hydrophobic-binding site. Zhang et al. reported the first successful synthesis of

γ-CD-MOFs through microwave-assisted technique which was employed for drug delivery

purposes. The size and morphology of γ-CD-MOFs were controlled by use of polyethylene

glycol 20000 (PEG 20000) surfactants as well as synthesis process optimization. In comparison

with the micron-scale crystals, nano-scale γ-CD-MOFs (100�300 nm) exhibited faster and

more Fenbufen adsorption (196 mg/g) reflecting the proper loading properties of γ-CD-MOFs.

The crystalline integrity of γ-CD-MOFs was drastically damaged by increasing the reaction

time and MeOH ratio. The loading capacity of γ-CD-MOF crystals was assessed using

Fenbufen model drug where the nano-sized γ-CD-MOFs (100–300 nm) offered faster and more

Fenbufen adsorption (196 mg/g) in EtOH compared with its micron-sized counterpart [97].

Lan et al. synthesized two helical microporous Cs-CD-MOFs, CD-MOF-1 and CD-MOF-2,

using β-CD and cesium as building blocks and metal salts, respectively; they also applied

1,2,3-triazole-4,5-dicarboxylic acid (H3tzdc), methyl benzene sulfonic acid (TsOH), or an

ibuprofenmolecule (IBU) as selective template agents. Single crystal X-ray diffraction analysis

confirmed monoclinic P21 space group of the CD-MOF-1 crystallizes whose asymmetric units

only contained one Cs+ ion and one β-CD molecule. Each Cs+ ion possessed 6 coordination

sites with strongly distorted pentagonal pyramid geometry which were shared by four

contiguous β-CD molecules. Its guest-accessible volume could be due to the β-CD molecule’s

“malposition” stacking effect. CD-MOF-2 showed a monoclinic C2 space group whose

asymmetric unit contained 1.5 crystallographically independent Cs+ ions and a β-CD molecule



Template 1 Template 2

b-CD

1,2,3-trizazole-4,5-dicarboxylic acid
(H3tzdc)

p-Toluenesulfonic acid
(TsOH) or Ibuprofen (IBU)

Fig. 15.12
The structural formation of CD-MOF-1 (left) and CD-MOF-2 (right) by various templates during the

reaction process.
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(Fig. 15.12). In CD-MOF-2 framework, the β-CD molecule was simultaneously bound

with seven metal ions; it also assembled itself with a three-dimensional bioMOF possessing

one-dimensional channels, as vertexes. The filled cage gave rise to a CD-MOF-2, having

big “gourd-shaped” cavities offering �25.3% volume to the guests. The investigated

CD-MOFs are biocompatible and could serve as the drug carrier for high efficacy delivering

anticancer drugs [98].

Besides the above-mentioned biomolecules, numerous biomolecules naturally exist in human

body, animals, or plants which can be successfully incorporated in MOFs to offer the

functionalized bioMOFs with the characteristics of their used biomolecules. Zhu et al. reported

incorporation of curcumin into Zn2+ which resulted in a bioMOF (medi-MOF-1) with

escalated porosity and interesting pharmacological behavior under clinical condition.

They showed that their bioMOF can serve as both the drug carrier and bioactive

ingredient [99].
15.14 Conclusion and outlook

Biomolecules (such as amino acids, peptides, nucleobases, and saccharides) contain reactive

chemical groups which can coordinate with diverse metallic elements and serve as organic

linker in synthesis of MOFs. Explicit application of biomolecules ligands for metal

coordination has given rise to a novel class of MOFs known as bio-MOFs, benefiting from

improved biocompatibility and specific functionality. Regarding asymmetrical and highly

flexible structure of biomolecules, high-quality crystalline bio-MOFs are hardly achievable.

Bio-MOFs’ design often requires selection of the biomolecules with high symmetry or

introduction of a symmetrical co-ligand.Many of these potential applications can be realized by



340 Chapter 15
addition of biomolecules to MOFs. Given the ideal characteristics of biomolecule, bioMOFs

are more biocompatible and easily recyclable. These features will introduce outstanding

applications for bioMOFs, including chirality and specific recognition/self-assembly

capabilities. BioMOFs could be also exploited for development of micro-scale bio-inspired

structures. Numerous issues are still challenging the practical bio-applications of MOFs.

The thermal and chemical stabilities of bioMOFs are lower than the traditional biomaterials.

For instance, high abundance of phosphate with strong affinity for metal clusters will disturb

the metal-ligand coordination equilibrium in favor of the metal-phosphate formation. In

this content, enhancing the stability and cell adsorption properties of bioMOFs is vital for

development of their biological applications. Moreover, the particle size of MOF has to be

closely controlled to obtain a stable formulation adaptable to various administration

methods. Nanoparticles agglomeration should be also prevented which requires further studies.

Extensive bio-application of bioMOFs requires serious addressing their numerous practical

issues. In this context, their toxicity, morphology, machinability, dissolvability, and

possibility of preparing their homogeneous nanocrystals need to be closely studied. The

biosafety, biodistribution, and in vitro and/or in vivo efficacy of bioMOFs have to meet the

standards of real biomedical applications. In addition, for real application of bioMOFs,

their stable formulations have to fulfill the standards of a given administration route.

Development of organic or inorganic MOFs composites (for example, to be used as patches or

creams) could be one solution. Finally, although biomedical use of MOFs is still at its primary

stages, studies have indicated several significant superiorities of MOFs compared to the

conventional bioorganic or inorganic systems. Despite studying numerous model drug

molecules, drug-loaded MOFs have not yet open their way to real applications which may be

due to their poor bioavailability; this highlights the urgent need to develop MOFs for further

bio-applications.
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16.1 Introduction

Nanotechnology is the science of the “small world,” which unlocks a new research frontier in

diversified research fields, such as biomedical application, electronics, catalyst, drug delivery,

and construction of sport equipment [1]. Nanoscience has been transformed from benchtop

techniques to applied science and technology [2]. Porous materials are named after the amount

of empty or void spaces within the material itself. This family of materials has different pore

structures and sizes (from nanometer to millimeter), ordered arrangement, several chemical

compositions, and several different synthesis methods [3]. Before the 1990s, porous materials

were focused on gas separations, absorption, catalysis, and bioengineering, but since then have

moved into biological and biomedical applications in addition to industrial uses [4]. Porous

materials contain two types: inorganic materials (such as aluminum silicate, Al2[SiO3]3) and

carbonaceous materials. However, crystalline Al2(SiO3)3 displays limited porosity, while

carbonaceous materials have a distorted structure [5]. Although the materials in the preceding

text have a stable structure by a strong SidO or CdC covalent bond, they lack flexibility in the

architecture. As a result, it is important to find flexible and stable materials to further advance

porous material research in today’s society.

Organometallic compounds are a class of substances containing at least one metal-carbon bond,

which the carbon in it is part of an organic group. The metal can be ranging from main group

and transition elements. The physical and chemical properties of these organometallic

https://doi.org/10.1016/B978-0-12-816984-1.00018-4


348 Chapter 16
compounds vary largely according to the difference of organic linkers. They can be available in

solid, liquid, and even gaseous form. The properties also depend on the type of carbon-metal

bond, which can be a covalent, multicenter covalent bond, and ionic bond [6].

Metal-organic frameworks (MOFs) are an extensive class of complex materials, which are

formed by a metal connecting ions and organic bridging ligands [7]. Under comparatively mild

fabrication conditions, MOFs can be achieved as either crystalline or amorphous materials [8].

The composition of MOFs, particle size and topology can be easily tuned to improve the

properties of MOFs. According to the special extension and atomic arrangement, MOFs can be

divided as a one-dimensional (1-D) chain, two-dimensional (2-D) layer, and three-dimensional

(3-D) space network structures (cf. Fig. 16.1). Due to MOFs’ special structures, their

application in multiple fields have already drawn widespread attention from worldwide

scientists.
PtS
(A)

(B)

Adamantaniod

DMF, Zn(NO3)2·6H2O

Lonsdaleite

Fig. 16.1
(A) Simplified demonstration of different dimensions of MOFs’ secondary building blocks and
topologies involving triply and doubly interpenetrated PtS (2), hexagonal adamantanoid, and

lonsdaleite frameworks synthesized from tetrahedral building block based around 4-methoxy benzene
carboxylic acid as a ligand. (B) Scanning electron micrographic images of crystalline metal-organic
frameworks for gas capture (center) or catalysis (left or right). (A) Reproduced with permission from M.R.
Kishan, J. Tian, P.K. Thallapally, C.A. Fernandez, S.J. Dalgarno, J.E. Warren, B.P. McGrail, J.L. Atwood, Flexible

metal-organic supramolecular isomers for gas separation, Chem. Commun. 46 (4) (2010) 538–540.
Copyright (2010) Royal Society of Chemistry.
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The engineered nanomaterials (NMs) present a revolutionary opportunity in cancer and public

hygiene research, for example, to attack cancer cells at the cellular and genetic level with

much greater precision, or clean water from pathogens [9, 10]. However, the potential toxicity

of NMs has hindered their development and commercialization [11]. Studies on the chronic

effects of NMs on human health are ongoing, with an expectation of widening the scope and

duration of such studies to three decades or more [12]. The reason why this is a concern,

based on our past experiences, is how “easily” materials can affect the environment, the

food chain, and potentially cause disease [13]. Since the incorporation of NMs is more

widespread over the last two decades, the questions of whether NMs have potential side effects

due to their use in medicine, or release into the environment, which is more relevant to current

needs [14]. This concern has also been raised by governmental agencies, such as the US

National Institute for Occupational Safety and Health and Japan’s Ministry of Health [15],

particularly related to iron-based NMs, due to their widespread application and usage [16]. This

has necessitated systematic studies on iron oxide magnetic nanoparticles (Fe3O4 MNPs) due

to their inherent magnetism and widespread availability [17]. Examples include contrast

enhancement agents in magnetic resonance imaging ferrofluids [18], data storage [19], targeted

drug delivery [20], and cancer diagnosis and therapy [21], noting that choice of iron species

is important [22]. Iron oxide (Fe3O4) with mixed oxidation states has many advantages over

single valence state such as low toxicity [23], high biocompatibility [24], and proven

biodegradability in the environment [25]. An additional advantage of Fe3O4 is targeting using

the material’s intrinsic magnetic properties. The developed paramagnetic dispersion field is

utilized and redispersed after a pulse of an external magnetic field [26]. To generate a precise

and responsive field, it is critical to fabricate Fe3O4 MNPs with a functionalized polymer

coating or graft for a proper response with low biotoxicity [27]. Engineering of materials with a

defined size, shape, and electrical characteristics to directly inhibit target cell function is

challenging and requires a multifold approach (such as selective coatings, core-forming, and

micro- to nanoscale integration) for targeted treatment of cancer cells [28]. One practical

disadvantage of the coating process is that the magnetism of the generated MNPs decreases due

to the unavoidable presence of a magnetically inactive surface layer, such as methyl

methacrylate (MMA) [29]. MNPs with functionalized structure and highly magnetic response

in the bulk would solve the concerns of coating and field inhomogeneity [30].

In the chapter, MOFs will be introduced in four parts, the first part will consist of background and

introduction to the topic (Section 16.2: Introduction of metal-organic frameworks which includes

Section 16.2.1: Metal ions, Section 16.2.2: Organic ligands, Section 16.2.3: Solvent, and

Section 16.2.4: Secondary building units). The second part will focus on the synthesis of various

topologies and includes Section 16.3: Synthetic method of metal-organic frameworks which

includes Section 16.3.1: Nanodeposition method, Section 16.3.2: Solvothermal method,

Section 16.3.3: Reverse microemulsion method, and Section 16.3.4: Surfactant-template

solvothermal method. The third section covers characterization and begins with Section 16.4:

Characterization of metal-organic frameworks which focuses on Section 16.4.1: Transmission
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electron microscope and scanning electron microscope. While characterization by ultraviolet-

visible spectroscopy and Raman spectroscopy is important, they are not included here, as the

focus is on more advanced techniques, nevertheless would constitute an important component.

The final section related to the actual application of the MOF and includes Section 16.5:

Application of metal-organic frameworks.

The contributions of this chapter focus on one example used in biomedicine in which we

demonstrate that (1) grafting Fe3O4-MNPs to introduce amphiphilic groups, (2) producing

Fe-based nanoscaled metal-organic frameworks (NMOFs) to generate ultrahigh surface area

and high activity [31], (3) characterizing magnetic nanoparticles using a number of analytical

techniques, and (4) evaluating cell viability by in vitro cytotoxicity analyses. In this study, we

present engineered, characterized (e.g., magnetic, biochemical) and evaluated structural

properties of two class of NMs, magnetic nanoparticles (MNPs) and nanoscaled metal-organic

frameworks (NMOFs). Importantly, the in vitro toxicity was carried out, indicating that the

efficacy is in part due to uniform coating of the core, magnetically ordered surface crystallinity,

nanoscale size with ultrahigh surface area (current work), and shape for targeted drug delivery

and cancer cell diagnostics (future work).

16.2 Metal-organic frameworks

Metal-organic frameworks (MOFs), highly porous materials, which embody the beauty of

chemical structures and the power of conjoining organic and inorganic chemistry have drawn the

increasing importance [32]. Due to the limitless combinations of metal ions and organic ligands,

the topology andmorphology ofMOFs can be tuned for specific applications. However, to obtain

MOFs with certain properties and structures, it requires a reasonable choice of reactants and

reaction conditions that include the ratio of metal ions and organic ligands, the temperature and

pressure during a reaction, and the solvent in the reacting system [33]. Based on a large number of

different reacting possibilities, MOFs can be obtained, which have different properties and

applications. The general properties and applications are drawn in Fig. 16.2.

During the progression of porous materials, several names and abbreviations were used, such as

MOF, PCN, and MIL. The name and examples of MOFs are listed in Table 16.1.

The framework is sensitive to solvent polarity, synthesis temperature, metal center, and ligand

type. In the next part, several main factors are introduced including Section 16.2.1: Central

metal ions, Section 16.2.2: Organic ligands, Section 16.2.3: Solvents, and Section 16.2.4:

Secondary building units.

16.2.1 Metal ions

Metal ions play an important role in controlling the properties, pores, and structures of MOFs.

The selection of different metal ions can regulate the assembly process, and different

coordination geometries of metal ions can result in different network topology structures.
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Fig. 16.2
Special properties of MOFs and their applications, (A) MOFs were used for gas capture to mitigate
environmental pollution. (B) MOFs were found to increase the potency of antibacterial activities,
further enhancing the disinfection and water remediation. (C) Functionalized and gold coshelled
MOF high monodispersity and homogeneity were used in cancer imaging to improve biocompatibility
and stability. (D)MOFs were used to encapsulate the molecular catalysts into the internal void spaces
to fulfill their catalysis. (A) Reproduced with permission fromW. Zhuang, D. Yuan, J.R. Li, Z. Luo, H.C. Zhou, S.
Bashir, J. Liu, Highly potent bactericidal activity of porous metal-organic frameworks, Adv. Healthc. Mater. (2)
(2012) 225–238. Copyright (2012) John Wiley and Sons, Inc. (B) Reproduced with permission from J.R. Li, R.J.
Kuppler, H.C. Zhou, Selective gas adsorption and separation in metal-organic frameworks, Chem. Soc. Rev. 38 (5)
(2009) 1477–1504. Copyright (2009) Royal Society of Chemistry. (C) Reproduced with permission from W.
Shang, C. Zeng, Y. Du, H. Hui, X. Liang, C. Chi, K. Wang, Z. Wang, J. Tian, Core–shell gold Nanorod@ metal-
organic framework nanoprobes for multimodality diagnosis of glioma, Adv. Mater. 29 (3) (2017) 1604381.

Copyright (2017) John Wiley and Sons, Inc. (D) Reproduced with permission from C.D. Wu, M. Zhao,
Incorporation of molecular catalysts in metal-organic frameworks for highly efficient heterogeneous catalysis, Adv.

Mater. 29 (14) (2017) 1605446. Copyright (2017) John Wiley and Sons, Inc.
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Table 16.1: Different names of metal-organic frameworks and their examples.

Abbreviation Definition Example

MOF Metal-organic frameworks IR-MOF-15
PCN Porous coordination networks PCN-12
MIL Materials of Institute Lavoisier MIL-HDBK-5
ICP Infinite coordination polymer

particles
ICP-028

MZN Materials zeolite networks MZN-ZSM-E
PCP Porous coordination polymers n [Zn2(1, 4-BDC)2(DABCO)]n C6H
ZIF Zeolite imidazole frameworks ZIF-8; ZIF-11

DABCO ¼ 1,4-diazabicyclo [2,2,2] octane.
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Until now, the commonly reported metal ions in MOFs are transition metal ions, such as Zn2+,

Cu2+, Ni2+, Co2+, Cr3+, Fe3+, Ag+, and Zr4+. The transition metals are elements that have

partially filled shells of d-electrons and f-electrons in some of their compounds.

Lanthanide metal ions are relatively new to act as a central element in MOFs [34]. The group of

elements with the atomic number increasing from 57 (lanthanum) to 71 (lutetium). Lanthanide

elements contain 15 elements—La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and

Lu. The lanthanides are f-block elements corresponding to the filling of the 4f electron shell.

Compared with other transition metals, lanthanide elements have a larger coordination scope

and more flexible coordination geometry [35–38]. As a result, lanthanide MOFs have attracted

extensive attention due to their new topologies and special chemical and physical properties

arising from the (n-2)f electrons.

Ma et al. had extended 4,40,400-s-triazine-2, 4,6-triyl-tribenzoic acid ligand for the synthesis of

lanthanide MOFs, which includes Dy, Er, and Yb [39]. Due to metal-ligand diversity, different

MOFs such as PCN-17 (Dy), PCN-17 (Er), and PCN-17 (Yb) were prepared. PCN-17-type

MOFs were used to absorb H2, O2, N2, and CO, which showed better selective adsorption of H2

and O2 than N2 and CO (Fig. 16.3).
16.2.2 Organic ligands

Organic ligands, also known as an organic linker, play a decisive role in the synthesis of MOFs.

A huge diversity of organic ligands has been used for creating MOFs. Different ligands

influence the topology structure of MOFs and control the distance of metal ions and the

dimension of crystal structures [40]. However, it remains challenges to find methods to well

tune the structural characters of MOFs. Organic ligands should contain two or more

multidentate functional groups, for example, COOH, CS2H, NO2, SO3H, and PO3H. Among

them, carboxylate ligands are the most common ligands in MOFs due to their strong

coordination function and various coordination patterns [41]. For example, (Bpdc2-) 2,20-
bipyridine-5,50-dicarboxylate is a kind of organic ligands. Based on the different bridging types



Fig. 16.3
A selected example of copper as the metal center and 1,10-binaphthyl-derived octacarboxylic acid
ligand (L1) primitive cubic network topology with the top-left representing a tetragonal distortion of
the face-centered cubic structure (P4/mmm or SCU topology) of [Cu2(O2CR)4] paddle wheels
(rectangles) and their connectivity with the L1 ligand (prism) in the Cu-MOF1. The top-middle is a

simplified three-dimensional connectivity scheme of Cu-MOF showing the SCU net-like topology. The
top-right is a similar image viewed along the horizontal direction, showing 10.6 Å diameter channels.
The lower-left panel show experimental (main) and calculated N2 adsorption isotherms for Cu-MOF1
with ligand L1 (1), Cu-MOF2 with ligand L3 (2), and Cu-MOF3 with ligand L3 (3). Solid triangles
(adsorption), open triangles (desorption), and solid lines (GCMC simulation results). Inset shows the
pore size distributions (HKmethod) for 1, 2, and 3 with the x-axis showing pore diameter in Å and the
y-axis showing Dv(w) in cm 3/Å/g, where MOF1, 2 and 3 are [Cu4(L1)(H2O)4].12DEF.2H2O;

[Cu4(L2)(H2O)4].14DMF.2H2O; and [Cu4(L3)(H2O)4].8DMF.2H2Owith L1-H8, or L2-H8, or L3-H8

with Cu(II) salts in dimethylformamide (DEF) or dimethylformamide (DMF) at elevated temperatures,
respectively with L1 is based around 1,10-binaphthyl-derived octacarboxylic acid; L2 derived from
deprotecting the ethoxy groups of the methyl ester of (R)-L 1 dH8 and L3 based around 4,40, 6,60-
tetrabromo-2,20-dibenzyloxy-1,10-binaphthyl as ligand to form constructing 4,8-connected MOFs of
the SCU topology based on copper paddle wheels and aromatics-rich octacarboxylic acid bridging
ligands. Reproduced with permission from L. Ma, D.J. Mihalcik, W. Lin, Highly porous and robust 4, 8-connected
metal-organic frameworks for hydrogen storage, J. Am. Chem. Soc. 131 (13) (2009) 4610–4612. Copyright

(2009) American Chemical Society.
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Fig. 16.4
Several different structures of common ligands with different bond angles used in the preparation of

MOFs with tunable structures and pore sizes.
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ligands can have different angles including 0, 60, 90, 120, and 180 degrees. Some structures of

common ligands are listed in Fig. 16.4.

16.2.3 Solvent

Most of the metal ions and organic ligands are solid, so both of them need to be dissolved. For

the solvent, it needs deprotonating to promote a connection between metal ions and organic

ligands. The use of a solvent is an effective method for stabilizing the skeleton of MOFs due to



Table 16.2: Comparison of DMSO and DMF used as a solvent.

Abbreviation DMSO DMF

Name Dimethyl sulfoxide Dimethylformamide
Chemical formulation

S

O O

H

N

Molecular weight 78.13 g/mol 73.09 g/mol
Boiling point 189°C 153°C

Density 1.10 g/cm3 0.94 g/cm3

Solubility in diethyl ether Very soluble Very soluble
Solubility in water Miscible Miscible
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the intermolecular interaction between the solvent molecules and the skeleton [42]. The solvent

molecules can be used as a guest molecule, which fills in the hole of the compound. And the

choice of solvent also affects the structure of MOFs. Recently, the most common solvent is

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). As shown in Table 16.2, the

comparison between DMSO and DMF demonstrated their different properties.

16.2.4 Secondary building units

Except for the single metal ion, metal ion clusters are conjunction of metal ions, and organic

ligands can be used as inorganic coordination points. And such metal ion clusters are termed as

secondary building units (SBUs), which is the basic structure of MOFs. So SBUs play an

important role in the study of structures ofMOFs [43]. There are 29 types of secondary building

units which are shown in Fig. 16.5.

16.3 Synthetic method of metal-organic frameworks

MOFs can be synthesized by some different methods that have been developed for inorganic

and organic polymeric nanoparticles [44]. Four general methods can be used to synthesize

MOFs: nanodeposition, solvothermal, reverse microemulsion, and surfactant-template

solvothermal methods. Among these four methods, nanoprecipitation is apt to synthesize

amorphous materials, while the other three methods can synthesize crystalline materials

(Fig. 16.6).

16.3.1 Nanodeposition method

In nanodeposition, which can be used as a typical synthesis method, precursor solutions are

mixed at room temperature to allow nanoparticle nucleation and growth. Metal-organic

frameworks can be formed due to the particles that are insoluble in the solvent, while the

individual metal ions and organic ligands remain soluble.
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Fig. 16.5
A summary of 29 types of secondary building units (SBUs) involved in cation exchange. Reproduced with

permission from C.K. Brozek, M. Dincă, Cation exchange at the secondary building units of metal-organic
frameworks, Chem. Soc. Rev. 43 (16) (2014) 5456–5467. Copyright (2014) Royal Society of Chemistry.

Additional MOF symmetry can be found at https://crystalsymmetry.wordpress.com/nets/mof-nets/.
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Fig. 16.6
A summary of the various MOF synthesis approaches temperatures and time to completion of the

crystal [45].
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For example, Bilati et al. synthesized nanoparticles in the nanodeposition method. Bilati

dissolved the polymer in an organic solvent. Because the polymer was insoluble, then new-

formed nanoparticles can be centrifuged to synthesis [34].
16.3.2 Solvothermal method

As the requirement for more stable MOFs were accepted, greater problems in crystal

nucleation and growth were faced. Under this requirement, the solvothermal method was

found as a convenient solution to decrease the synthesis time and to produce more stable

metal-organic frameworks. Under the solvothermal method, precursors are always combined

with dilute solutions in polar solvents such as water, alcohols, acetone, DMSO, and DMF.

While for nanodeposition, nanoparticle nucleation and growth can be achieved at room

temperature. The solvothermal method is used at either traditional heating or microwave

heating. Due to the high temperature in reaction, more extensive transformations of metal

ions and organic ligands occur before MOFs can be obtained. In the solvothermal method,

temperatures and heating times provide extra limitations to control the nucleation and growth

of MOFs (Fig. 16.7).

For example, indium MOFs were synthesized with 1,4-naphthalene dicarboxylic acid

(1,4-NDC) under the solvothermal method (Fig. 16.8) [30, 45].

Both nanodeposition and solvothermal are surfactant-free methods, while reverse

microemulsion and surfactant-template solvothermal are surfactant-needed synthesis

methods.



Fig. 16.7
The key procedure of solvothermal method to synthesis MOFs [45].

Fig. 16.8
The solvothermal method used to synthesize In-MOFs [45].
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16.3.3 Reverse microemulsion method

Due to the solubility of metal ions in DMSO, the reverse microemulsion method uses

surfactants to stabilize water droplets within a nonpolar organic phase. The addition of a

surfactant into the reacting system can promote the kinetic of nano-MOF preparation. This

method is found to be user-friendly and cost-effective. Fig. 16.9 shows the procedure of reverse

microemulsion method.
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Fig. 16.9
The procedure of reverse microemulsion method used to prepare the nanoparticles, while Liu’s group
also uses this method to produce Co-MOFs. (A) Summary of microemulsion and reverse emulsion
and (B) isoniazid@Fe2O3 hollow nanospheres were synthesized from a standard w/o-ME comprising

water, n-dodecane, and HRTEM images. Reproduced with permission from S. Wolf, C. Feldmann,
Microemulsions: options to expand the synthesis of inorganic nanoparticles, Angew. Chem. Int. Ed. 55 (51) (2016)

15728–15752. Copyright (2016). John Wiley and Sons, Inc.
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Wang et al. [46] produced aluminum-based porous materials by reverse microemulsion

method. The method consists of water-based domains dispersed in an oil phase solvent. As a

conclusion, some nanosized MOFs can be synthesized in the water-based domains. So reverse

microemulsion is an ideal method to synthesize special functional material, which is not stable

at high temperatures and high pressure. Based on this method, Liu’s group prepared Co and

Cu-based MOFs using BDC as ligands.
16.3.4 Surfactant-template solvothermal method

Surfactant molecules can be used to template the synthesis of MOFs under solvothermal

conditions. In a surfactant-template solvothermal method, surfactant molecules show

significant influence in defining MOF morphologies.

He et al. [47] synthesized cobalt oxide (Co3O4) nanoparticles by surfactant-template

solvothermal method. Both the surfactant and high temperatures made the procedure quickly

and stable. As a result, these nanoparticles showed oriented aggregation, which attracted lots of

interest. They can be seen as a potential way of creating advanced materials with distinguished

topology and structures.

To summarize, the discussion in the preceding text elaborates on four general synthesis

methods, and each method has its unique features. Table 16.3 lists the comparison of these four

different methods.
16.4 Characterization of metal-organic frameworks

To evaluate the morphological and crystalline structure, a series of characterization methods

should be used to examine properties and topologies of organometallic compounds [48]. In

sample characterization, transmission electron microscope, scanning electron microscope,

ultraviolet-visible spectroscopy, and Raman spectroscopy are used as characterization

methods.
Table 16.3: Comparison of four different synthesis methods.

Synthesis method Temperature Surfactant Crystalline product

Nanodeposition Room temperature No No
Solvothermal Heating or microwave No Yes

Revers microemulsion Room temperature Yes Yes
Surfactant-template

solvothermal
Heating or microwave Yes Yes
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16.4.1 Transmission electron microscope and scanning electron microscope

Electron microscope (EM) is a microscope using accelerated electrons instead of light for

illuminating and using static electrical lenses to focus particles. EM has a much higher resolving

power than an optical microscope so it can be used to explain the smaller structure than an optical

microscope [49]. In the research, transmission electron microscope (TEM) and scanning electron

microscope (SEM)were used to examine the tunable structure ofMOFs. In both transmission and

scanning electronmicroscope, the electron gunwill emit the electrongun by thermionic, Schottky,

or field emission. The generated electrons were monochromatic after being focused into a beam

withmagnets. The condenser lens systems allow for variations of the illumination aperture and the

area of the samplemeasured.When the electron beam generated via high voltage (120–200 keV),
various species are createdonce the electron beamhits the sample.These species are backscattered

electrons, secondary electrons, Auger electrons, x-rays, unscattered electrons, elastically scattered

electrons and inelastically scattered electrons [50]. In both SEM and TEM systems, the x-rays are

produced when an incident electron causes a secondary electron to leave an atom [51]. A vacancy

is produced in an orbital near the nucleus; therefore an electron froman outer shell of the atomwill

fall to fill the vacancy near the nucleus, creating a surplus of energy (Fig. 16.10). This surplus of

energy is released as x-rays, which have unique energies associated with a specific atom. These

x-rays are used to determine the elemental composition of the specimens (Figs. 16.11 and 16.12).

The transmission electron microscope (TEM) consists of a high voltage electron beam, electron

gun, electrostatic and electromagnetic lenses, objective lens, and fluorescent viewing screen.

Fig. 16.11 shows the operational principle of TEM, along with the information collected. The

accelerated electrons with high energy can move in a straight line and be transmitted through

the thin layer of samples (50–200 nm). These transmitted electrons will be used to generate

TEM images. Multiple electromagnetic lenses focus the electrons into a fine beam. The first

condenser lens determines the general diameter of the beam (commonly known as spot size)

when the electrons hit the sample of interest. The second condenser lens determines the

brightness or intensity of the beam on the sample. The beam then passes through an aperture

that filters those untightly bound in the beam from traveling through the sample.

A scanning electron microscope (SEM) is another type of electron microscope that produces

images of a sample by a focused electrons beam. In the SEM system, the high energy beams of

electrons interact with the samples. The secondary and backscattered electrons will be

generated and collected to produce scanning electron micrographs [52]. When an incident

electron strikes the sample and is bounced back from the sample, backscattered electrons were

formed. The elements with higher atomic numbers absorb more incident electrons. Therefore

fewer electrons will be backscattered, which will produce higher contrast to different elements.

Additionally, when an incident electron strikes the sample, the secondary electrons will be

generated. The electron from the sample with surplus energy will be ejected by atoms close

(10 nm) to the surface of the sample and are highly influenced by the topography of the sample.
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Fig. 16.10
The elemental composition analyses using x-ray energy dispersive spectroscopy: the excitation of

electrons from a ground state to the excited state, corresponding to the s (K line), p (L line), d (M line),
and f (N line) orbitals, and (right-hand side)molecular rendering of the topography of the fz3, fxz2, and
fx planes. Orbitals reprinted with permission from Alen Hadzovic, Chapter 2, Open Inorganic Chemistry, https://

open-inorganic-chemistry.digitalscholarship.utsc.utoronto.ca/node/41. Copyright (2018). The University
of Toronto Scarborough.
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Both backscattered and secondary electrons will be collected to produce SEM images. The

secondary electrons are the most used signal to depict the morphology of the sample’s surface.

Fig. 16.11 shows the key features and simplified operational principles of SEM, as well as the

micrographs obtained.

There are numerous similarities between TEM and SEM. Both are types of electron

microscopes and provide the images of visualizing, reviewing, and examining small particles or

compositions of a sample [53]. Although images produced from both TEM and SEM

instruments are at ultrahigh resolution, important differences remain. Firstly, the basic

https://open-inorganic-chemistry.digitalscholarship.utsc.utoronto.ca/node/41
https://open-inorganic-chemistry.digitalscholarship.utsc.utoronto.ca/node/41


Fig. 16.11
The systematic construction of transmission electron microscope.

Fig. 16.12
The simplified operational principle of SEM, including an electron gun, a vacuum system, a magnetic

lens, and a specimen.
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operating principle is different. TEM operates based on transmitted electrons, whereas SEM is

based on backscattered and secondary electrons. Secondly, SEM and TEM collect different

electrons that are generated upon sample-electron beam interaction. TEM (Fig. 16.12) collected

transmitted electrons, allowing for analysis of the internal structure of the samples. SEM

collects scattered electrons, leading to surface analysis. Thirdly, SEM and TEM show different

types of images. SEM characterizes samples line by line and provides a three-dimensional
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(3-D), image while TEM shows samples as a whole and provides a two-dimensional (2-D)

image. Fourthly, TEM has an advantage compared with SEM in resolution. TEM can display

higher resolution (0.5 Å) than SEM (4 Å). SEM also has its advantage in showing a larger scope

of samples than TEM can process.
16.5 Application of metal-organic frameworks

MOFs can be used to absorb CO2 for air cleaning, to store different kinds of energy gas

(hydrogen, methane, and acetylene) and catalyst and to separate different gas (carbon dioxide

and nitrogen and methane and hydrogen) [54–56]. Additionally, due to the high surface areas

with large pore sizes, MOFs can also be used in drug delivery, cancer theragnostic, and

antitoxicity application [57–60].
16.5.1 Gas storage

The current worldwide concentration of greenhouse gases from energy production has

drawn attention to the use of noncarbon or carbon with less generation of waste with gas

storage as a primary aim in energy production via hydrogen storage. Gas storage requires a

structured storage system, large capacity, low cost, and ease of use. The biggest challenge is

how to store hydrogen safely and economically. There are three basic ways to store

hydrogen—storing hydrogen in a tank, storing hydrogen as a chemical compound, and

storing hydrogen in MOFs. The storing of H2 in MOFs is based on physioabsorption. MOF

scaffolding is of interest due to their high porosity, large internal surface area, diversity of

structures, and easily regulated skeleton. PCN-6, a copper porous MOF, was synthesized

and confirmed that it can absorb 0.072-kg/kg hydrogen at 77 K, which can be used in

hydrogen storage [61–63].
16.5.2 Catalyst

MOFs are made of inorganic metal ions and organic ligands, and both of these two

components can be used as a catalysis point. Some precedents in recent research have shown

that some MOFs with available metal sites can use as a catalyst [64]. Xamena et al. [65] had

synthesized Pd-containing MOFs with the molecular formula [Pd(2-pymo)2]n (2-

pymo ¼ 2-hydroxypyrimidinolate). The Pd-based MOF has two different hexagonal

windows with a free opening of 4.8 and 8.8 Å and with a fraction of 42% of the crystal volume

available to absorbed guests. The research had shown that Pd-MOF exhibits the distinctive

behavior of palladium catalysts, promoting the CdC cross coupling, aerobic oxidation, and

hydrogenation reactions [65–70].
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16.5.3 Biological application

The traditional therapeutic molecules are limited since they have important drawbacks such as

low stability in biological conditions, poor solubility, and high side effects [71–73]. As a result, a
special devotion to the development of structures that satisfy the better control of drug delivery is

really important [74]. Since the 1970s, the drug nanocarriers have been sought to find enhanced

methods to increase intracellular diffusion and drug’s efficiency [75–77]. MOFs as crystalline

materials have soonbecome an unexceptionable alternative due to their combination of a tunable

high and systematic porosity [78–84]. MOFs have several advantages over traditional

nanomedicines such as chemical diversity, high filling capacity, and essential biodegradability

[85–88]. Zhuang et al. prepared Co-TDMMOFs, which exhibited high potencywith high ability

and long-term stability to inactivate Escherichia coli similar to Ag-TiO2 nanoparticles but at a

lesser dose andwith faster kinetics [89]. Themechanism for inactivationwas found that the lipid

membrane was interrupted by reactive oxygen species (ROS), causing cell death. The ROS are

chemically reactivemolecules containing oxygen.When cell environment changed, ROS can be

formed by several mechanisms, including the interaction of ionizing radiation with biological

molecules, as an unavoidable by-product of cellular respiration, and synthesized by dedicated

enzymes in phagocytic cells like neutrophils and macrophages. Due to their strong oxidability,

ROS can damage other molecules and the cell structure of which they are located before. When

addingMOFs into a cell, the environment has changed so that it will cause the formation ofROS.

In-depth, ROS can lead to apoptosis [90–96].
16.6 Materials and methods

The cited example in the succeeding text focuses on synthesis, characterization, and biological

application of organometallic compound, especially for transition metal-organic frameworks,

unless specified, all chemicals, solvents, and reagents were obtained from VWR International,

(West Chester, PA), Sigma-Aldrich (St. Louis, MO), and from Tianjin Chemical Manufacturer,

China. Double-distilled and filtered ultrapure water was used (Ultraopure, Barnstead, Dubuque,

IA), where the water-based solvent was necessary. All solvents were reagent or high-

performance liquid chromatography (HPLC) grade.

A facile reverse microemulsion approach is demonstrated in this review to prepare Fe3O4

MNPs. To prevent Fe2+ cation from being oxidized, inert gas (Ar) was used. A surfactant as a

dispersing agent (C16H26O2) was used to prevent particle agglomeration to achieve

monodispersion. The NMOFs were synthesized using a top-down approach via a facile

hydrosolvothermal to generate different formulations. Four ligands were used to produce

MOFs. Two of them (such as 20-hydroxy-1,10,30,100-terphenyl-4,400,50-tricarboxylic acid
[HTTA, C21H14O7] and 20-amino-1,10:30,100-terphenyl-4,400,50-tricarboxylic acid, [ATTA,
C21H15NO6]) were produced in two steps: substitution and hydrolysis. The selected ligands
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were then mixed with Fe(NO3)3, which is a mixed aqueous-dimethyl sulfoxide (C2H6OS,

DMSO) solution. The coordinative reaction occurred at 80°C for about 72 h in a sealed 2-mL

vial to allow for crystallization.

The crystalline structure of NMs was investigated by Bruker D8 Advance x-ray diffractometer

(XRD) using the copper (Cu) Kα1 line. The operating conditions were controlled at a voltage of

40 kV and a current of 40 mA, respectively. The scanning range varied from 10 to 100 degrees

with a scanning rate of 0.02 degrees/s. The diffraction data were collected at 173 K with a

Bruker AXS Smart APEX-II diffractometer using ω rotation scans with a scan width of 0.5° and
Mo Kα radiation (λ ¼ 0.71073 Å). The structures were solved by direct methods and refined by

full-matrix least-squares refinements based on F2 using SHELXTL [25]. All nonhydrogen

atoms were refined anisotropically with the hydrogen atoms added to their geometrically ideal

positions and also refined isotropically. The SQUEEZE routine of PLATON was applied to

remove the contributions to the scattering from the disordered solvent molecules in the cavities

[26]. The JEM 2010 and FEI G2-F20 transmission electron microscope (TEM) was operated at

200 kV to study the morphology and crystallinity of the NMs. Magnetic properties of a series

MNPs were measured using a Lakeshore 7304 vibrating sample magnetometer (VSM)

instrument with an applied magnetic field up to 12 kOe at ambient temperature.

Cytotoxicity of NMs was performed against the Chinese hamster ovary (CHO-normal ovarian

cell line). A total of 2 � 104 cells in 200 μL of medium per well were placed on a 96 well plate.

Following overnight incubation (12 h, up to 3 days), the medium was replaced with media

containing NMs at different concentrations (μg/mL, 1:5, 1:10, 1:50, 1:100, and 1:500) in

separate wells. After 24 h of incubation, the medium was removed, and the cells were washed

thrice with ice-cold phosphate-buffered saline (PBS) to remove NMs. An aliquot of 50 μL of

[3-(4,5-dimethylthiazol-2-yl)]-2,5-diphenyltetrazolium bromide (MTT, C18H16BrN5S, 5 mg/

mL) was added in each well. Following incubation for 4 h, formazan crystals formed were

dissolved in 150 μL of DMSO, and absorbance at 570 nm was measured using NOVOstar plate

reader (BMG lab technologies, Cary, NC, USA). The percentage viability was calculated by

comparing the absorbance of treated cells with untreated control cells, which have 100%

viability.
16.7 Results and discussions

In this review, a reverse microemulsion wet-chemistry approach is shown to prepare Fe3O4-

MNPs and hydrosolvothermal chemistry to produce Fe-based NMOFs. These NMs were

characterized to evaluate their nanostructure and crystallinity. Themagnetic properties of metal

oxides were also evaluated and discussed in the succeeding text. Importantly, these

nanomaterials were tested on Chinese hamster ovary cell (CHO) lines to determine their in vitro

toxicity.
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16.8 Formation and characterization of nanomaterials

As stated previously, two types of NMs were designed and fabricated; magnetic metal oxide

nanoparticles (MNPs) and nanoscale metal-organic frameworks (NMOFs), which upon

synthesis were characterized. The Fe3O4-MNPs (6.5 � 1.0 nm) were obtained via an inverse

emulsion wet chemistry. The introduction of nitrogen inert gas successfully prevented the Fe2+

cations from being oxidized, while agglomeration of theMNPs was inhibited using a dispersing

agent, polyoxyethylene octylphenol ether (OP-10, C16H26O2). Another key step was grafting

the Fe3O4 core using methyl methacrylate (MMA, -[C5H8O2]x-) monomer to form a core-

shelled structure and to ensure high biocompatibility of MNPs [97]. This hydrophobic-

hydrophilic compatibility was achieved using 3-methacryloxy-propyltrimethoxy-silane

(KH570, -[C10H20O5Si]x-), a silane coupling agent with amphiphilic groups, which introduce

chemically active sites. The coupling process introduced hydrophobic groups, surrounded by

Fe3O4 cluster(s) for functionalization (cf. Fig. 16.13A). The process also allowed for facile

grafting ofMMAmonomer onto the surface of Fe3O4 core. Consequently, theMMAmonomers

were grafted onto the hydrophobic Fe3O4 core (cf. Fig. 16.13B). It was found that the grafted

Fe3O4-MNP polycrystals were composed of face-centered cubic (fcc) obtained from x-ray

powder diffraction. The unit cell geometry consisted of stoichiometric iron (Fe) and

oxygen (O).

High-resolution transmission electron microscopic (TEM) images of the graftedMNPs (cf. Fig.

16.13C) indicate that the MNPs are near spherical and monodispersive. The ring pattern (insert

in Fig. 16.13C) indicated that these grafted Fe3O4 MNPs are highly crystalline. The ring

patterns result intrinsically from the polycrystalline units. From our observation, it can be seen

that the crystalline phase of Fe3O4MNPs was maintained essentially identical to the pure Fe3O4

MNPs, regardless of functionalization reported by Yao [97] or grafting by polymer (this study).

The XRD studies (Fig. 16.13D and insert) of the grafted MNPs also suggest an ordered

crystalline phase of Fe3O4-MNPs as a major factor in the determination of their strength of

coercivity (discussed later).

Briefly, the iron-based nanoscale metal-organic frameworks (Fe-NMOFs) are generated by a

hydrosolvothermal approach to produce a well-defined structure with highly crystallized

coordinative compounds (Fig. 16.14A: structural formulae of selected ligands). The selected

ligands were composed of amphiprotic groups as an organic linker to enhance the

biocompatibility. The nucleation of Fe-NMOF crystal units was promoted when the DMSO

solvent molecules were evaporated from the solution. One advantage of this synthesis is that

diffusion of reactants in the liquid phases is several orders of magnitude faster than in the solid

phase, suggesting these synthetic methods can be employed at much lower temperatures. This

rapid nucleation favored the formation of Fe-NMOFs along a defined-axis with controllable

size and monodispersity. It was also found that the organic linker regulated the size and

stability of NMOF crystals, successfully. For example, the combination of Fe(III) with



Fig. 16.13
Synthesis, surface grafting, and characterization of Fe3O4 magnetic nanoparticles (MNPs) to control
the particle size, shape, and magnetic property: (A) functionalization of hydrophilic MNPs by reverse
microemulsion and modification of these MNPs with silane coupling agent 3-glycidyl-propyl-methoxy
silane (KH570), (B) grafting Fe3O4 MNPs using MAA monomer to increase solubility in water,

(C) TEM images and ring pattern of grafted Fe3O4 MNPs, and (D) x-ray powder diffraction of grafted
Fe3O4 MNPs [45].
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benzene-1,4-dicarboxylic acid (BDC) ligand leads to the formation of Fe-NMOFs. x-Ray

crystallography (cf. Fig. 16.14B) indicated that the well-crystallized Fe-NMOF has a hexagonal

space group P63/mmc (a ¼ 14.278(4) Å, c ¼ 17.358(6) Å, and α ¼ 90 degrees and β ¼ 120

degrees). Fe-NMOFs exhibit a porous six connected framework built by linear BDC ligands

and six connected oxo-centered trinuclear clusters in which the Fe metal ions are randomly

distributed over the crystallographically equivalent metal sites. The ratio of the Fe ions was

refined assuming a simultaneous occupation in a 1:1 ratio. The framework topology of

Fe-NMOFs is the same as the reported MOFs including Fe-MIL-88 and Sc3O(BDC)6, which

have a well-defined topology known as the acs net [98, 99]. As expected, the so-prepared



Fig. 16.14
The synthesis and characterization of nano-metal-organic frameworks (NMOFs) using amphiprotic
linkers to enhance its biocompatibility: (A) the selected amphiprotic ligands used in this study, (B) the
single-crystal x-ray diffraction to elucidate the formation of NMOFs, and (C) the TEM image of a

selected Fe-NMOFs and its ring patterns [45].
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Fe-NMOFs are highly porous with the theoretical pore volume of 0.78 cm3/g and an accessible

surface area of 2539 m2/g. TEM images of the Fe-NMOFs (cf. Fig. 16.14C) indicate that near-

spherical and monodispersive MOFs were obtained from this solvothermal chemistry. The ring

pattern (insert in Fig. 16.14C) also indicated that these MOFs are highly crystalline,

corresponding to the single-crystal x-ray analysis.

Our study indicated that the liquid phase of the hydrosolvothermal fabrication is a key process

in the fabrication of the precursor film, allowing for rapid diffusion of reactants and growing the

precursor to a defined dimension and crystallinity, such as inverse spinel or cubic close-packed

lattice(s). Therefore uneven particle growth will be inhibited, resulting in true nanoscaled
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homogeneous-coated materials [100]. Our methodology displayed the additional advantage of

being cost-effective and flexible, allowing for homogeneous control at the molecular level

[101]. Both wet-chemistry approaches also utilize green-synthesis fabrication minimizing

generated waste by-products compared with other approaches [102]. In summary, this approach

will allow the formulation of monodispersed particles with uniform shapes synthesized under

ambient conditions [103].
16.9 Magnetic properties of metal oxides

The magnetic property study indicated that the intrinsic coercivity of the Fe3O4-MNPs was

affected upon modification. The coercivity was determined from the hysteresis loop

(magnetization curve). The hysteresis loops of bulk Fe3O4-MNPs [97] and four grafted Fe3O4

MNPs (cf. Fig. 16.15) indicated that both pure Fe3O4 (cf. Fig. 16.15A) and grafted MNPs
Fig. 16.15
Magnetic property analyses of MNPs derived from a reverse microemulsion. Totally five plots are
shown to demonstrate magnetism of one pure Fe3O4 MNPs and four grafted Fe3O4 with various
stoichiometric amounts of MMA monomer: (A) the magnetization of pure Fe3O4 MNPs, (B–E)
grafted Fe3O4 MNPs with MMA monomer (molar ratio [mol/L, c/c] of Fe3O4 MNPs versus

MMA ¼ 1:2, 1:4, 1:6, and 1:8 c/c), (F) the schematic of magnetic moment of material, and (G) the
generic hysteresis loop of soft magnetic nanomaterials.
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(cf. Fig. 16.15B–E) exhibited soft ferromagnetic behavior, due to its near-zero coercivity, Hc

value. The measured magnetic hysteresis loop was attributed to the inverse spinel Fe3O4 phase.

In the bulk phase Fe3O4, magnetizationmainly arises from electrons occupying the d orbitals, in

which the octahedral Fe cations (configuration [Ar]4s03d5) are coordinated by O. Five unpaired

electrons in the Fe 3d orbitals indicate a high degree of magnetism of Fe3O4 MNPs. The

magnetic properties of these Fe3O4 MNPs are anticipated to decrease by grafting with

nonmagnetic MMA, due to the shielding effect of this nonmagnetic layer (cf. Fig. 16.15F).

With the increased amount of addition ofMMA, the magnetic intensity was found to be reduced

by about 14%, accordingly. The strong ionic bonding between Fe and O also advanced the

hybridization of d orbitals of Fe with 2p orbital from oxygen, forming bonding and antibonding

orbitals. The occupancy of these orbitals was affected by the degree of MMA incorporation,

which determined the bulk magnetic behavior. Therefore it is expected that the fabrication

process to produceMNPs with increased surface area and decrease particle size can be achieved

through collective control of the contribution of the capped surface magnetization density

(cf. Fig. 16.15G).

16.10 In vitro toxicity evaluations

Cytotoxicity tests of grafted Fe3O4-MNPs and Fe-NMOFs were performed in the Chinese

hamster ovary (CHO-normal ovarian cell line) model. Low dose particles incubated cells for

24–72 h, under standard conditions. Both classes of MNP and NMOFs exhibited less toxicity

(65%–85% cell viability) than iron oxide NPs alone and reveal biocompatibility in the of

0.1–10 μg/mL (1 μg/mL ¼ 1 ppm) concentration range. The results suggest that grafted Fe3O4-

MNPs coated with bipolarMMA and amphiprotic Fe-NMOFs are biocompatible and promising

for bioapplications such as drug delivery, magnetic resonance imaging, and magnetic

hyperthermia. At concentrations higher than 100 μg/mL (1:5, 1:10, and 1:50 dilutions volumes

(MNP/NMOF): MTT v/v), appreciable cytotoxicity was observed for both MNPs and NMOFs

(data not shown). Data on the percentage cell viability at different concentrations of MNPs and

NMOFs revealed that normal CHO cell lines are�100% viable below an NM concentration of

0.002 μg/mL. Additionally, the hydrophobicities of both MNPs and NMOFs have the

advantage of prolonged circulation in the blood, which would facilitate the targeting of tumor

cells [104]. The formulation (with KH570/MMA/OP-10) aids enhanced permeability and

retention in certain solid tumors, which is often observed and is a beneficial effect on the

efficacy and treatment of such cell lines [105]. The efficacy of the formulation can be examined

through measurement tumor regression (either by mass or volume or dimension) and increased

survival time as compared controls. In the present study, a cell viability assay was conducted,

demonstrating the efficacy of both nanoparticles and the nanoframework. The efficacy of the

various nanomaterials on the CHO cell line is shown in Fig. 16.16A. For the mixed iron oxide

(Fe3O4, control system), there appears to be an approximately linear relationship between NMs

load and cell viability, with a higher NM load, being more lethal. An approximate effective
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Fig. 16.16
Analyses of cytotoxicity on CHO cell line: (A) cell viability as a function of different concentrations of
grafted Fe3O4-MNPs and NMOFs (Fe3O4 were used as control). Student t-test and ANOVA analysis
indicate all results are significant (P < .05). (B) Selected TEMmicrograph of intact CHO cells. (C) TEM
micrograph of damaged CHO cells using Fe-NMOFs to understand cell apoptosis. (D) Schematic

illustration of mode of inhibition of normal CHO cell lines using NMs [45].
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concentration at 50% lethality (EC50) is estimated at 0.132 μg/mL. The grafted Fe3O4 MNPs

and NMOFs exhibit a log step function (�EC50 0.021 μg/mL and 0.018 μg/mL, respectively)

with much lower EC50 values. The relationship between cell viability and NM concentration

reflected the nature of particle-cell interactions. With the bulk Fe3O4 (control system, Fig.

16.16B), MNP diffusion appears to be the rate-limiting factor, with greater MNPs “dose” being

more lethal. With the grafted MNPs and NMOFs, the ultrahigh surface area and large internal

porosity appear to increase the interactions between the NMs and CHO cells, meaning that

lower NM “dose” can be effectively delivered (cf. Fig. 16.16C). For example, to kill 50% of the

cell population, the NM loading of the grafted and frameworks is 16% and 11% (at P < .05

confidence), respectively, of the NM loading. The results demonstrate that the use of grafted

MNPs or NMOFs is viable strategies to inhibit cell growth, including multidrug-resistant cell

lines, as an important step to provide effective treatment [106]. A second major advantage of

using core-shelled MNPs or MOFs is their flexibility in configuring different surface ligands.

From the micrograms shown in Fig. 16.16B, it is clear that the plasma membrane for the CHO

cells is intact, while in Fig. 16.16C, some cytoplasmic membrane peeling has occurred

including hypotonic swelling and DNA fragmentation, as the incubation time was increased

upon addition of the grafted Fe3O4MNPs and NMOFs. Themode of inhibition (cf. Fig. 16.16D)

is presumably due to the activation of apoptosis factors through binding of NMs with certain

cell receptors/surfaces, inducing (extrinsic pathway-based) cell death [107]. The mechanism

for apoptosis of cells using MNs is complicated because various cells express different types of

surface markers, but cell death would be triggered once NM-cell interaction is initiated [108].

One commonmode of inactivation of cells by NMs is through the generation of reactive oxygen

species (ROS), which leads to apoptosis. This mechanism results from either direct (due to

peroxidation and membrane peeling) or indirect (inhibition of respiration), which result in
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death via triggering of certain caspases, that induce the death response [109]. Other modes of

cell death include unzipping and fragmentation of DNA (Fig. 16.16C, dark region), inhibition

of DNA replication, and degradation of proteins, resulting in apoptosis [110]. Some of our

observations are consistent with a study undertaken by Jiang et al. [111] and Huang et al. [112]

in which gene activation was related to the degree of reactive oxygen species (ROS)-mediated

proliferation or cytotoxicity [113]. The MN-mediated cytotoxicity appears to be via oxidative

damage to the plasma membrane (lipid peroxidation followed by lysis), DNA fragmentation

(lesions), and degradation of proteins [114]. From a design perspective, MNPs/NMOFs with

their large surface-to-volume ratios serve as a link between atomic and biochemical probes, in

which ROS induced can be followed, by tracking the topography/topology of the NMs relative

to the cell. More specifically, the core-shelled Fe3O4-NPs served as building blocks of these

grafted MNPs composed of polycrystals with mixtures of metallic and polymeric units. The

introduction of core-shell Fe3O4 MNPs allows for magnetic core (Fe3O4) encapsulated in a

protective and biocompatible MMA monomer. Within the nanoscaled metal-organic

frameworks, various molecular architectures can be achieved, and geometry and cooperative

stability can be tuned via modification of ligands. Through the introduction of the amphiphilic

organic linker (shown in Fig. 16.14A), Fe-based NMOFs exhibit both biocompatibility [115]

and prolonged capacity to circulate in the bloodstream, accordingly to literature reports [116].

This will benefit the targeted drug delivery. Eventually, this nanoscale magnetism tuning

approach could be beneficial not only for magnetic hyperthermia but also for other applications

that range from the design of magnetic recording media, spintronics, to magnetic resonance

imaging (MRI) contrast agent and drug delivery carriers [117].

The use of iron oxides for the treatment of various biological systems is summarized in

Table 16.4. Previously reported results from the literature indicate that one area of treatment

related to multiple drug resistance (MDR) cells is important because currently there are few

successful treatment strategies for patients with MDR cells. The possible reasons for cell

tolerance to conventional treatment may be that these cells also express additional biomarkers,

such as lung resistance-related protein (LRP), permeability glycoprotein 1 (P-glycoprotein) and

B-cell lymphoma 2 (Bcl-2) encoded biomarkers, and deoxyribonucleic acid (DNA) protection.

One metric for cell survival is an examination of DNA lesions due to oxidative intracellular

processes, which are related to the action of reactive oxygen species at active sites on the NP

surface. Systems with greater active sites, such as uncoated nanoparticles would exhibit greater

DNA lesions in cells lines, has been observed in the literature.
16.11 Conclusions

The Fe3O4 magnetic nanoparticles and Fe-containing metal-organic frameworks were prepared

using a facile wet-chemistry method. It was found that grafted MNPs maintained their reverse

spinel crystalline structure and paramagnetism. The MOFs displayed high crystallinity and

well-defined topology (known as the acs net [131]). Both nanomaterials displayed EC50 activity



Table 16.4: Summary of iron-based nanomaterials in the treatment of cancer cell lines.

Nanoparticles Cells Outcome

Fe3O4 loaded with adriamycin
(ADM) or tetrandrine (Tet) [118]

K562/A02
(chronic myelogenous

erythroleukemia cell line;
adriamycin (ADM) induction K562

clone 2)

100-fold more decrease in mdr1
mRNA level

Fe3O4 covered OH– incorporated
with (CH3)4N

+ [119]
COS-7

(CV1 in origin carrying SV40
fibroblast-like cells)

No change in cell survival

Doxorubicin (dox) encapsulated in
polyisohexylcyanoacrylate

nanospheres [120]

K562 and MCF7
(Michigan cancer foundation-

breast cancer cell line 7)

MRP1 and TOP2α genes expression
was observed

Fe3O4 loaded with cisplatin [121] SKOV3/DDP
(Sloan-Kettering ovarian
adenocarcinoma cell line)

IC50 17.4 μmol/l for cis-
diamminedichloroplatinum (II)

(DDP)
PEGF-coated nanoparticles [122] L929

(mouse fibroblast cells, strain L,
clone 929)

Viability with 27.3 (coated) to 13.6
(uncoated)

Silica-coated iron oxide [123] A549
(adenocarcinomic human alveolar

basal epithelial cells)

IC50 ¼ 4 mg/mL

Amine surface-modified iron oxide
[124]

HepG2
(human hepatocyte cell line

glucose deficient)

Cytotoxicity was observed

Tween-coated iron oxide [125] J774
(murine reticulum cell sarcoma line

J, colony 774)

Cytotoxicity related to dose and
incubation time

Tetraheptylammonium coated iron
oxide [126]

K562
(erythroleukemia)

60% viability

Chitosan-coated iron oxide [127] SMMC-7721
(human hepatoma cell line)

10% viability

PEG-coated iron oxide [128] L929
(adhesive mouse fibroblast cell

line)

300 μg Fe ¼ 50% cell viability

Dextran-coated iron oxide [129] Human macrophages 20% cell viability
Poly(vinyl alcohol) coated iron

oxide [130]
L929

(adhesive mouse fibroblast cell
line)

Cell viability 27.3 (coated) versus
13.6 (uncoated)
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(11%–16% relative to control Fe3O4 NPs) toward cell apoptosis of Chinese hamster ovary cells,

which can be beneficial to the molecule targeting and potentially drug delivery as shown

in vitro MTT assay.
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CHAPTER 17
Toxicity of nanoscale metal-organic
frameworks in biological systems
Muhammad Sajid, Ihsanullah

Center for Environment and Water, Research Institute, King Fahd University of Petroleum and
Minerals, Dhahran, Saudi Arabia
17.1 Introduction

Metal-organic frameworks (MOFs) are a rising class of crystalline porous hybrid materials with

extremely high surface areas. They have demonstrated some thrilling applications in gas

storage, separation, catalysis, sensing, and drug delivery [1–4]. The research in synthesis and

applications of MOFs is developing at an astonishing pace, and it has been stated that at

least one article in every new issue of chemistry journals publishes an aspect or application of

MOFs [5]. MOFs are synthesized with extremely tunable crystal sizes ranging from few

nanometers to micrometers. The applications of MOFs are somehow correlated with their

dimensions. For example, MOFs with dimensions in micrometers or above (bulk MOFs)

are extensively employed for gas storage, separation, and catalysis. Nanoscale MOFs

are generally employed in sensing and drug delivery applications.

Nanoscale MOFs like other nanomaterials cannot be confined to MOFs with dimensions in

between 1 to 100 nm because MOFs with dimensions up to 500 nm are also reported as

nanoscale MOFs. Nanoscale MOFs basically combine the unique properties of porous

materials with that of the nanostructures leading to improved efficiency compared to bulk

MOFs [6]. Nanoscale MOFs are more commonly employed in biomedical applications

such as drug delivery. It is because of the essential requirement of the particle size that

should not exceed 200 nm so that these drug carriers can freely circulate within the smallest

capillaries [7].

The synthesis and applications of nanomaterials in different areas are being most widely

explored in current research and development activities. It is because nanomaterials exhibit

some unique properties compared to the bulk materials such as small size, high surface area,

substantial reactivity, excellent mobility, super penetration capacity, etc. Since it is an

emerging area of research and new materials are being widely developed and explored, little is

known about their toxicity and effects on human and wildlife. Though unique properties

https://doi.org/10.1016/B978-0-12-816984-1.00019-6
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of nanomaterials make them highly functional materials for various applications, at the same

time, these properties lay the foundation of their toxicity. Nature, size, shape, mobility,

reactivity, surface area, and penetration ability of nanomaterials are the main contributors

toward their toxic effects [8].

Since very little is known about the toxicity of the nanomaterials, it is the time to investigate the

toxicity of all kinds of nanomaterials and define their maximum allowable limits in the

environment, food, and biological samples. Besides, development of sensitive and selective

analytical methods for the measurement of nanomaterials in different matrices is not an

easy job. Probably, this is the reason that many research groups are now working on analytical

method development for determination of nanomaterials in different matrices [9, 10].

Nanoscale MOFs are a subclass of newly emerging nanomaterials and the information

about their toxicity in biological systems is scarce.

MOFs have emerged as a promising material for potential applications in bioimaging and

biosensing applications. However, there is serious concern about the potentially toxic effects of

MOFs in biological systems [11]. The extensive use of MOFs may pose serious health

threats to the living organisms exposed to it. This has resulted in a controversial debate on

the biocompatibility ofMOFs in the biological system. Therefore, it is imperative to understand

the potential risks associated with the MOFs’ applications in these systems [12–14].
17.2 Factors affecting the toxicity of MOFs in biological systems

The research in toxicological studies of MOFs is still in its infancy stage. However, some

parameters that can induce toxicity in MOFs are well-known. In the literature, the toxic

assessment of MOFs is performed mainly based on the types of cross-linkers and metals [15].

In addition to these, some other factors might also contribute to the toxicity such as particle

size, ligands, functionalized groups, and the solvent system in which MOF is synthesized [16].

The cellular uptake, biodistribution, translocation, and excretion from the body are

profoundly influenced by the shape, degradation rate, nature, and amount of the functional

groups over the surface.
17.2.1 Metal ions in the MOFs

MOFs contain metals and organic binding linkers. The size of metals ions is generally in

the nanoscale and they are mostly nonbiodegradable. Some of the commonly used metals used

in the synthesis of MOFs are cadmium (II), iron (II/III), nickel (II), zinc(II), cobalt (II),

copper (II), and transition metals (e.g. Ni and Co) [16].

The MOFs with well-known toxic metals such as cadmium, arsenic, lead, and chromium may

induce serious health complications due to the toxicity of the MOF-forming metals. Thus,
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the metals which are generally required as nutrients for the body such as zinc and iron should

be employed for the synthesis of the MOFs which are designed for drug delivery or other

therapeutic applications.

Generally, the zinc(II) and iron (II) are considered as least toxic, while the cadmium (II) is the

most toxic element for applications in a biological system. The possible exposure to these

metals may occur via ingestion, inhalation, and dermal penetration. The metal ions may

have toxic effects on the environment, as they tend to be oxidized to metal oxide.
17.2.2 Organic linkers

The common organic linkers used in the synthesis of MOFs are carboxylates, amines,

phenolates, imidazolates, sulfonates, and phosphonates. Although there is very limited

literature on the toxic effects of organic linkers in the MOFs, it is expected that the MOFs

can be degraded to these constituent materials and may pose serious health risks due to the

characteristics of these linkers [16].
17.2.3 Solvent in the MOFs synthesis

The solvents used in the synthesis of MOFs may also have toxic effects. The most commonly

used solvents are diethylene formamide (DEF), ethanol, dimethyl sulfoxide (DMSO),

acetone, and dimethylformamide (DMF) [16]. These solvents may be imprisoned in the

porous MOFs and might cause various short-term and long-term effects on health and

environmental effects.

For example, exposure to DMF causes several adverse health effects such as liver damage,

rashes, alcohol intolerance, jaundice, vomiting, nausea, and abdominal pain. Exposure to

acetone may cause neurotoxicity, ocular, dermal, and respirational irritation.
17.2.4 Particle size

The size of theMOF is an essential parameter for toxicity considerations. Many toxicity-related

factors, such as cellular uptake, biodistribution, translocation, and excretion from the body,

are highly dependent on the size of the material. A reduction in the size of the particle also

affects its surface to volume ratio, which in turn increases the reactivity. Many authors

have reported that the size of nanoscale materials dictates their translocation and

cytotoxicity [8]. This is to emphasize that nanoscale MOFs should be preferably subjected

to toxicological studies compared to their bulk counterparts.

Generally, the penetration ability of the particles increases with a decrease in size; however,

other parameters such as the charge of the crystal and shape might also play a vital role.
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As per one report, the particle size has a negligible effect on the toxicity of MOFs in biological

systems. Sava Gallis et al. [17] demonstrated that there is no significant difference in the

toxicity between the micron and nano-sized YbNd MOF particles in the human epithelial

cell line (A549) exposure. MOF particles of both sizes demonstrated low cytotoxicity to the

epithelial cell line when exposed to a dosage of 100 μg/mL for both 24 and 48 h.
17.2.5 Solubility and degradation

With a particular focus on biological systems, the solubility is a critical factor in determining

the toxicity of MOFs because it is associated with their degradation. The solubility and

degradation depend on the composition of MOFs and the following properties of the

biological system:

(i) pH

(ii) Ionic strength

(iii) Peristaltic movements

Under physiological conditions of biological systems, nanoscale organic and inorganic

components of the MOFs will not be exclusively soluble, or at least, they will take longer times

for complete degradation and execration from the body. Consequently, they start

accumulating in the cells leading to in vivo toxicity. In the case of metallic species, such

accumulation will cause high stress within the cells.

The Fe-based MOFs degrade into iron and organic linkers, where a carboxylate linker is

directly excreted from animals via the urine and feces.

Iron ions can cause temporary oxidative stress in the spleen and liver. However, the

surplus iron is metabolized and removed in urine and feces.

Apart from the solubility of the MOF in a biological system, its composition can be a

major contributing factor toward the toxicity.
17.2.6 Stability

The stability of theMOFs is another critical factor in determining their toxicity in the biological

systems. The focus of many researchers is to synthesize the MOFs which are stable both

chemically and thermally. The MOFs which are stable up to 500°C have been synthesized [18].

The intent to prepare such MOFs is investigating their potential under a harsh set of conditions.

Though such MOFs are not designed for biomedical applications, they may enter into the

biological systems through inhalation, ingestion, and dermal intake. The biggest concern is how

they will behave under physiological conditions of the body. However, in case of unstable
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MOFs, their components (metals, linkers, ligands) may leach into cellular apartments, leading

to accumulation of metallic and other species. This can result in toxic effects which will

highly depend on the nature and concentration of the leached species. The dose of the MOF,

the frequency of the treatment, accumulation, and excretion patterns are some other factors

which can play a significant role in determining the toxicity of the MOFs in biological

systems [19].

This is also true that the toxicities of the individual components may vary from the whole

MOF system. Fig. 17.1. shows the major contributing factors toward the toxicities of

MOFs in biological systems.
17.3 Why nanoscale metal-organic frameworks in biological systems?

The ideal drug carriers should have the following features

(i) Biocompatibility with the targeted biological system

(ii) Miniaturized dimensions

(iii) Nontoxicity
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As the nanoscale drug carriers have very small dimensions and can easily approach the targeted

drug delivery sites in the natural systems, they are highly desired in such applications.

However, several parameters that limit the use of most of the existing nanocarriers in drug

delivery are their toxicity and poor drug loading and releasing. Thus, MOFs have been emerged

as alternative drug carriers due to their exciting properties, tunable structures, and high

porosities. They perform better drug loading and discharging in the biological system.

Recently, many authors reported the application of nontoxic metal-based MOFs for drug

delivery agents for the diseases like cancer and AIDs. For example, Horcajada et al. employed

Fe (III)-based MOFs for this purpose [20]. Although these applications are very encouraging,

the issue of the toxicity of MOFs should be evaluated to access their suitability within the

biological systems. This evaluation can be performed by in vitro and in vivo toxicological

assays.

The in vitro toxicity assays present the following advantages:

(i) They are fast to perform.

(ii) They have low cost.

(iii) They can provide an initial assessment of the toxicity of the materials which are intended

for biological applications.

(iv) Moreover, they are most befitting for high-throughput screening.

(v) They are supportive in understanding mechanism of toxicity and the way of cellular

interaction of drug carriers.

However, this is also important to consider that the results of in vitro assays may significantly

vary than in vivo assays. Therefore, one needs to be very cautious while extrapolating

from in vitro to in vivo considerations.

17.4 In vitro and in vivo toxicity of nanoscale MOFs

Based on our search on available data on the toxicity of nanoscale MOFs, we observed

(i) Very limited literature is available on this subject.

(ii) Toxicity assays have been conducted using different cell lines, thus a comparison of the

results is not that meaningful.

(iii) Several contradictory studies have also been reported.

The nanoZIF-8 (200 nm) was assessed against three human cell lines (mucoepidermoid

carcinoma of lung [NCI-H292], colorectal adenocarcinoma [HT-29], and promyelocytic

leukemia [HL-60]) and it was found that it does not show any toxicity even at highest tested

concentration (109 μM) [21]. However, in another work, nanoZIF-8 (90 nm) showed some

cytotoxicity to HeLa and J774 cell lines; the IC50 values of 436 and 109 μM were observed

against HeLa and J774, respectively [22].
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The uncoated nanoscale MOFs were evaluated by in vitro toxicity to HepG2 and MCF7 cells

and in vivo against zebrafish embryos. The toxicity of nanoscale MOFs was dependent on

(i) The nature of the MOF.

(ii) The solubility of its components in the tested medium.

A strong correlation was observed between in vitro and in vivo toxicity. The major contributing

factor was leached metal ions. The other factors that may have significant contribution

toward the toxicity of MOFs include the formation of new species upon degradation and

nature of crystals (e.g. size, shape, charge, etc.) [23].

However, there are many other factors which should be taken into account, e.g. reactivity,

solubility, mobility, penetration ability, nature of functionalized material, type of metal,

and organic precursors.

Only few studies talk about in vivo toxicity of nanoscale MOFs. Three different Fe(III)

carboxylate nanoMOFs were intravenously injected in rats at high doses for acute in vivo

toxicity assays to understand distribution, metabolism, and excretion. This study show that all

tested MOFs exhibited low acute toxicity and quickly sequestered by liver and spleen and

then further biodegraded and eliminated in urine or feces without metabolization and

significant toxicity [24]. In another report, the in vivo toxicity of mechanically downsized

Gd(III)-pDBI (pDBI ¼ 1,4-bis(5-carboxy-1H-benzimidazole-2-yl)benzene) NPs was

measured by intravenous administration of doses between 0.05 and 0.15 mg/kg using a murine

model. This report demonstrated lack of severe toxicity. Nonspecific but minor alterations

were found in the liver associated with accumulation of Gd-pDBI NPs [25].

In the literature, numerous MOFs are reportedly tested for biological applications. Till date,

MIL (Material Institute Lavoisier) is the most commonly used biomedical materials [26].

In a recent study [26], the toxicological assessment of MIL-100(Fe) was performed using

hepatocellular carcinoma (HepG2) and human normal liver cells (HL-7702). It was revealed

thatMIL-100(Fe) were nontoxic to HL-7702 cells with a concentration of fewer than 80 μg/mL.

However, the high concentration of MIL-100(Fe) (i.e. 160 μg/mL) was found toxic to

HL-7702 cells and that could result in the destruction of the cell membranes. It is worthy to

mention that HL-7702 cells treated with 160 μg/mL MIL-100(Fe) for 48 h still retain a

cell survival rate of 79.81 � 3.01%. Likewise, the toxicological assessment of different

concentrations of MIL-100(Fe) on HepG2 cells was reported. It was found that using a high

concentration (160 μg/mL) of MIL-100(Fe), no significant decrease in cellular metabolic

activity was observed. This confirms that HepG2 cells had good tolerance to a higher dose

of MIL-100(Fe), even at higher doses, and has good biocompatibility with HepG2 cells [26].

Wuttke et al. [12] assessed the nanosafety of different MOF nanoparticles for various

medical applications by evaluating their effects on human endothelial and mouse lung cells.
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The cytotoxic and inflammatory response of human endothelial cells, alveolar epithelial cells,

and alveolar macrophages to MIL (Material of Institute Lavoisier)-101(Cr) and MIL-100(Fe)

MOF NPs with and without supported lipid bilayers was examined. A supported lipid

bilayer, i.e. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), is formed around the MIL-100

(Fe) and MIL-101(Cr) nanoparticles with the aim to enhance their biocompatibility.

Wang et al. [27] reported low toxicity of zinc-based MOFs and evaluated their drug delivery

performance. The prepared MOFs demonstrated promising drug delivery efficiency and

displayed low toxicity. In another work, Sun et al. [28] reported a novel low- toxic Ketone

Functionalized Gd(III)-MOF having promising anticancer activity against the human liver

cancer cells HCC. Another Fe-based MOF, MIL-53(Fe), was found nontoxic and safe (cell

viability > 95.27%), when employed as a carrier for the anticancer drug oridonin (Ori) [29].

Zr-based MOFs of UiO-66 containing active silver nanoparticles (AgNPs) with a mild

reductant of DMF (AgNPs@UiO-66(DMF) were employed to evaluate their therapeutic effect

against cancer cells [30]. The percentage of cell viability decreased when the concentration

of MOFs increased from 10 to 100 μg/mL. This confirms that the cytotoxicity of the

AgNPs@UiO-66(DMF) is in a dose-dependent manner against cancer cells. Li et al. [31]

performed cytotoxicity test for an UiO-66 MOF which was used as ketoprofen delivery system

for treating osteoarthritis (OA). The cytotoxicity test revealed that UiO-66 MOF had no

noticeable toxicity and can safely be employed as a delivery vehicle for drugs.

Results indicated that the MIL-100(Fe)@DOPC NPs triggered some apoptotic cell death

beyond a minimum dose of 100 μg/mL. However, both Cr- and Fe-containing MOFs are

well-tolerated by endothelial cells. Alveolar epithelial cells tolerate only lipid-coated Cr

and Fe-containing MOFs at lower doses of up to 50–100 μg/mL, respectively. Alveolar

macrophages well-tolerated Cr-containing MOFs; however, these cells appear to be sensitive

to Fe-containing MOF particles, which cause pronounced induction of a cellular stress

response.

The same group also examined the effect of the differentMOFNPs, i.e. MIL-101(Cr), MIL-100

(Fe), Zr-fumarate (Zr-fum) MOFlarge, Zr-fum MOFsmall, MIL-100(Cr)@DOPC, and MIL-100

(Fe)@DOPC, on gingival fibroblasts, adult human Schwann cells as well as rat neonatal

organotypic dorsal root ganglion (DRG) cultures as effector cell systems for dental implants

and nerve guidance tubes, respectively [12]. The results exhibited that the MIL-101(Cr),

Zr-fum, and MIL-100 (Fe) were well-tolerated by human gingiva fibroblast which suggests

their feasibility for applications in the coating of dental implants. However, Zr-fum MOFlarge
NPs seem to be the utmost appropriate choice for coating of nerve guidance tubes due to

their tolerance in both adult human Schwann cells and rat dorsal root ganglia up to doses

of 50 μg/mL [12].

It is generally assumed that iron and zinc that have been used extensively to build biomolecule-

MOF system are safe candidates for applications in biological systems. Numerous available
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Fe- and Zn-based MOFs can be used as nanocarriers and they offer many possibilities to

achieve an adequate controlled release of various pharmacological molecules [32]. For an

instant, less toxic Fe-based MIL-53(Fe) was used for the adsorption of IBU by impregnation of

the solids in a hexane IBU-containing solution [33]. Likewise, Zn-based MOFs constructed

from 5,50 500-(1,3,5-triazine-2,4,6-triyl) tris (azanediyl) triisophthalate (TATAT) and Zn2+

were effectively employed for the delivery of anticancer drug 5-fluorouracil (5-Fu) [34].

Recently, a series of zirconium-based MOFs such as UiO-66 (UiO for Oslo University)

has also gained considerable attention due to their nontoxic behavior [35].

Abdelhameed et al. [36] reported that the modified isoreticular metal-organic framework-3

(IRMOF-3) was not toxic to shrimps at a lower concentration of 100 μg/mL; however,

they were toxic at higher concentration of 200 μg/mL.

17.4.1 Human exposure to MOFs

The human exposure to MOFs can occur during the occupational activities such as

(i) Synthesis

(ii) Characterization

(iii) Packing

(iv) Transportation

(v) During different applications of these materials

The main routes of exposure may include

(i) Dermal penetration

(ii) Inhalation

(iii) Ingestion

The occupational exposures can be reduced to certain extent by implementing good lab

practices which include

(i) Use of special personal safety equipment

(ii) Suitable control of working environment

(iii) Regular check-up of the working personnel

Fig. 17.2. lists the occupational activities which may lead to MOFs’ exposure, potential

exposure routes, and the steps to reduce occupational exposure at workplace.

The exposure of general public to MOFs in outdoor environment is also a subject which has not

been scrutinized yet. Similarly, the presence of nanoscale MOFs in air, soil, and aquatic

environments and their succeeding effects on living organisms are not considered so for. The

materials which can stay up to temperature of 500°C or above and have extraordinary chemical

stability, how will they degrade in natural environment or where will they be disposed of?
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All these queries need to be responded through extra research studies concentrating on the

mechanisms of degradation under ambient conditions. The question of allowable limits of

nanoscale MOFs in indoor or outdoor environment could be talked after instituting their

toxicity [19].
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17.5 Conclusion

It can be carefully concluded that more comprehensive studies on the probable environmental

and health risks of these emerging materials must be performed before they can be

employed for real-world applications. The toxicity of MOFs should be studied in an organized

way to safeguard human health and environment. National and International environment

protection agencies should develop a methodical way of evaluating all the developedMOFs for

their environmental and health impact. In this way, we can reach a stage where we can

safely arrange some MOFs based on their toxicity and further regulations can be established.

However, all these should not be deferred to the point that one may see MOFs standing

with POPs [37], EDCs [38], or other emerging pollutants (USEPA) [39] from the perspective

of their toxicity and impact on human health and environment.
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Abbreviations

3-MA 3-methyladenine

4,40-DTBA 4,40-dithiobisbenzoic acid
5-FAM 5-carboxyfluorescein

5-FU 5-fluorouracil

AS artesunate

BBDC 5-boronobenzene-1,3-dicarboxylic acid

BSA bovine serum albumin

CO carbon monoxide

Cy cyanine

DOX doxorubicin hydrochloride

DDS drug delivery systems

DHA dihydroartemisinin

EPR enhanced permeability and retention

ESCP ethoxysuccinato-cisplatin

EV extracellular vesicle

FA folic acid

GSH glutathione

HA hyaluronic acid

ICG indocyanine green

LA lactobionic acid

LSS liquid-solid-solution

MDR multidrug resistance

MDT microwave dynamic therapy

MIL materials of institut lavoisier

MOF metal-organic frameworks

MRI magnetic resonance imaging

MTT microwave thermal therapy

NCPs nanoscale coordination polymers

NCs nanocubes

NIR near-infrared

NIRF near-infrared fluorescent

nMOF nanoMOF

NPs nanoparticles
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NSF nephrogenic systemic fibrosis

PAI photoacoustic imaging

PB Prussian blue

PDA polydopamine

PDT photodynamic therapy

PEG polyethylene glycol

PET positron emission tomography

PPy polypyrrole

PTT photothermal therapy

QDs quantum dots

RAFT reversible addition-fragmentation chain transfer

RGD cyclic arginine-glycine-aspartic acid

ROS reactive oxygen species

SNO S-nitrosothiol

SPAAC strain-promoted [3 + 2] azide-alkyne cycloaddition

SPECT photon emission computer tomography

TCPP tetra(4-carboxyphenyl)porphine

TNBC triple-negative breast cancer

UCNPs upconverting nanoparticles

USPIO ultra-small superparamagnetic iron oxide

VER verapamil hydrochloride

ZGGO zinc gallogermanate

ZIF-8 zeolitic imidazolate framework-8

β-CD β-cyclodextrin

Common MOFs
MOF
 Metal cluster/

core
Ligand
 Node
MIL-100(Fe)
 FeO6
 Trimesic acid (BTC)
 6-connected
MIL-101(Fe)
 Fe3(μ3-O)6(μ3-
OH)3
Terephthalic acid (BDC)
 6-connected
MIL-101(Fe)-

NH2
Fe3(μ3-O)6(μ3-
OH)3
2-aminobenzene-1,4-dicarboxylate

(BDC-NH2)
6-connected
MIL-127
 Fe3(μ3-O)6(μ3-
OH)3
3,30,5,50-azobenzenetetracarboxylate
(Tazb)
6-connected
Fe-MIL-

53-NH2
FeO4(OH)2
 Terephthalic acid (BDC)
 6-connected
ZIF-8(Zn)
 Zn2+
 2-methylimidazolate (MeIM)
 4-connected
Uio-66(Zr)
 [Zr6O4(OH)4]
 Terephthalic acid (BDC)
 6-connected
18.1 Introduction

Theranostics combines therapeutic property and diagnostic imaging to treat disease with high

therapeutic effects through a precise and personalized approach together with minimal side

effects. In recent years, it has become a hot topic with an increasing interest from chemists or

scientists to explore novel theranostic nanoprobes [1, 2].
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Biocompatible metal-organic frameworks (MOFs), highly porous crystalline porous solids,

have been widely known as drug delivery systems considering their large pore sizes/volumes

and ideal drug adsorption capacities. Apart from drug delivery, nanoMOFs also have been

considered as imaging agent to diagnose different diseases such as cancer or as therapeutic

agent used in preclinic research [3–7]. Most of the nanoMOFs reaching a preclinical in vivo

evaluation are based on Fe carboxylates or Zn azolates [8–11]. Until 2010, nanoMOFs

have been mainly considered for imaging or therapy, and their use for theranostics gradually

attracted researchers’ attention particularly since 2015 where it encountered a rapid

development [12–16]. Particularly, the construction of hybrid systems associating nanoMOFs

with functional organic or inorganic nanoparticles paved the way for the development of

multifunctional or multimodal nanoMOF theranostic probe [3, 9, 17].

In this chapter, we mainly discuss the developments of cancer theranostics based on nanoMOFs

within the past decade, which includes topical MOFs such as MIL-100(Fe), ZIF-8(Zn) and

UiO-66(Zr), etc. This contains the following subchapters: magnetic nanoMOFs, noble metal

nanoparticles-encapsulated nanoMOFs, polymer-assisted nanoMOFs, fluorescent nanoMOFs,

phototherapeutic nanoMOFs, nuclear medical imaging nanoMOFs, and other stimuli-

responsive nanoMOF. Note that a single type of nanoMOF system combines several features

and applications at the same time and could match more than one classification.
18.2 MOFs NPs with multitherapy and MR/optical imaging properties

18.2.1 Magnetic-based MOFs NPs

Magnetic nanoMOFs is a class of nanomaterials combining themagnetic properties of themetal

or metal-oxides nanoparticle with the drug-loading ability of the nanoMOF. These systems

are able to carry and deliver specific drugs in biological systems whose release is triggered on a

controlled manner under the application of a magnetic field [18, 19]. Magnetic resonance

imaging (MRI) is a powerful imaging technique due to its ability to provide high spatial

resolution and tissue penetration. In the present case, the magnetic nanoparticles affect the

relaxivity of the protons from water. High spin paramagnetic gadolinium (Gd) or iron (Fe)

oxides superparamagnetic nanoparticles are typically integrated or coupled with nanoMOFs

as MRI contrast agents.

18.2.1.1 Gd-based MOF NPs

As positive contrast agents, Gd-based nanoMOFs produce a large shortening of the longitudinal

relaxation time (T1) and high longitudinal relaxivity (r1). Boyes’s et al. have prepared polymer-

modified Gd nanoMOFs via a reversible addition-fragmentation chain transfer (RAFT)

polymerization for targeted imaging and treatment of cancer [20]. However, bimodal imaging

(magnetic resonance and fluorescence microscopy) and cell growth inhibition were only

considered at the in vitro level.
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Yin’s group also developed a Gd-carboxylate nanoMOFs theranostic platform for MRI-guided

pH-responsive chemotherapy in vivo based on a 5-boronobenzene-1,3-dicarboxylic acid

(BBDC) as a versatile ligand, leading to an enhanced permeability and retention (EPR)

effect and glucose-mediated glucose-transported protein (GLUT1) tumor targeting; this led to:

(i) an improved biocompatibility, (ii) efficient active targeting of tumors, and (iii) a

pH-responsive switch for leakage-free DOX delivery as three birds with one stone [21].

Via utilizing photodynamic porphyrin carboxylate as Gd MOFs ligand, Li’s group developed a

FA-conjugated Gd-porphyrin MOF for fluorescence imaging and MRI dual-modality

imaging and photodynamic therapy using zebrafish to develop tumor model of Hepatocellular

carcinoma [22]. The relaxivities of the resulting Gd-based nanoMOFs were significantly

higher than typical Gd chelates and the EPR effect took advantage of their higher

molecular weights. Such a multimodal imaging approach is attractive to guide cancer

therapy clinically.

18.2.1.2 Fe-carboxylate MOFs NPs

Considering the potential leaching of highly toxic Gd3+ ions from the in vivo degradation

of Gd-carboxylate-based nanoMOFs, which may lead to nephrogenic systemic fibrosis (NSF)

in patients, highly porous nontoxic iron(III)-carboxylate nanoMOFs have attracted so far a

great deal of attention as drug nanocarriers.

To make nanoMOFs efficient theranostic systems, it is necessary to synthesize nanoparticles of

several hundred nanometers with a narrow polydispersity. Among the large number of

existing Fe-carboxylate MOFs, MIL-n materials combine several features of interest: a good

chemical stability, a large porosity suitable for high dug payloads, a low toxicity, and

intrinsic imaging properties. Horcajada et al. have shown that MIL nanoMOFs with engineered

cores and surfaces are a class of nanocarriers for the controlled delivery of series of

challenging antitumoral and retroviral drugs, which also possess interesting in vivo imaging

properties and opens the way for theranostics, or personalized patient treatments [23].

Lin’s group also reported a strategy of delivering an imaging contrast agent organic fluorophore

together with an anticancer drug ethoxysuccinato-cisplatin (ESCP) prodrug by postsynthetic

grafting of the outer surface of the MIL-101(Fe) nanoMOF (MIL stands for Materials of

Institut Lavoisier) [24].

To overcome the poor biodistribution of drugs with frequent dose-related side effects, Zhang’s

group reported a biocompatible nanoMOF-based tumor targeting Drug Delivery Systems

(DDS) developed through a one-pot organic solvent-free “green” postsynthetic surface

modification procedure. Authors started from the preformed MIL-101(Fe)-N3 nanoMOF, then

functionalized by a bicyclononyne functionalized β-cyclodextrin (β-CD) derivative (through
strain-promoted [3 + 2] azide-alkyne cycloaddition (SPAAC)) further combined with an

adamantane functionalized PEG polymer and targeting peptide cyclic arginine-glycine-aspartic
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acid (RGD) through host-guest interactions [25]. Due to the covalently linked pH-responsive

benzoic imine bond and the redox-responsive disulfide bond, this multifunctional DDS

showed an acidic environment-enhanced tumor cell uptake and tumor intracellular GSH-

triggered drug release, which inhibited tumor growth effectively with minimal side effects.

Based on MIL-100(Fe) nanoparticles and through SPAAC reaction, Liu et al. designed a novel

two-steps strategy for specific in vivo imaging of bacteria based on the metabolic labeling

technique for image-guided antibacterial therapy (Fig. 18.1) [26]. Herein, 3-azido-d-alanine

(d-AzAla) was first labeled on MIL-100 (Fe) NPs and after intravenous injection and d-AzAla

was selectively integrated into the cell walls of bacteria, which was then confirmed by

fluorescence imaging from DBCO-Cy5.
Fig. 18.1
The proposed strategy of bacteria diagnosis and therapy by the H2O2-responsive MOFs assisted
in vivo metabolic labeling of bacteria (methicillin-resistant Staphylococcus aureus (MRSA)). (A) The
synthesis of azido-labeled D-AzAla@MIL-100 (Fe) NPs (d-AzAla ¼ 3-azido-D-alanine). (B) The

accumulation and decomposition of D-AzAla@MIL-100 (Fe) NPs in the presence of H2O2 at the site
of the infected tissue, followed by internalization of invading bacteria. (C) Ultra-small AIE

(aggregation-induced emission) NPs with dibenzocyclooctyne (DBCO) group bind with bacteria
through click reaction for tracking and effective photodynamic therapy (PDT) of bacteria [26].
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In another study, Liu et al. synthesized under ambient conditions pH-responsive nanoparticles

of coordination polymers (denoted Fe-CPNDs) via a simple and scalable method based on

the reaction among Fe3+ ions, gallic acid, and poly(vinylpyrrolidone) [27]. As a class of

renal clearable nanomedicine, these ultra-small nanoparticles of Fe-CPNDs (5.3 nm) were used

for pH-sensitive MRI-guided photothermal therapy which completely suppressed tumor

growth. In short, one can consider that based on the very low toxicity and the interesting

photothermal/photodynamic properties of these nanoMOFs, solely Fe(III) carboxylate

nanoMOFs could be considered as safe and efficient candidates for theranostics in

nanomedicine. However, the potential challenges for clinical translation may still be

limited by their current lack of commercialization.

18.2.1.3 Composite nano-objects based on Fe-carboxylate MOFs

The association of MOFs and functional nanoparticles has led to the creation of new

multifunctional composites hybrid systems. However, until recently, these hybrid materials

have been mainly considered for other applications such as hydrogen storage or

heterogeneous catalysis [28–31]. In nanomedicine, series of hybrid nanostructures were

recently constructed from nanoMOFs to form multifunctional drug delivery systems.

Chen’s group developed core-shell Prussian Blue (PB) nanocube@Fe-BTC MOF for

pH-responsive artemisinin delivery, MRI, and fluorescence optical imaging(FOI)-guided

chemo/photothermal combinational cancer therapy [32]. Interestingly, dual nanoMOFs

integrated the T1/T2 MRI, photothermal ability, and photoluminescence properties of PB.

Furthermore, this strategy was applied for the construction of PB@ZIF-8 nanoparticle

system, and the endogenous degradation of ZIF-8 in acid tumor microenvironment was

combined with exogenous NIR stimuli to realize efficient drug delivery [33].

Ultra-small superparamagnetic magnetite (Fe3O4) nanoparticles have generated a widespread

interest due to their potential applications in magnetic separation, magnetic hyperthermia,

magnetic targeting, andMRI. Sahu’s group incorporated Fe3O4 nanoparticles into a degradable

zinc carboxylate metal-organic framework (IRMOF-3) and the cancer chemotherapy drug

paclitaxel was conjugated to the magnetic NMOFs through hydrophobic interactions for

targeted anticancer drug delivery and MR imaging [34]. The targeting nanoparticles killed the

cancer cells effectively, but only an in vitro model was considered so far. To some extent,

these folic acid-conjugated magnetic NMOFs also showed a stronger T2-weighted MRI

contrast.

Chen’s group developed Fe3O4@C@Fe-BTC MOF nanoparticles through a layer-by-layer

formation of Fe-BTCMOF at the surface of particles combining Fe3O4 and carbon dots. While

Fe3O4@C imparts multimodal imaging properties (photoluminescence and MR) and magnetic

targeting ability, Fe-BTC MOF was used for the co-delivery of the anticancer

Dihydroartemisinin (DHA), the toxicity of which is increased in the presence of Fe(II) [35].
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Through the pH-responsive degradation of Fe-BTC, MOF Fe(III) was released in the tumor

followed by its reduction into ferrous ions. The interaction of Fe(II) with DHA led to the

production of reactive oxygen species (ROS). A similar strategy was applied by using

preformed PB nanocubes Mn3[Co(CN)6]2. Similar core-shell Fe3O4@nanoMOF composites

were also obtained with UiO-66 and Bio-MOF for simultaneous drug delivery and tumor

visualization via MRI [36, 37].

As an ultra-small superparamagnetic iron oxide (USPIO) NP, maghemite (γ-Fe2O3) is of great

interest. Steunou et al. designed through a postsynthetic strategy a maghemite-nanoMIL-100

(Fe) bimodal nanovector as a platform for image-guided therapy [38]; when the maghemite

content was of 10 wt%, this led to relaxivity values reaching those of the commercial USPIO

systems, while keeping the drug delivery properties of the bare nanoMOF paving the way for

their use in theranostics.
18.2.1.4 Mn-based MOFs NPs

Manganese(II) (Mn2+), although with a higher toxicity and lower daily dose compared to iron

ions, has been demonstrated with its five unpaired 3d electrons to be an effective T1

contrast agent in MRI. Recently, Mn-based MOFs have, therefore, been considered

for theranostics.

Lin’s group reported the self-assembly of a Mn-bisphosphonate nanoscale coordination

polymers (NCPs) with a lipid and PEG coating; this theranostic NCP platform was capable of

delivering a chemotherapeutic drug to cancer cells and behaved as an MRI contrast agent

simultaneously to cancer cells with high cargo loadings [39].

Considering the toxic adverse effects and resistance to drugs of chemotherapy, Yin’s

group developed theranostic Mn-porphyrin Zr(IV) carboxylate nanoMOFs; the bridging

Mn-porphyrin ligand was used for a MRI-guided nitric oxide and photothermal synergistic

therapy [40]. Interestingly, free-radical NO treatment was introduced to overcome the

disadvantages of singlet oxygen (1O2)-based PDT due to the local hypoxia of tumor and through

the formation of heat-sensitive NO donor S-Nitrosothiol (SNO). NO release and PTT were

obtained simultaneously under near-infrared (NIR) light irradiation.
18.2.2 MOFs NPs for photodynamic and photothermal therapy

Phototherapeutic therapy, including photothermal therapy (PTT) and photodynamic therapy

(PDT), is an highly effective, noninvasive, selective method for cancer treatment [41].

Meng’s group prepared flexible Mn-doped UiO-66 nanocubes (NCs) with a small particle size

(�60 nm) through a one-pot hydrothermal route. This led to a nanosystem combining

microwave dynamic (MDT) and microwave thermal (MTT) therapies well suited to suppress
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the tumor cell growth in vivo and in vitro under mild microwave irradiation [42],

highlighting the synergic effect between MTT and MDT.

Porphyrin ligands are interesting for photodynamic therapy, but their use is limited by their

poor solubility, self-quenching, and aggregation issues. Porphyrin carboxylate-based MOFs

are a recent subclass of MOFs with a good biocompatibility, although they are still produced

using toxic solvents, emitting bright red fluorescence for fluorescence imaging; they exhibit

also photosensitizing properties suitable for photodynamic therapy. Ju’s group designed

multifunctional porphyrin-based MOFs NPs by assembling porphyrin, folate targeting-motif,

and dye-labeled peptide into MOF cages [43]. After folate receptor-mediated uptake, the

nanoprobe could efficiently generate 1O2 in mitochondria to induce cell apoptosis.

Zr(IV)-based porphyrinic MOF nanoparticles PCN-224 also attracted attention for tumor-

targeted photodynamic therapy and hypoxia-amplified bioreductive therapy [44, 45]. Through

cancer cell membrane coating, another novel cancer cell membrane@Pt(II) porphyrinic

MOF (mPPt) was also developed as a biomimetic theranostic O2-meter for cancer-targeted

photodynamic therapy and phosphorescence imaging [46]. In type II mechanism of

photodynamic therapy (PDT), the ground triplet-state molecular oxygen (3O2) is transformed to

the reactive singlet oxygen (1O2). However, the process is extremely dependent on oxygen

(O2), and the lack of O2 will directly suppress the PDT efficacy. In the type I mechanism, O2
�•

molecule could be further converted to partially recyclable O2 under the effects of intracellular

superoxide dismutase (SOD) and part of them could be transformed to high toxic hydroxyl

radical (OH•). To overcome a hypoxia microenvironment, Dong’s group developed

bacteriochlorin-based Hf MOFs termed DBBC-UiO as a NIR laser-induced O2
�• generator for

photoacoustic imaging (PAI)-guided PDT through synergistic type I (O2-independent) and

type II mechanism for hypoxia tumor ablation (Fig. 18.2) [47]. Tumor-specific PAI and highly

efficient hypoxic solid tumor ablation were shown in the experiment.
18.2.3 Nano-objects based on MOFs and inorganic NPs for optical imaging,
photodynamic/photothermal therapy

Noble metal nanoparticles (NPs), especially anisotropic gold NPs (AuNPs), are broadly

recognized as candidates for cancer theranostics because of their good biocompatibility, high

light-to-heat conversion efficiency, and unique near-infrared (NIR) light absorption feature.

Note, however, that the elimination pathways of such nanoparticles are highly questionable

particularly when the nanoparticles are nondegradable. In general, nanoparticles with a size of

<5 nm will undergo in vivo renal elimination via the kidneys and finally through urine. In

the case of nanoparticles >5 nm, the biodegradable ones can be disassembled first and then

return to the metabolic circulation, while most nondegradable nanoparticles (>5 nm) will

be retained in long term in liver nonparenchymal cells such as Kupffer cells, which act as

barriers of hepatobiliary elimination [48].



Fig. 18.2
The synthetic procedure and photo-induced PDT mechanism of DBBC-UiO.
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18.2.3.1 Core-shell Au NRs@MOFs

Tang’s group combined anisotropic gold nanorods (AuNR) and ZIF-8 into core-shell

nanostructures AuNRs@ZIF-8 as a multifunctional nanoplatform for near-infrared-induced

synergistic chemo-photothermal therapy (Fig. 18.3) [49]. Gold nanorods with high NIR-light-

triggered photothermal properties are good candidates for photothermal therapy, and its

drug-loading capacity was improved through the ZIF-8 shell. However, this work was mainly

focused on photothermal therapy and more work needs to be done considering the

questionable elimination of nondegradable Au NPs.

Through similar strategy, Li’s group developed biocompatible Au@Ag nanorod@ZIF-8 core-

shell nanoparticles for surface-enhanced Raman scattering (SERS) imaging and doxorubicin

(DOX) delivery. For a better SERS signal, 4-aminothiophenol (4-ATP) was adsorbed on the

surface of Au@Ag nanorod and the ZIF-8 shell played the role of the drug carrier and also

improved the stability and biocompatibility of the SERS tag. A targeting drug therapy and

imaging was shown in vitro [50].

Zhang’s group used functionalized gold nanorods to construct through a solvothermal

method porphyrinic nanoMOFs-coated gold nanorods (AuNR@MOFs) for combined

photodynamic/photothermal/ chemotherapy of tumor. Camptothecin (CPT) was chosen as a



Fig. 18.3
The fabrication of AuNR@ZIF-8 core-shell nanostructures as a novel multifunctional nanoplatform

for synergistic chemo-photothermal cancer therapy both in vitro and in vivo.
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model drug, and through the triple synergistic therapy, the tumor cells were damaged efficiently

both in vitro and in vivo [51].

Janus nanoparticles have shown also to have a great potential as theranostic platform in tumor

treatment, but were mainly limited to oxides and metals. Interestingly, Han’s group prepared

a unique lactobionic acid (LA)-modified AuNR/ZIF-8 Janus nanoplatform via a selective

growth of ZIF-8 on the polyacrylic acid (PAA) side of preformed Janus Au NR/ PAA

nanoparticles. These original nano-objects were used for CT imaging-guided liver cancer

therapy by the combined effect of chemotherapy and PTT [52].
18.2.3.2 Nano-objects based on MOFs and Au nanospheres/nanoclusters

The Au nanosphere with a size of tens of nanometers could not only act as photothermal agents

to kill cancer cells and promote drug release, but also enhanced Raman signal. Meanwhile,

considering nanoscale metal-organic frameworks (NMOFs) with high porosities and high

internal surface areas as drug delivery system, Hu’s group designed Raman tag-bridged core-

shell Au@Cu3(BTC)2 nanoparticles for Raman imaging and synergistic chemo-photothermal

therapy [53]. Theranostic applications for cell tracking and in vivo synergistic chemo-

photothermal therapy of tumor were conducted, but the tumors were partially retained.

Moreover, the toxicity of Cu ion and the elimination of Au nanosphere with large particle

size may be a potential problem.



Functional MOFs as theranostics 407
Gold quantum dots are very small nanoparticles (a few nm) which exhibit distinctive optical

and magnetic behaviors compared with larger gold nanoparticles. Au nanoclusters (AuNCs)

have been extensively applied as fluorescent probes for various biomedical applications due

to their unique chemical and physical properties [54–56], especially for cell imaging or

detection [57–59] and even for in vivo theranostics [60]. There is also an interest in biomedicine

for hybrid Au nanoclusters, such as Au25 nanoclusters [61–63].

Yang’s group has developed an inorganic-organic Fe3O4/ZIF-8-Au25 nanocomposite for

magnetically targeted photodynamic/photothermal therapy. Briefly, upon 808 nm NIR light

irradiation, the attached Au25 clusters can generate hyperthermia to produce a unique

photothermal therapymodality, while an efficient singlet oxygen can also be produced for PDT.

Furthermore, the encapsulated Fe3O4 nanocrystals could also serve as a PTT agent [64].

The introduction of small Au nanoclusters, when designing hybrid theranostic nanoMOFs, is

quite advantageous not only due to their ability to produce ROS for photodynamic therapy,

but also as a result of their easier renal clearance in comparison to larger inorganic

nanoparticles.

Wang’s group designed a multifunctional Fe3O4@PAA/AuNCs/ZIF-8 NPs nanoplatform with

a 130 nm size that combines MR, CT, and fluorescence tri-modal imaging, ultrahigh

anticancer drug-loading, and dual pH-responsive drug release properties (Fig. 18.4) [65]. In this

work, Fe3O4@PAA core-shell NPs and GSH-capped AuNCs were prepared, respectively,
Fig. 18.4
The preparation of Fe3O4@PAA/AuNCs/ZIF-8 composite NPs for simultaneous tri-modal cancer

imaging and chemotherapy.
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and then ZIF-8 was formed at the surface of Fe3O4@PAA/AuNCs. Such multifunctional NPs

are of interest for their multimodal cancer diagnostics and visualized-synergistic therapy.

In another approach, the attachment of BSA-modified AuNCs at the surface of MIL-101(Fe)

was performed to build multifunctional theranostic nanoMOFs. MIL-101(Fe)@BSA-AuNCs

presented MRI and fluorescence properties and was used as microwave-sensitive reagent for

microwave thermal therapy, MRI, and fluorescence imaging (FI) [66].

18.2.3.3 Core-shell Au nanostar@ nanoMOF

To cure the triple-negative breast cancer (TNBC), one of the most dangerous subtypes among

breast cancers, Zeng’s group prepared core-shell gold nanostar@ MIL-101-NH2(Fe) whose

surface is covalently modified by a short peptide ZD2 able to target the TNBC. This nano-

object was used for T1-weighted MRI and photothermal therapy specifically targeting TNBC

(Fig. 18.5) [67]. MIL-101-NH2(Fe) is a biocompatible and biodegradable MOF-bearing amino

groups that could be further functionalized by ZD2 to achieve an active-targeted ability. MIL-

101-NH2(Fe) through its very large pores is able to upload record amounts of drugs which is of

interest for further synergistic cancer therapy.

18.2.3.4 Nano-objects based on MOFs and upconversion NPs (UNCPs)

Upconversion nanoparticles (UCNPs), capable of converting near-infrared radiation to visible

light, were chosen as optical probe in biological assays and medical imaging. Deng’s group
Fig. 18.5
The synthesis of AuNS@MOF-ZD2 nanoprobes and application of T1-weighted MRI and

photothermal therapy specifically toward MDA-MB-231 tumor (TNBC) [67].
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developed an aptamer-modified core-shell nano-objects composed of upconversion

luminescent NaYF4:Yb
3+/Er3+ nanoparticles-based core and Fe-BTC MOF shell. These

UCNPs@MOF nanocomposites exhibit upconverting green emission under laser excitation at

980 nm, thereby providing the possible optical imaging for in vivo bioprobes. This hybrid

system showed great promises for simultaneous in vitro upconverting imaging and

chemotherapy of cancer cells [68]. Apart from MIL100(Fe), ZIF-8 was also developed to

encapsulate UCNPs with the modification of folic acid, which demonstrated in vitro its efficient

pH-responsive drug delivery properties [69].

Cha’s group used DNA-mediated assembly of core-satellite structures composed of Zr

(IV)-based porphyrinic MOF (PCN-224) and UCNPs for photodynamic therapy (PDT) [70].

Herein, singlet oxygen (1O2) was generated by Zr porphyrinicMOFNPs upon photo-irradiation

in NIR. By assembling UCNPs with MOFs, it was possible to take advantage of the

increased penetration of NIR light. UCNPNPs were used to excite the porphyrinic ligand due to

their ability to absorb in the NIR and emit visible light. A high singlet oxygen production

was observed under 980 nm irradiation by using the core-satellite UCNP-PCN-224 and this

amount was significantly higher than what can be produced from simply mixing UNCPs and

MOF NPs.

18.2.3.5 Nano-objects based on CuS and MOF NPs

CuS NPs is one of the most common PTT agents used for the design of nanocomposites

suitable for chemo-PTT. ZIF-8 was used by Luan’s group to co-encapsulate the anticancer

quercetin, CuS nanoparticles, in order to reach a synergy between chemotherapy and PTT [71].

Moreover, folic acid-bovine serum albumin (FA-BSA) conjugates were grafted to stabilize

the CuS@ZIF-8-QT and design an active-targeting drug delivery system. As a result, in vivo

and in vitro anticancer PTT/chemotherapy was demonstrated under NIR irradiation.

Yin’s group developed an “all-in-one” antitumor and antirecurrence/metastasis nanocarrier

by combining CuS nanoparticles, protoporphyrin IX, and Doxorubicin during the synthesis

of ZIF-8 to obtain a chemo-, photothermal-, and photodynamic-nanosystem able to eliminate

solid tumors under the guidance of MRI and infrared thermal imaging [72].
18.2.4 Hybrid nanoparticles by combining MOFs with organic molecules and materials

18.2.4.1 Photothermal MOFs-polymer nanocomposites

Polymers are commonly combined to MOF nanovectors not only to process and stabilize

MOFs NPs, but also to enhance their blood circulation and enable specific cell targeting.

In addition, polymers were also used to impart physical properties such as PTT ability. In the

following, we will discuss recent examples in which polymers were used as photothermal

agents.
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As a type of photothermal agent, polypyrrole (PPy) has shown great potential for the

photothermal treatment of cancer in vitro and in vivo. Fan’s group fabricated multifunctional

core-shell PPy@MIL-100(Fe) nanoparticles with PPy NPs acting as cores and the

MIL-100(Fe) as the outer shell. Doxorubicin (DOX) was encapsulated in the MOF for a

simultaneous photothermal therapy and chemotherapy of cancer cells. Herein, the introduction

of PVP was used to facilitate the nucleation and growth of MIL-100(Fe) on the surface of

PPy [73]. This resulted finally into an outstanding in vivo synergistic anticancer ability.

Following a similar strategy, Wang’s group further conducted Photoacoustic(PA) and MR

dual-mode imaging and synergistic chemo-photothermal killing effects in vitro based on

PPy@MIL-100 nanoparticles [74]. The strong NIR absorbance and T2 relaxation signal of

PPy@MIL-100(Fe) NCs were utilized for PAI and MRI and synergistic chemo-photothermal

killing effects were achieved. However, these two studies were limited to in vitro theranostics.

PPy was also formed in situ in the presence of preformed MIL-53(Fe) particles which provide

Fe3+ ions able to oxidize Py to PPy. PPy-MIL-53(Fe) nanocomposites with strong NIR

absorbance can be applied for PPT to destroy cancerous cells, while anticancer drug DOX

could be loaded in the composite particles. These multifunctional nanocomposites can be of

interest for tumor theranostics through a combined photothermal-chemotherapy [75, 76].

Polydopamine was also combined to MOFs due to its facile synthesis, biocompatibility, and

high photothermal conversion efficiency.

Zhao’s group fabricated hybrid particles by coating ZIF-8 nanoparticles with polydopamine

(PDA), followed by a surface modification with hyaluronic acid (HA) and Fe3+ for targeted

drug delivery and MRI [77]. Prior to the surface modification, DOX was encapsulated in

the porosity of ZIF-8. In order to realize a pH-responsive drug release system, ZIF-8 was

selected considering its intrinsic pH-dependent stability. HA was used to target the prostate

cancer line PC-3, while Fe3+ cations impart T1 MRI properties. The targeting ability of

DOX@ZIF-8-HAwas confirmed and the in vitro chemotherapeutic efficacy was shown, but no

further in vivo study was performed.

Based on MIL-100(Fe), Zhang et al. prepared hybrid particles by coating curcumin-loaded

MIL-100(Fe) NPs with PDA-modified HA and studied them for photoacoustic imaging-guided

chemo-/photothermal cancer therapy (Fig. 18.6) [78]. A high photothermal conversion

ability was achieved in these hybrid particles through the introduction of both curcumin and

PDA-HA. The coating of HA-PDA resulted in a tumor-targeting ability as well as improved

the stability of the nanoMOF in the blood, resulting in a significant antitumor effect after

intravenous injection into tumor-bearing mice.

Polyaniline (PAN) exhibits strong absorption coefficients, excellent photostability, but a poor

water solubility. Wang et al. synthesized nanoscale polymer-MOF UiO-66@polyaniline with



Fig. 18.6
(A) The preparation of MCH NPs through the formation of MIL-100(Fe), curcumin loading, and
HA-PDA surface coating; (B) Under the guidance of PAI in vivo, efficient chemo-/photothermal

combinational tumor therapy of MCH NPs was conducted via combinational-enhanced penetration
and retention (EPR) and tumor-targeting effects [78].
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an appropriate particle size, good water-dispersibility, strong NIR absorbance, high

photostability, and photothermal conversion efficiency suitable for PTT-based cancer

treatment in vitro and in vivo under guidance of photothermal imaging [79]. Due to its

negatively charged surface, UiO-66 could adsorb aniline through electrostatic interaction

that was further polymerized using ammonium persulfate as an oxidizing agent.

MOFs@polymer composites based on Zr dicarboxylate nanoMOFs, such as UiO-66@CyP

(CyP represents cyanine polymer), were obtained for NIR fluorescence imaging-guided

PTT-based cancer treatment by utilizing multicomponent passerini reaction to realize the

polymerization of NIR dye cyanine (Cy) on the surface of UiO-66 nanocrystals [80]. UiO-66

nanocrystals were used as templates for the polymerization, and the resulting UiO-66@CyP

exhibited high PTT performance in cancer treatment. Note that the utilization of Zr for

biomedical applications is highly questionable due to the exogeneous nature of Zr as

well as the very low solubility in body fluids of the biodegradation products

(Zr oxides/phosphates).



412 Chapter 18
18.2.4.2 C dots

Compared with toxic metal-based quantum dots (QDs), fluorescent carbon nanodots (C-dots)

display strong fluorescence intensity and are harmless to the environment. This makes

them appealing candidates for diagnostic analysis, bio-imaging, etc. Wang’s group reported

a two-step room temperature synthesis of green fluorescent C-dots incorporated into ZIF-8 as

a simultaneous pH-responsive drug delivery and fluorescence imaging system [81]. These

hybrid nanocomposites showed remarkable properties depending on the incorporated C-dots

with versatile shapes and functions.
18.2.4.3 Graphitic carbon nitride (g-C3N4) nanosheets

The g-C3N4 nanosheets are efficient visible-light photosensitizer for PDT. Lee’s group first

designed an nanoscale core-shell platform based on DOX-loaded g-C3N4@ZIF-8 nanoparticles

for photo-chemotherapy under dual-color imaging (the red fluorescence of DOX and the

blue fluorescence of g-C3N4 nanosheets) [82]. The combination of the chemotherapeutic

effects of DOX and the PDT effect of g-C3N4 nanosheets led to a high therapeutic efficacy.
18.2.4.4 Fluorescent dyes

Most near-infrared region (NIR) organic dyes such as Indocyanine green (ICG) are ideal

imaging and photodynamic/photothermal therapy agents. However, their poor aqueous

solubility, low cancer specificity, and low sensitivity in cancer theranostics have limited so

far their clinic translation. To overcome these issues, Liu’s group developed hyaluronic acid

(HA) and ICG-engineered MIL-100(Fe) nanoparticles (MOF@HA@ICG NPs) for

imaging-guided, anticancer photothermal therapy (PTT) [83].

Apart from MIL-100(Fe), NIR dyes were also combined to ZIF-8, MIL-53, or Fe(III)

tetracarboxylate “socMOF” (or MIL-127), and the dye-MOF NPs inhibited tumor growth

through photothermal or photodynamic therapy, while exhibited outstanding NIR or

fluorescence imaging capacity both in vitro and in vivo [84–86].

Through postsynthetic surface modification process, one can also design fluorescent

nanoMOFs denoted “NMOF.” Damirin’s group synthesized a smart multifunctional NMOF for

MR/optical imaging and targeted drug delivery [87]. First, Fe-MIL-53-NH2 was used for

encapsulating the drug 5-fluorouracil (5-FU) and served as a MR contrast agent. Subsequently,

the fluorescence imaging agent 5-carboxyfluorescein (5-FAM) and the targeting reagent

folic acid (FA) were conjugated to the 5-FU-loaded Fe-MIL-53-NH2. The obtained drug

delivery system (DDS) showed both a good biocompatibility, tumor-enhanced cellular uptake,

strong cancer cell growth inhibitory effect, excellent fluorescence imaging, and finally an

outstanding MRI capability.
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18.2.5 MOF NPs for nuclear medical imaging

18.2.5.1 Positron emission tomography (PET)

Compared to other imaging techniques, positron emission tomography (PET) imaging has

superior detection sensitivity, deeper signal penetration, and better quantitative capacity,

thus gaining more widespread use in both preclinical and clinical scenarios. Hong’s group

developed a biocompatible isotope zirconium-89 (89Zr, t1/2 ¼ 78.4 h)-labeled UiO-66

nanoMOF platform for PET imaging and tumor targeting DOX delivery to treat tumor-bearing

mice [88]. These functionalized 89Zr-UiO-66 nanoMOFs with strong radiochemical and

material stability are of interest as an image-guidable, tumor-selective cargo delivery

nanoplatform.

Liu’s group developed a chelator-free 64Cu-labeled method that can precisely tune the size of

drug-loaded amorphous ZIF MOF particles at room temperature and analyze in vivo the

impact between the particle size and the cancer theranostics [89] to trace MOFs through

PET imaging. These 60 nm radiolabeled nanoMOFs exhibited a longer blood circulation with

over than 50% higher tumor accumulation compared with larger particles of 130 nm.

Although ZIF MOF is specifically promising for drug carrier, the toxicity of ZIF-8

nanoparticles cannot be ignored, which may severely limit its further clinical application.

Meng’s group developed biocompatible ZIF-8 nanoparticles by coating ZrO2 onto the surface

for chemo-microwave thermal tumor synergistic therapy [90]. Ionic liquid (IL) was loaded

into the pore for enhanced microwave thermal therapy and ZrO2 could also act as an excellent

CT contrast agent. Meaningfully, the toxicity problem of ZIF-8 nanoparticles successfully

was solved, which is helpful for further research.

Chen’s group fabricated a PEGylated Zr/porphyrinic MOF-Au nanohybrid, in which AuNPs

were grown in situ on the MOF NPs for O2-Evolving Synergistic Chemoradiotherapy

(Fig. 18.7) [91]. The biodistribution of the nanomedicine was investigated by PET imaging

through Cu-64 radiolabeling method. Herein, AuNPs as radiosensitizers were decorated on

the surface of MOF to stabilize the nanocomposite, whereas the MOF scaffold acts as a

container for loading chemotherapeutic drug doxorubicin, achieving an enhanced synergistic

radiochemotherapy.
18.2.5.2 Single photon emission computer tomography (SPECT)

Liu’s group fabricated PEG functionalized 2D-NMOFs composed of Zn2+ and tetra

(4-carboxyphenyl) porphyrin (TCPP) labeled with the diagnostic radioisotope 99mTc for

single photon emission computer tomography (SPECT) imaging and chemo-photodynamic

cancer therapy [92]. Through SPECT, efficient tumor homing of those 99mTc-labeled

2D-NMOFs was observed upon intravenous injection.



Fig. 18.7
The main components of Dox@MOF-Au-PEG and the mechanism of O2 self-supplying synergistic

chemoradiotherapy.
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18.2.5.3 Computed tomography (CT)

Meanwhile, considering strong X-ray attenuating ability of the Hf element, Xie’s group

developed a multifunctional Hf-porphyrin NMOF platform [Hf/TCPP] with a high TPZ loading

for Computed Tomography (CT) imaging that combined PDT and hypoxia-activated

chemotherapy [93]. Hf/TCPP nanoparticles could efficiently produce ROS for PDT upon

irradiation, while the depletion of the oxygen did further enhance the hypoxic environment of

tumors to induce the activation of TPZ associated with better in vivo efficacy. Via a mixed-

component strategy, photoactive chlorin was incorporated into the Hf-UiO-66 archetype

structure, named TCPC-UiO, in a view of multimodal CT/thermal/photoacoustic imaging,

photodynamic, and photothermal therapy (Fig. 18.8) [94]. TCPC-UiO showed an impressive

anticancer activity against tumor-bearing mice in vivo, with a tumor inhibition rate above 90%.

Tumor hypoxia is a typical feature of solid tumors, which limits the applications in radiotherapy

because of radiation resistance. Based on the upregulated expression of CA IX by hypoxia in



Fig. 18.8
The synthesis and mechanism for cancer therapy of TCPC-UiO by light activation. (A) Synthesis of
TCPC-UiO NMOF and schematic description of heat and singlet oxygen generation under laser

irradiation. (B) Photophysical mechanism for cancer therapy under light activation of a combination
therapy guided by CT/thermal/photoacoustic imaging.
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tumor, Meng’s group developed quercetin-modified Zr MOFs for simultaneously enhancing

RT therapeutic effects and CT imaging [95]. The 1,4-benzenedicarboxylic acid produced

from Zr-MOF biodegradation can strongly bind to the Zn2+ of CA IX, which can inhibit the

catalytic activity of CA IX and result in downregulating tumor hypoxia and quercetin (QU)

acts as a radiosensitizer. The as-prepared Zr-MOF-QU as CA IX inhibitor exhibited improved

radiation-mediated apoptosis.

Following again an “all-in-one” strategy, Dong’s group developed zirconium-ferriporphyrin

MOF (Zr-FeP MOF) nanoshuttles for multimodal imaging diagnosis, PDT, and low-

temperature PTT synergistic treatments (Fig. 18.9) [96].
18.2.6 Other stimuli-responsive nanoMOF

New responsive MOFs nanocarriers sensitive to tumor microenvironment such as low pH and/

or a high glutathione (GSH) concentration have been developed [97, 98]. Encapsulation of

stimuli-responsive molecules into MOFs paves the way for constructing novel stimuli-

responsive systems able to trigger drug release at tumor site. Qi’s group developed an intrinsic

GSH-responsive MOFs carrier, denoted as MOF-Zr(DTBA), using 4,40-dithiobisbenzoic
acid (4,40-DTBA) able to release drugs in vivo [99]. Curcumin (CCM) was further incorporated



Fig. 18.9
Multimode imaging diagnosis and combination of low-temperature PTT and PDT for cancer

treatment based on siRNA/Zr-FeP MOF nanoshuttles.
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into MOF-Zr(DTBA) to construct CCM@MOF-Zr(DTBA). Its superior anticancer efficacy

was verified through in vitro and in vivo experiments.

Fang’s group-encapsulated autophagy inhibitor 3-methyladenine (3-MA) into ZIF-8 to build

a pH-sensitive and tumor-targeting controlled drug delivery system denoted 3-MA@ZIF-8

NPs for antitumor application [100]. ZIF-8 framework was shown to be effective in terms of

drug control release and controlling autophagy by encapsulating autophagy inhibitors.

Based on ZIF-8MOF, pH-responsive theranostic nanoMOFs have been developed for imaging,

tumor suppression, and multidrug resistance (MDR), etc. [101, 102].

Oxidative stress can also affect the therapy of cancer cells, and therefore, Ning’s group

developed a liposomal formulation of dichloroacetic acid (DCA) and metal-organic framework

(MOF)-Fe2+ (MD@Lip) for synergistic amplification of oxidative stress-mediated antitumor

activity [103]. DCA can stimulate intracellular H2O2 generation and promote MOF-Fe2+ to

convert H2O2 to cytotoxic •OH, inducing cancer cell apoptosis. MD@Lip showed selective

accumulation in tumors and effective inhibition to tumor growth in in vivo studies.

For a better drug delivery, it is critical to pass biological barriers in vivo; biomimetic membrane

camouflage of MOF strategy has been developed for the inhibition of tumor growth
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considering its advantageous homotypic targeting ability, prolonged circulation, and

phagocytosis prevention [104]. Li’s group constructed a biomimetic cascade nanoreactor

(designated as Mem@GOx@ZIF-8@BDOX) for tumor-targeted starvation therapy-amplified

chemotherapy by assembling tumor cell membrane cloak and glucose oxidase (GOx) onto

zeolitic imidazolate framework (ZIF-8) with the loading prodrug of hydrogen peroxide (H2O2)-

sensitive BDOX [105]. The biomimetic cascade nanoreactor could be for fluorescent imaging,

and meanwhile, remarkably improve the therapeutic efficacy through the synergistic therapy.

Considering that MOFs have emerged as promising delivery vehicles, the construction of

stimuli-responsive nanoMOFs is critical for the development of cancer theranostics, and Liu’s

group designed a general approach for the preparation of stimuli-responsive multifunctional

MOFs [106]. Different types of MOFs including ZIF-8, MIL101, and UiO-66 were synthesized

first and then functionalized with polydopamine (PDA) after DOX loading, followed by the

conjugation with targeting molecules for targeted drug delivery. Importantly, the stimuli-

responsive multifunctional MOFs showed great potential in combined chemo-photothermal

therapy.

For the purpose of precise therapy and reducing side effects, more smart targeting molecules-

modified stimuli-responsive nanotheranostic probe with the ability of affording immune

evasion shall be developed, and it is very meaningful to explore series of facile and general

synthesis methods of stimuli-responsive nanoMOF hybrid composites based on tumor

microenvironment.
18.3 Challenges

So far many new hybrid nanoMOFs systems have been constructed and have demonstrated,

in most cases in vitro, a potential benefit that combines the DDS properties of the nanoMOFs

and the imaging or stimuli-responsive behavior of the functional nanoparticles (organic or

inorganic). However, when dealing with biomedical applications, this is necessary to consider

the potential toxic effects of the system in play. In the case of such nanoMOFs hybrid systems,

one should ideally demonstrate the biocompatibility, biodegradability, and lack of

accumulation into the body of the nanoparticles such as done previously with the bare porous

iron(III) carboxylate materials [15]. Before constructing theranostic probe, in vitro and

in vivo toxicity experiments should be considered for each nanocarrier. Besides, these

nanosystems shall ideally be produced following green, environmentally friendly, and

energy-efficient routes using water or nontoxic organic solvents such as alcohols [107, 108].

Another very important parameter is to control the physical and chemical properties of the

nanoparticles such as the particle size that should be smaller than 200 nm with an excellent

control of the dispersity. This is likely that most of hybrid nanoMOFs candidates considered so

far for bioapplications fail to meet these demanding criteria.
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In addition, the colloidal stability of the hybrid nanoMOFs in different biological media shall

strongly affect the biodistribution and pharmacokinetics in vivo [109]. If a considerable

effort has been devoted to surface modification [110–113], such as conjugating targeting

molecule, coating with PEG or polymer, the stability of these systems could be improved,

leading to a longer blood circulation half-life, better drug delivery abilities, and therapeutic

efficiencies.
18.4 Conclusion/perspectives

This paper gives a detailed description on the recent developments of hybrid nanoMOFs

concerning theranostics. MOFs themselves are promising candidates for drug delivery and

a large array of strategies to produce hybrid nanoMOFs combined with various active

molecules or nanoparticles have been produced that bear magnetic, fluorescent, or thermal

properties suitable for imaging-guided therapy. In a view of future MOFs’ clinical use, one

shall now focus on the development of optimal nontoxic multifunctional stimuli-responsive

nanoMOFs formulations with a suitable stability in body fluids.
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19.1 Introduction

From last few decades, a significant resurgence of several chronic microbial infections,

life-threatening diseases, disorders, and related infectious diseases has happened, though there

is a significant and emerging technological development in the field of biotechnological

and biomedical sectors [1]. In last few decades, a broad spectrum of infectious diseases,

disorders, and microbial infections such as cancer, diabetes, cardiovascular diseases, cystic

fibrosis, tuberculosis, AIDS, and several other life-threatening complications has generated

serious public health concern with high rate of mortality and morbidity [2, 3]. The discovery

of antibiotics and novel drugs to control progression of chronic microbial infections, life-

threatening diseases, and disorders in the 20th century critically improved the conventional

biomedical practices by strictly minimizing the risks associated with complicated operations

and invasive recitations [4]. However, the indiscriminate and irrational use of antibiotics

has led to the emergence of multidrug resistance (MDR) which significantly affected the

growth and development of conventional antibiotics. Besides, the increasing gap between the

emergence antibiotic resistance and development of new class of antibiotics has further

aggravated the health risks to human beings [5]. In this context, it is imperative to search for

the alternative therapeutic approaches which critically complement the proper utilization of

conventional therapeutic strategies in the post-antibiotic era.
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19.1.1 Nanostructures as next-generation therapeutics

The emergence of nanotechnological platforms into the field of biomedicines and

pharmaceutical sectors has revolutionized the current understanding of therapeutic strategies,

smart and early diagnosis of infectious diseases, targeted delivery of the therapeutic drug

candidates, and complementing the therapeutic efficacy of conventional therapy [6, 7]. The

nanotechnological intervention has provided a multifaceted platform for development of

promising biosensing, bioimaging, and therapeutic agents, thereby providing ample research

opportunities for early diagnosis of diseases and thus enhancing the therapeutic efficacy of

the conventional therapeutic strategies [7]. The advent of multifaceted nanomedicine in the

treatment of cancer has created considerable attention among the scientific community to

develop novel nanomedicines to treat life-threatening diseases such as diabetes, cardiovascular

diseases, Alzheimer’s disease, and Parkinson’s disease [8]. The introduction of

nanotechnology into the field of biotechnology also found to be influential in tissue

engineering, drug delivery, food safety and processing, waste water treatment, agricultural

sustainability, and new product development [9]. The unique physicochemical characteristics

such as high surface to volume ratio, biocompatibility, optical stability, and tunable size of

novel nanomaterials resulted in widespread applications. For example, unique surface

plasmon resonance (SPR) characteristic and strong optical absorptivity of metal nanoparticles

strongly stimulated its applications in biosensing and diagnosis [10].

The concept of green nanotechnology also provides a new paradigm in developing eco-friendly,

nontoxic, and efficient nanomaterials as an alternative and effective therapeutics against

microbial infections, drug resistance-associated health risks, and other life-threatening

diseases [11]. From the inception of nanotechnology towards biomedical applications, design

and development of smart nanomaterials for targeted drug delivery systems and localized

therapeutics have gained considerable attention. In this context, stimuli-responsive drug

delivery systems have been considered as promising approach in biotherapeutics, especially

cancer therapeutics as the release of drug moieties is stringently coordinated by intrinsic

and external stimuli [12, 13]. The intrinsic or endogenous stimuli are generally pH-, redox-,

and ATP-responsive, whereas the external or exogenous stimuli are generally temperature-,

light-, pressure-, ion-, and magnetic-responsive.

19.1.2 Concept of metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are next-generation hybrid nanomaterials, basically

composed of metal ions or metal clusters which are linked by organic compounds/ligands.

The diversity of different chemical moieties and different metal ions is involved in the design

of MOFs greatly improving the physicochemical properties. The unique physicochemical

characteristics such as large surface area, high porosity, and highly improved tunability of

MOFs enable its candidature for widespread biomedical, pharmaceutical, and biotechnological
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applications [14, 15]. MOFs are also popularly known as porous coordination polymers (PCPs)

owing to their tunable porosity and involvement of coordination chemistry in the design and

synthesis of hybrid nanomaterial, MOFs [16]. The concept of supramolecular chemistry

provided a new paradigm to the material science sectors for development of novel and

biomedically relevant nanomaterials such as covalent organic frameworks (COFs) and MOFs

[17]. The advent of next-generation hybrid nanomaterial, MOFs, has also showed tremendous

potential in chemical sensing, diagnostics, and theranostic applications [18, 19]. The concept of

MOFs emerged in the pursuit of synthesizing novel nanomaterials with improved

physicochemical characteristics and widespread applications. It is evident from the rich lineage

of different organic nanomaterials such as liposomes, micelles, and dendromeric nanoparticles

which showed promising therapeutic properties, but got limited by varied drug payload.

Meanwhile, the inorganic nanomaterials, especially metal-based nanoparticles, possess large

surface area with high drug load capacity and stimuli-controlled drug release profile. However,

biodegradability issues and limitations in post-synthetic modulations limit their widespread

applications.

In this context, designing and synthesizing novel hybrid materials combining the advantageous

characteristics of both inorganic and organic nanomaterials could be of promising importance.

In this regard, MOFs as self-assembled hybrid nanomaterials constitutingmetal ion clusters and

organic ligands are found to be influential in the biomedical and pharmaceutical applications

[20]. The organic subunits in MOFs’ architecture usually comprised of carboxylates,

phosphonate, sulfonate, and heterocyclic compounds which generally formed the bridging

ligands. Meanwhile, the inorganic setup in MOFs’ architecture is represented by variety of

metal ions or metal clusters together known as secondary-binding units (SBUs). In principle, a

bridging ligand (ditopic, tritopic, tetratopic, or multitopic linkers) reacts with a metal ion with

more than one vacant or labile site. The final framework topology of MOF is governed by both

SBU connectors and organic ligand linkers [21].
19.1.3 Advantages of MOFs

The design and development of MOFs as an advanced nano-formulation exhibit characteristic

advantages such as low therapeutic doses, improved therapeutic persistence, characteristic

tunability, and fast inactivation. In addition, MOFs also do not have certain limitations which

are generally associated with other nano-formulations. MOFs are also able to oxidize and

depolarize the outer membranes of microbes and cause the inhibition of protein synthesis and

provided new horizon in combating chronic microbial infections [15]. In addition, MOFs

showed remarkable properties such as enhanced flexibility and low density, tunable porosity,

and rich diversity in metal ions and linkers involved [17] (Fig. 19.1). The design and

development of MOFs provided a uniform platform to combine multiple functionalities such as

inorganic and organic moieties in a single framework, thereby providing an ideal system for



Fig. 19.1
Schematic representation of the advantageous properties of metal-organic frameworks (MOFs).
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designing a periodic arrangement of functional molecular subunits. The tunable porosity

associated with multidimensional MOFs also provided the credibility within the framework for

post-synthetic modification [22]. The wide range of adjustment of the framework’s functional

groups and pore size makes MOFs advantageous over their other counterparts such as rigid

nanoparticle carriers in the form of controlled drug release profile, high drug payload, and

biocompatibility which critically improved their widespread biomedical applications [23]. The

use of metal ions or metal clusters into the MOFs’ architecture characteristically improved

the structural and colloidal stability of the hybrid nanomaterials, suggesting their efficacy in

solving the limitations associated with solubility, biocompatibility, bioavailability, controlled

release profile, and drug payload in the conventional nanomaterials [24]. The drug delivery

potential of MOFs is generally coordinated in response to certain intrinsic or extrinsic

stimuli such as pH, magnetic field, ions, temperature, and pressure [25].

19.2 Synthesis and characterization of MOFs

MOFs are generally synthesized by the self-assembly of polydentate bridging organic ligands

and metal cations under mild conditions. MOFs can be synthesized through variety of

methods such as conventional solvothermal/hydrothermal synthesis performed in an autoclave

with high temperature and pressure and with the use of an organic solvent at its boiling

point (typically dialkyl formamides, alcohols, and pyridine). Apart from conventional methods,

the synthesis of MOFs could also be synthesized through other synthetic methods such as

microwave-assisted, sonochemical, electrochemical, mechanochemical and ionothermal
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processes, ultrasonic synthesis, microfluidic syntheses or dry gel conversion, and high-

throughput syntheses [14, 26]. The building blocks of MOFs can be held together by several

types of bonding and this diversity can be present in a single MOF crystal. Such bonding

types include metal coordination, hydrogen bonding, electrostatic interactions, and π-π
stacking. The synthesis of MOFs includes three basic strategies such as rapid nucleation

(i.e., fast precipitation followed by accelerated heating), nanoreactor confinement (using

reverse phase microemulsion systems), and coordination modulation (by chemically

modulating the interactions between the metal and organic ligand). One of the most important

characteristics of synthesizing highly advanced MOFs is the ability and platform provided

by MOF materials for improved surface functionalization using the extensive conjugation

chemistry approach and surface ligand chemistry during the post-synthetic phase [27].

Based on synthesis, MOFs could be categorized into (i) Simple MOFs (1st generation),

(ii) functionalized MOFs (2nd generation), and (iii) Smart MOFs (3rd generation). The 1st

generation MOF has the basic architecture of two basic components such as metal ion clusters

and organic moiety. The 2nd generation MOFs lead to functionalization for target-oriented

delivery of bioactive moieties. Meanwhile, the 3rd generation MOFs contain biomolecules

such as cations, drugs, bioactives, toxins, and gases within their framework for targeted

delivery [28].

During the synthesis of MOFs, the multidentate linkers (dicarboxylates or tricarboxylates)

allow the formation of rigid frameworks by inducing aggregation of metal ions into the M-O-C

clusters, where the metal ions are locked into their position of the network vertex by the

carboxylates. These organic links play an important role in defining the pore sizes and

organic adsorptive sites of MOFs, which eventually determine the extent of biomedical

applications [29]. Owing to the unique physicochemical characteristics and tenability ofMOFs,

they are regarded as promising nanocarriers for the uptake of bioactive drug candidates,

high molecular weight proteins, and low molecular weight peptides. Nevertheless, the

preparation of traditional MOFs sometimes leads to undesirable products with decreased

efficacy in biomedical targeting and other pharmacological applications. In this context,

combining the superior properties of MOFs and the rapid magnetic responsivity of magnetic

material to build magnetic MOF composites could be of promising importance in

enhancing the efficacy of encapsulated drug moieties, protein, and peptide moieties for

widespread applications in the field of biomedicines, pharmaceutical sectors, environmental

management, and different technological fields [30].

In the last few years, the concept of MOFs is considered to be influential in early diagnostics

and therapeutic applications owing to their multifaceted functional modalities and unique

physicochemical properties. The widespread applications of multimodal MOFs include

drug uptake, controlled drug release, targeted drug delivery, early diagnosis, bioimaging,

biosensing, and environmental management [31]. The unique physicochemical properties

ofMOFs could be assigned due to the inherent structural feature associated with organic ligands
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in combination with diversified metal ion clusters. These characteristic features such as

chemical tenability and ease in post-synthetic modification in the hybrid nanomaterials have

provided new dimension for widespread applications [32]. In recent times, hybridizing the

conventional MOFs with external selected components could give rise to novel MOF

Hybrid materials with improved physicochemical characteristics and enhanced biomedical,

pharmaceutical, and therapeutic applications as compared to parent MOFs. The hybrid MOFs

have been found to be promising strategies for targeted drug delivery and therapeutics [33].

The synthesis/preparation of MOF hybrids could be implemented through either covalent

modification or noncovalent interactions. The covalent mode of preparation focused upon the

incorporation of external materials into the MOFs at the metal nodes or organic ligands

without hampering the parental characteristics of MOFs.

Apart from covalent modification, noncovalent interactions such as encapsulation, layer-by-

layer deposition, and in situ growth function by trapping the species within the MOF pores,

layering them on top of the parent MOF, or growing MOFs crystals in situ with the species.

Noncovalent modification mode of synthesis is comparatively easier owing to their promising

aspect of allowing the individual characteristics of the participating materials, MOFs, and

hybridizing materials to work synergistically in the resultant MOF hybrids, while requiring

fewer synthetic efforts than covalent modifications. This method eliminates the metal node

and/or the organic linker, leaving behind only the newly synthesized materials with the

inherited uniform nanoframe of the template/precursor [33]. On the basis of crystal structure

arrangement, MOFs can be categorized into two types: crystalline and amorphous. The

crystalline MOFs possess infinite arrangement of highly regular and frequently reproducing

solid porous framework with improved physicochemical sorption characteristics as well as

long-range order. The amorphous MOFs contain analogous building blocks and retain

their connectivity like the crystalline MOFs. However, the amorphous MOFs lack long-range

periodic order. The amorphous MOFs gained considerable attention owing to their drug

delivery applications [34].
19.3 Biomedical and pharmaceutical applications of MOFs

The advent of highly porous hybrid nanomaterials, i.e., MOFs, has been found to be of

considerable importance in gas storage, alkane/alkene separation, biosensing, water

remediation, and catalysis process during organic reactions [35, 36]. In particular,

functionalized MOFs are found to have potential adsorption capacity which enables its role in

the efficient removal of toxic dyes and pollutants from the environment, thereby playing

crucial role in environmental management [37]. The development of MOFs as promising

nanocarriers has given new dimensions to the current understanding of therapeutic strategies.

The advent of MOFs could be tuned and designed for cell- or tissue-specific targeted drug



Fig. 19.2
Schematic illustration of biomedical application of metal-organic frameworks (MOFs).
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delivery, transport of drugs across different cellular barriers, early diagnostics by acting as

promising bioimaging agent, and improved therapeutic strategy [17] (Fig. 19.2).
19.3.1 Antimicrobial properties of MOFs

From historical perspectives of the use of nanomaterials in biomedical and pharmaceutical

applications, silver nanoparticles (AgNPs) have gained considerable interest owing to their

unique physicochemical properties and widespread antimicrobial potential against various

pathogenic microorganisms. The extent of antimicrobial properties of AgNPs could be

improved by specifically designing novel nanocomposites comprising of silver-based MOFs

and organic graphene oxide nanomaterials (GO-Ag-MOFs). The promising antimicrobial

properties shown by GO-Ag-MOFs nanocomposites could be attributed to species-specific

physicochemical properties, varied mechanism of actions, and the ability for postsynthetic

functionalization [38]. Recently, the antibacterial efficacies of three Zn-based MOFs such as

IRMOF-3, MOF-5, and Zn-BTC were determined against pathogenic bacteria, Escherichia

coli, Staphylococcus aureus, S. lentus, and Listeria monocytogenes. When the designed MOFs

were used in combination with conventional antibiotics such as ampicillin and kanamycin,

the hybrid nanomaterials exhibited promising bactericidal properties owing to the synergistic or

additive effects of the participating materials. The antibiotics containing hybrid MOFs

showed promising antibacterial potential as compared to MOFs or antibiotics when used alone.

The promising antibacterial efficacy of antibiotics-loaded Zn-based MOFs suggested their
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functional role in critically enhancing the potency of conventional antibiotics, thereby

reducing the burden of the new discovery of antimicrobial pharmaceuticals in the

postantibiotic era [39].

The use of hydrazinebenzoate as linking moieties in the development of Zn-based MOFs was

also explored to target the growth and metabolic activities of highly resistant S. aureus,

thereby suggesting its efficacy in controlling the nosocomial infections [40]. Earlier, cobalt-

based MOFs have also been reported for their efficacy as promising bactericidal agents against

Gram-negative pathogenic bacteria owing to their high drug payload and controlled release

profile [41]. The silver nanoparticles are classically known for their bactericidal properties.

In order to enhance the efficacy of silver-based nanomaterials, novel Ag-based MOFs were

designed. The enhanced stability profile, optical characteristics, slow and sustained release

profile, and the ability of the hybrid nanomaterials in disrupting the bacterial membrane

dynamics characteristically improved the bactericidal properties against E. coli and S. aureus

[18]. The unique physicochemical properties, in particular the sustained release profile of

MOFs, specifically improved the bactericidal properties of encapsulated silver ions against

microbial pathogens [42]. The antibacterial efficacy of zirconium-based MOFs could be

correlated with the generation of highly reactive oxygen species (ROS), leading to microbial

death, and could be of promising importance in next-generation antimicrobials [43].

The antimicrobial efficacy of copper-based benzene tricarboxylate (Cu-BTC)-basedMOFswas

reported in recent times against bacterial pathogens, E. coli and S. aureus, and fungal pathogen,

Candida albicans [44]. The important characteristic of Cu-BTC-based MOFs is their

nontoxicity which enables the production of biocidal synthetic fabrics in the textile industries.

Earlier, the antifungal properties of CU-BTC MOFs were reported against Aspergillus niger,

A. oryzae, Fusarium oxysporum, and C. albicans [45]. The synergistic effect of broccoli

extract (Brassica oleracea) in combination with MOF nanocubes (MOF-5-NC) controls the

growth and metabolic activity of clinically relevant Pseudomonas aeruginosa. The immense

antibacterial activity of these nanohybrids against bacterial pathogens suggested could be

correlated with their unique physicochemical properties, controlled release profile, and

bacterial membrane disruption by ROS generation [46].

Antibacterial action has been observed with MOFs belonging to the M-CPO-27 family

containing Mg, Cu, Fe, Mn, Co, Ni, or Zn as metals and 2,5-dihydroxyterephthalate as the

organic linker. Among these metals, MOFs containing Ni and Zn have shown promising

antimicrobial activity [47]. The antibacterial properties of MOFs are attributed to the presence

of metal ions, which easily internalize inside the bacterial cell wall and alter the synthesis

of proteins. For instance, HKUST-1, MOF-199, and CuBTC MOFs have shown promising

antibacterial action against Escherichia coli. The literature reports have also demonstrated that

Ag-containing MOFs have proved to be the better antibacterial agents compared with

conventional disinfecting agents with wide-spectrum action and lack of resistance over the



Fig. 19.3
Schematic overview of the synthesis of metal-organic frameworks (MOFs), their unique

physicochemical properties, and theranostic applications.
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plain Ag ions [18]. Moreover, the potential for delivering the antibacterial agent metronidazole

has been illustrated in Fig. 19.3, where the Ni-CPO-27 MOF indicated drastic

augmentation in the antibacterial activity of the drug against Pseudomonas aeruginosa and

Staphylococcus aureus [48].
19.3.2 Antiinfective properties of MOFs

Pseudomonas aeruginosa is an opportunistic pathogenic Gram-negative bacterium causing

severe pulmonary infections and other hospital-acquired infections in immunocompromised

individuals. In 2017, P. aeruginosa was rated as critically acclaimed pathogen as per the

WHO’s guidelines owing to its resistance profile against available conventional antibiotics.

In this context, it is important to design and develop novel therapeutic strategies to combat

microbial infections and associated multidrug resistance (MDR) phenomenon. Recently,

guanine-embedded copper-based MOFs were designed and developed to target the resistance

profile of P. aeruginosa PAO1 by significantly modulating the expression of oprD, which

plays crucial role as antibiotic-resistant factors. The regulation of oprD expression by

copper-based MOFs suggested their promising efficacy in controlling the drug resistance

profile of pathogenic bacteria, thereby improving the functional modalities of conventional

antibiotics [49]. The development of biofilm dynamics is considered as an important factor in
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the progression of microbial infection, and most importantly, the emergence of drug resistance

profile. In this context, it is imperative to design next-generation antibiofilm agents

targeting the disruption of biofilm architecture, thereby downregulating the resurgence of

antibiotic resistance [50, 51]. In recent times, the nanotechnological intervention has provided

new dimension to explore novel antibiofilm agents and their smart incorporation into

nanocarriers for effective biofilm inhibition. The advent of antibiofilm agent, aminoimidazole

coated into highly porous, tunable MOFs, greatly improved the biofilm disruption by

localized delivery of loaded drug moieties by disrupting the biofilm matrix of Salmonella

typhimurium [52].

19.3.3 Phototherapy properties of MOFs

In recent years, the advent of photodynamic therapy targeting the progression of diseases

gained considerable interest owing to its characteristic ability to use photosensitizers which,

on activation, generate reactive oxygen species (ROS). In this regard, MOFs could be used

to encapsulate species-specific photosensitizers which on activation significantly modulated

the progression of cancer cells by generating ROS [17]. Similarly, photothermal therapy

constitutes a novel therapeutic strategy where the targeted radiation excites a photosensitizer,

which in turn specifically targeted killing of cancerous cell by generating enormous heat

energy. The efficacy of thermal ablation technique in killing cancerous cells lies in the fact

of proper utilization of specific photosensitizers. In this context, the unique physicochemical

properties, high drug payload, and controlled release profile of MOFs could be used as

multifaceted platform for the efficient incorporation of photosensitizers, thereby providing

an improved suppression of cancer cells progression [17].

19.4 MOFs as next-generation bioimaging tools

The unique physicochemical characteristics such as diverse chemical functionalities, tunable

porosity, and architectural surface properties of MOFs have given new dimensions to be used

in chemical sensing, as molecular probing agents, diagnostic tools, and most importantly,

as drug delivery agents [27]. As MOFs represent the combinatorial assembly of metal ion

clusters, organic-binding ligands, and structural motifs, they possess unique physicochemical

properties which correspond to widespread applications. The functional attributes such as

biodegradability, ease of postsynthetic modification, high drug payload, and tunable

characteristics have proved the MOFs as promising bioimaging agents and could substantiate

the conventional magnetic resonance imaging (MRI), optical imaging, and X-ray computed

tomography (CT) technologies in early diagnosis of several chronic diseases and disorders

and other clinical setup [53]. As per the current trends, a variety of nanomaterials such as silver

nanoparticles (AgNPs), polymeric nanoparticles, and mesoporous silica nanoparticles (MSNs)
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are regarded as promising contrasting agents for bioimaging purposes. Apart from these

nanomaterials, recently MOFs have created a buzz among the scientific community owing to

their multimodal drug delivery applications as well as efficient contrast agents.

MOFs could be used as T1- (spin-lattice relaxation time) or T2- (spin-spin relaxation time) or

combined T1- and T2-contrast agents for MRI image enhancement [29, 54, 55]. Apart from

normal MOFs, paramagnetic metal ions-containing MOFs also exhibited its candidature as

promising contrasting agents for MR imaging. The importance of paramagnetic MOFs as

efficient contrasting agents as compared to clinical small molecule contrast agents is the

availability of large number of paramagnetic metal centers in the framework architecture and

their enhanced per-metal-based relativity [56]. The recent development in the design and

synthesis of gadolinium-based MOFs and manganese-based MOFs has attracted

considerable attention as promising molecular probes for MRI purpose, thereby replacing the

conventional contrasting agents [57].

In the development of stable, reliable, and reproducible molecular probes for bioimaging

applications, nanotechnological intervention has provided new dimension in the proper

utilization of dye molecules/contrasting agents. The unique optical and other physicochemical

characteristics of MOFs such as photoluminescence, high crystallinity, and extended

stability have gained considerable attention for the incorporation of resorufin and rhodamine-

6G into the MOFs architecture. The hybrid nanomaterials critically improved the stability

and reliability of the encapsulated dyes and could be utilized as promising molecular probes in

imaging the progression of human hepatocyte cell (FL83B) and human hepatocellular

carcinoma (HepG2). The lack of cytotoxicity in using MOFs as promising bioimaging tools

could be explored towards the early diagnosis of disease progression [58]. The biocompatibility

and CT imaging of iodine-boron-dipyrromethene (BODIPY)-containing MOF nanocrystals,

named UiO-PDT, have been studied. The in vivo CT imaging suggested the enhanced efficacy

of synthesized MOFs, UiO-PDT nanocrystals, in targeting the tumor sites without affecting

the surrounding connective tissues and organs, thereby providing the best imaging

performance. The aforementioned findings suggest that the MOFs-based nanohybrids

could have the potential for use as promising CT contrast agents [59].

19.5 MOFs as phototheranostics

Owing to the unique physicochemical properties, optical characteristics, biocompatibility, drug

release efficacy, and improved drug payload, MOFs have gained considerable attention in

designing and developing novel theranostic probes for disease diagnosis and therapy [56]. The

advent of MOFs has created a multifunctional platform for targeted bioimaging and

localized drug delivery, which has already been in demand for early diagnosis and cancer

therapeutics. The MOFs based on conversion nanoparticles (UCNPs) could be prescribed as
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promising contrasting agents for optical imaging and other biomedical applications owing

to their unique optical properties. The introduction of highly specific aptamers in combination

with MOFs-based UCNPs could be targeted in cancer therapy owing to their species-specific

target of interest [60].

The advent of multifunctional nanoplatforms based on hyaluronic acid and indocyanine green-

engineered MOFs significantly attributed to its drug payload capacity, near-infra red (NIR)

absorbance, and enhanced photostability. The unique photostability and high NIR

absorptibility resulted in enhanced imaging-guided photothermal therapy against cancer

progression, thereby providing a unique theranostic platform to fight against cancer [61].

The unique characteristics such as low toxicity profile, enhanced biocompatibility, and tunable

photostability significantly enhanced the photothermal ability of MOFs-based

multidimensional nanoplatforms in combination with different functional moieties against

cancer cells [12, 13]. The highly versatile, programmable stimuli-responsive MOFs have the

unique ability to work in combination with an array of diverse functional moieties, which

enable its multifaceted applications in photothermal therapy [62]. The drug delivery efficacy of

MOFs is generally controlled by three basic cargo-delivery strategies such as encapsulation

strategy, direct assembly strategy, and postsynthetic modulation strategy [63].

19.6 MOFs as magnetic theranostics

The characteristic features such as size tunability, ease in surface functionalization, colloidal

stability, biocompatibility, and high drug payload have proven the efficacy of magnetic

nanoparticles in targeted drug delivery and theranostics [64]. The magnetic properties like

saturation magnetization, coercivity, and magneto-crystalline anisotropy are found to be

highly relevant in effective bioimaging and therapeutics [65]. Recently, MOFs get considerable

attention in theranostic platforms owing to their unique magnetic properties and unique

accessibility for surface modification. Recently, magnetically active MOFs nanocomposites

comprising ferric oxide (Fe3O4) nanorods and nanocrystals of Cu3 (Benzene-1,3,5-

tricarboxylate)2 were developed for localized targeting of nimesulide, an anticancer drug to

treat pancreatic cancer [66]. Arsenic trioxide is served as potent antagonistic agent against a

variety of solid tumors and cancer progression. However, their cytotoxic profile and

therapeutic inefficacy limit their widespread applications in cancer therapy. In this context, it is

imperative to develop novel nanocarriers such as MOFs which constitutively improved the

pharmacokinetic profile, high drug payload, drug release profile, and therapeutic processes

for localized and targeted delivery of arsenic trioxide [67].

In cancer therapeutic process, doxorubicin has been used as promising anticancer agent.

However, its biocompatibility and bioavailability issues have urged the scientific community to

quest for novel carrier system for localized and efficient delivery of doxorubicin at the
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target sites targeting the cancer progression. In this context, recently, doxorubicin was

encapsulated into the hyaluronic acid-conjugated MOFs which critically improved the early

diagnosis and efficient therapeutics in the treatment of cancer. The obtained hybrid

nanoplatform could not only deliver DOX into cancer cells, but also could be applied for

magnetic resonance (MR) imaging and fluorescence imaging, thereby achieving simultaneous

therapeutic and diagnostic functions. Considering the relatively complicated process of the

above design, it is highly desirable to develop a facile strategy to construct a multifunctional

theranostic nanoplatform [68]. In the development of cancer therapy, three important functional

modalities such as magnetic/fluorescence imaging, cell targeting, and drug storage delivery are

crucial in the management of cancer progression. Each of the above-mentioned functional

modalities has their own advantages and disadvantages. In this context, designing a suitable

platform by taking consideration of the three functional modalities could be of promising aspect

in cancer therapeutics. The advent of MOFs has provided a unique platform to carry these

functional modalities to target the tumor cells by integrating the multimodal imaging

capability [69].

Recently, the nanoporousMOFs composed of iron metal and organic ligand, amino terepthalate

(MIL-101-NH2-Fe), were utilized as promising nanocarrier for targeted delivery of anticancer

drug, i.e., 5-flurouracil in the treatment of breast cancer. The specifically designed MOFs

characteristically improved the therapeutic efficacy of 5-flurouracil by improving the stability

of 5-flurouracil and also enhanced the controlled release profile, thereby suggesting the

efficacy in controlling cancer progression [70]. In the treatment of ovarian cancer, cisplatin was

regularly used. However, indiscriminate uses of cisplatin lead to resistance by ovarian cancer

cells. In this context, it is important to design hybrid nanomaterials basically composed of

MOFs for the co-delivery of cisplatin and pooled small interfering RNAs (siRNAs) to enhance

the therapeutic index of cisplatin with sustained release profile at the target sites. The advent of

MOFs in combination with cisplatin also characteristically silenced the MDR genes and

improved the sensitivity of ovarian cancer cells to cisplatin. In addition, the use of MOFs also

protects siRNAs from nuclease degradation, enhances siRNA cellular uptake, and promotes

siRNA escape from endosomes to silence MDR genes in cisplatin-resistant ovarian cancer

cells [71].

Apart from cancer therapy, the feasibility of MOFS and MOF hybrids could also engage

towards controlling the progression of other infectious as well as noninfectious diseases.

Recently, antitubercular drug, i.e., isoniazid, was successfully encapsulated into MOFs

(Fe-MIL-101-NH2), which characteristically improved the therapeutic efficiency of isoniazid

by improving the drug payload, extended release profile, and targeted delivery at the target

sites. In addition, the role of MOFs as typical contrast MRI agents has provided new scope to

scientific community for early diagnosis of life-threatening diseases and disorders by

replacing the conventional MRI agents for bioimaging applications [72].
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19.7 Current trends and future perspectives

From last few decades, the advent of interdisciplinary nanotechnology into the field of biology

has provided a new dimension to the biomedical and pharmaceutical research modalities

exponentially. The design and development of various nanomaterials with specific

physicochemical properties served as multifaceted platforms for widespread applications. The

advent of nanotechnological intervention has shown promising aspects to be used as

diagnostic imaging agents, contrast agents for bioimaging modalities, and targeted drug

delivery platforms for localized and species-specific therapeutics by characteristically

improving the drug payload and its therapeutic efficacy. In recent times, the concept of

nanocomposites by combining the characteristic materials with dual function achieves

improved efficacy in drug delivery and therapeutics. The design and development of these

dual or multimodal nanocomposites have given new dimension to the current knowledge on

biomedical diagnostics and targeted therapeutics in particular in the treatment of cancer

and other infectious diseases [72].

From the historical perspectives, recently, MOFs have been emerged as potential nanocarriers

for targeted delivery of drug moieties to control various diseases and disorders owing to

their characteristic features such as porosity, tenability, and ease of synthesis. In addition, the

unique physicochemical properties of MOFs also provided its candidature as promising

contrasting agent for bioimaging applications with widespread functional modalities [73].

Although the unique physicochemical properties of MOFs have provided an array of potential

biomedical and pharmaceutical applications, certain limitations associated with MOFs limit

their further clinical applications. The foremost limitation associated with MOFs is basically

the hydrophobic nature of MOFs which lead to agglomeration, thereby inhibiting the

passive targeting of the so-called enhanced permeability and retention (EPR) effect. In addition,

poor biocompatibility issues associated with majority of MOFs significantly affected the

stability and therapeutic index of the loaded drug moieties due to the quick removal of the drug

moieties by the reticuloendothelial system (RES) during blood circulation. Apart from

these limitations, MOFs lack active auto-targeting ability resulting in decreased therapeutic

efficacy. In order to counteract the limitations associated withMOFs, attempts are being carried

out in terms of postsynthetic modifications or complexation, thereby improving the drug

release profile and also therapeutic index [50, 51]. Although the characteristic properties

such as micropore volumes and large surface areas improved the functional modalities of

MOFs for widespread and desirable applications, the uptake of large objects remains

hindered due to narrow pores, thereby limiting their applications in the field of biology and

pharmaceuticals [74].

Among the different drug delivery systems (DDS) for drug administration, MOFs emerged as

promising carrier system for the targeted delivery therapeutic drug moieties and therapeutic

enzymes by critically controlling the release profile as well as enhancing drug payload [75].
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Cyclodextrins (CDs) are biodegradable cyclic oligosaccharides and are considered to enhance

the solubility index of drug moieties and greatly improved the bioavailability of drug

candidates owing to their low toxicity, flexible structure, and high drug payload. Recently, the

characteristic features of CDs are employed as promising ligand components in the design

and synthesis of MOFs (CD-MOFs). The CD-based MOFs have all the desirable characteristic

features such as porous features of MOFs and the encapsulation efficacy of CDs for drug

molecules for improved drug delivery applications [76]. Interestingly, the advent of

multidimensional MOFs is also found to be of promising importance in protein-based

theranostics for effective and efficient delivery and controlled release of native active protein

moieties in living cells [77].
19.8 Conclusion

In recent times, the unique physicochemical properties and practical feasibility of MOFs have

gained considerable attention for widespread applications in the field of material science,

biology, nanotechnology, and drug delivery. The advantageous features such as

biodegradability, biocompatibility, bioavailability, tunable porosity, high drug payload,

controlled release profile, and ease of surface modification are considered for its diverse

applications in diagnosis, bioimaging modules, drug delivery, and theranostics. As per the

recent trends in designing and developing novel nanomaterials as promising drug delivery

platforms, the advent ofMOFs could be of strategic and smart nanomaterials for early diagnosis

of diseases owing to their reliable efficacy as molecular probes in bioimaging applications.

Apart from bioimaging, the theranostic applications of MOFs also considerably attracted the

scientific community for development of next-generation therapeutics. The limitations

associated with MOFs such as poor selectivity, low capacity, and high cost could be taken into

consideration for improving the efficacy of MOFs as promising diagnostic tools and drug

delivery platforms.
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20.1 Introduction

Nanotechnology revolutionizes drug delivery by achieving drug transcytosis, drug targeting,

and theranostics. Biocompatible and biodegradable metal organic frameworks (MOFs) [1, 2]

have been designed and synthesized for biomedical application. Recently, nanoscale MOFs

(nanoMOFs) emerge as an attracting class of hybrid nanomaterials for biomedical application.

MOFs are formed by the self-assembly of metal centers and bridging organic ligands, leading to

the formation of crystalline architectures with regular and high porosities. They have been

increasingly used for biomedical applications in the last decade, taking advantage of their high

drug loading capability, biodegradability, and high versatility in terms of architecture and

physico-chemical properties [1, 3–6]. However, the vast majority of MOFs described were

composed of metallic ions or clusters and synthetic organic ligands. Recently, more and more

attention was dedicated to the use of natural materials for the fabrication of MOFs, which are

inherently compatible with the metabolic system [7, 8].

Carbohydrates (oligosaccharides and/or polysaccharides) have been well-recognized as edible

materials. Together with lipids, proteins, and nucleic acids, they are one of the four major

classes of biomolecules. Carbohydrates are unique candidates for drug-carrier preparation since

they possess several advantages, such as biocompatibility and biodegradability. A variety of

nanocarriers composed of carbohydrates have been reported [9, 10], including covalently/

ionically cross-linked polysaccharide-based nanosponges [11], self-assemblies [12],

dendrimers [10], nanocapsules [13], hydrogels [14], micelles [15], and multilayered

polysaccharide vesicles [10]. However, the challenge in synthesizing MOFs from

https://doi.org/10.1016/B978-0-12-816984-1.00022-6
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carbohydrates lies in the inherent asymmetry of the building units, which are not easily

amenable to the formation of highly porous crystallized frameworks. A strategy was reported to

overcome this problem by the adoption of the cyclic oligosaccharide cyclodextrin (CD), which

is comprised of six to eight asymmetric α-1,4-linked D-glucopyranosyl residues. CDs are

naturally available oligosaccharides enzymatically produced from starch. In contrast to other

linear carbohydrates, CDs are typical “cage” molecules of a truncated cone shape with a

hydrophobic cavity and a hydrophilic surface [16]. The most common natural CDs are α, β, and
γ-CDs, containing 6, 7, and 8 glucopyranose units, respectively. Their ability to coordinate with
metal ions makes possible the formation of CD-based MOFs. The CD building units could be

linked bymetal ions, such as K+, Na+, Rb+, Cs+, Sr+, Pb2+, Fe3+, to form a body-centered porous

crystalized MOF structure [17,18]. CDs remain the only type of carbohydrate being able to

form MOF crystals.

In addition to their ability to form supramolecular constructs, the hydrophilicity and versatility

of carbohydrate materials make them attractive materials for surface modification of preformed

drug nanocarriers. For instance, several polysaccharides [19] are currently investigated as

potential alternatives for poly(ethylene glycol) (PEG) coatings, which is one of the most

popular strategies to decorate NPs’ surface to increase the blood circulation time [20–22]. It has
been reported that some modified dextrans, heparin (hep), low molecular weight chitosan, and

starch derivatives have similar “stealth effects” by forming a hydrated layer, which allows the

NPs to evade opsonization and subsequently phagocytosis, therefore prolonging NPs’

circulation time in the blood stream [23]. Moreover, carbohydrates are of high interest for

targeting. The surface of the cell is rich in carbohydrate moieties which constitute potential

recognition sites for carbohydrate-mediated interactions between cells and drug carriers coated

with suitable site-directing molecules. This ability to be specifically recognized by receptors on

the cell-surface indicates their potential utility as targeting ligands for therapeutic applications.

For example, mannose [24, 25], chitosan, hyaluronic acid, and chondroitin sulfate [26] have

been used as targeting ligands to macrophages for intracellular infection treatment. In addition,

surface modification with carbohydrates may offer NPs with higher stability and controlled

release.

A variety of carbohydrates are used for surface functionalization of nanocarriers, including

CDs, dextrin, chitosan, starch, galactose, fucose, sialic acid, glucose, rhamnose, mannose,

etc. [23]. Various nanomaterials have been modified with different carbohydrates, including

poly(lactic-co-glycolic) acid (PLGA), NPs, liposomes, metallic NPs, magnetic NPs, quantum

dots, micelles, etc. [23, 25, 27, 28]. However, surface modification of the porous MOFs is

challenging since it requires specific coating materials and methods to avoid penetration of the

coating materials inside the porous structure of MOFs, thus altering their drug loading

capability. Carbohydrates are among the most versatile materials to functionalize MOFs since

they present the advantages of: (i) lack of toxicity; (ii) they could mediate the cell
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internalization; and (iii) they are easily further modified with other functional moieties.

Recently, carbohydrate-based materials such as CDs [29], hep [30], hyaluronic acid (HA) [31],

and chitosan [32, 33], which have larger molecular size than the diameter of the MOF

pores, have been studied as coating materials. Interestingly, carbohydrate materials (such as

CDs) can be easily functionalized with ligands (targeting, fluorescent imaging, etc.), which

paves the way for a versatile surface modification of MOFs for multifunctional targeted drug

delivery. The MOFs currently used for these investigations are iron polycarboxylate MOFs,

which have emerged as a new class of versatile, biodegradable, and nontoxic drug carriers.

Because of their high pore volumes and surface areas, MOFswere shown to load unprecedented

amounts (within the 20–70 wt% range) of a series of drugs able to efficiently penetrate

within the porous 3D structures [1, 2].

Both carbohydrate-based MOFs (CD-MOFs) and the surface modification of preformed MOFs

(iron polycarboxylate MOFs) with carbohydrate materials will be described in this chapter.

Control of particle size is a key parameter for drug delivery because this dictates the

physicochemical properties of particles to obtain well-defined, reproducible, and stable

formulations. Different strategies to synthesize CD-MOFs with controlled dimensions as

well as their capability to incorporate drugs will be summarized. Recently, significant

progress has been made in engineering CD-MOFs for drug delivery. Indeed, these particles

were initially used for other potential applications in separation, sensing, gas storage, catalysis,

and template synthesis [18]. CD-MOFs with controlled sizes have shown excellent capacity

to incorporate a series of drugs [17, 18]. The use of CD-MOFs as drug carriers will be

discussed, including the different strategies employed for drug incorporation, particle

characterization, and the efforts to stabilize the drug-loaded particles. The second part of the

chapter will address the use of carbohydrates for the surface-functionalization of iron

polycarboxylate MOFs. A series of issues involved in this procedure will be discussed,

including: (i) different methods to coat the MOF; (ii) various techniques to characterize the

MOFs before and after surface modification; and (iii) biological evaluation of the

coated MOFs.
20.2 MOFs synthesized from edible building blocks of CDs

The first reported CD-MOF [34] is composed of γ-CD and K+, which has regular cubic

morphology and controllable size distribution. The spontaneous coordination of metal ions and

γ-CDs generates cubic (γ-CD)6 units which further assemble, by regular repetition, into a body-

centered packed architecture with interconnected pores (Fig. 20.1A, yellow) with a diameter of

17 Å delimited by a window of 7.8 Å (diameter of γ-CDs). In addition to γ-CD, α-CD and

β-CD were shown to be able to form CD-MOFs with diverse structures as shown in Fig. 20.1

[35, 41–43].
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Fig. 20.1
Overview of CD-MOF synthesis methods. (A) Vapor diffusion methods were widely used for synthesis
of different CD-MOFs. Examples were given for αCD-MOF (K) [35] and γCD-MOF(K) [36, 37].

(B) Hydrosolvothermal method [38] employed for βCD-MOF(Cs) synthesis using H3tzdc, TsOH, or
IBU as templates. H3tzdc, 1,2,3-triazole-4,5-dicarboxylic acid; TsOH, methyl benzene sulfonic acid;
IBU, ibuprofen. (C) Microwave-assisted method [39, 40] applied to optimize the synthesis of γCD-

MOF(K) within 10 min. Modified with permission from X. Li, et al., Cyclodextrin-based metal-organic
frameworks particles as efficient carriers for lansoprazole: study of morphology and chemical composition of

individual particles, Int. J. Pharm. 531(2) (2017) 424–432; A. Yang, et al., Green synthesis of β-cyclodextrin
metal-organic frameworks and the adsorption of quercetin and emodin, Polyhedron 159 (2018) 116–126,

copyright 2017 and 2018, Elsevier; J. Liu, et al., Controllable porosity conversion of metal-organic drug delivery,
Chem. Commun. 53 (2017) 7804–7807, copyright 2017, Royal society of Chemistry; B. Liu, et al., Microwave-
assisted rapid synthesis of gamma-cyclodextrin metal-organic frameworks for size control and efficient drug loading,

Cryst. Growth Des. 17 (4) (2017) 1654–1660, copyright 2017, American Chemical Society.
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20.2.1 Synthesis methods for CD-MOFs

Abundant efforts have been made to synthesize CD-MOFs with homogeneous size distribution

during the last few years. The main synthetic strategies used to develop CD-MOFs are

summarized in Fig. 20.1.

Vapor diffusion method. The vapor diffusion method is the earliest synthetic pathway to

produce CD-MOFs [34]. Essentially, γCD-MOF were prepared by reacting γ-CD with

potassium hydroxide (KOH) in aqueous solution, followed by vapor diffusion of methanol

into the solution during 2–7 days (Fig. 20.1A). A variety of CD-MOFs were first prepared

combining γ-CD and K+, Rb+, Cs+, Na+, Sr+ by Stoddart’s group [34, 44]. This methodology

requires only ambient temperature and pressure; however, the obtained crystals had diameter

in the range of 200–400 μm. Furukawa et al. [45] modified this method by adding

cetyltrimethyl ammonium bromide (CTAB) to control the growth of γCD-MOF crystals.

When CTAB was added to the crystallization medium, it covered the surface of γCD-MOF

crystals, and thus, slowed down the growth rate and reduced the final crystal size [45].

Homogeneous and monodisperse γCD-MOFs were generated in the diameter range of 1–10 μm.

More interestingly, Furukawa et al. successfully achieved the nanoscaled γCD-MOFs

(200–300 nm) by the addition of both methanol and CTAB in the crystallization medium.

However, it still took several days for the synthesis. Liu et al. [46] developed an effective

solvent evaporation approach to synthesize this type of γCD-MOFs by setting reaction

temperature at 50°C. Remarkably, the reaction time was significantly reduced to 6 h. The size of

the resulting CD-MOFs was well-controlled by addition of CTAB or/and methanol (in the

range of 1–10 μmwith CTAB and around 600 nmwith CTAB and methanol) [36, 37]. Recently,

a “green” seed-mediated method was designed to rapidly produce γCD-MOFs [47]. Instead

of the surfactant CTABwhich is potentially toxic and difficult to remove, short-chain starch NPs

were employed as the seed to control the nucleation and growth of γCD-MOFs. The results

demonstrated that the crystal structure and cubic morphology were preserved, while the size

of the particles was monodisperse with mean diameter around 2 μm when the seed was added.

However, this method could not be scaled-down CD-MOFs to the nano-regime.

In addition to γ-CD, α-CD and β-CD were shown to be able to form CD-MOFs [35, 41–43].
As shown in Fig. 20.1A, Sha et al. obtained the αCD-MOF by vapor diffusion method in

one month using α-CD and KOH, where tetramethylammonium hydroxide solution was

employed as a new additive [35]. The resulting αCD-MOF consists of the secondary units of

[K6(CD)2] dimer torus, which are further linked with adjacent six [K6(CD)2] dimer

forming 2D layer with both large pores with a diameter of 11.5 Å and small pores with a

diameter of 7.3 Å. Similarly, αCD-MOF could be synthesized with NaOH as metal source.

Modified vapor diffusion methods were adopted to synthesize βCD-MOF by dissolving β-CD
and NaOH in ethanol/water in a sealed vessel. After two weeks reaction, βCD-MOFs were

formed, with each K+ ion coordinating with six oxygen atoms from the surrounding four

β-CDs. Two adjacent β-CDs were connected by a K+ to form the pores. Due to the structural
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features of αCD-MOF and βCD-MOF which don’t have regular cubic 3D structures as

γCD-MOFs, observed morphologies of αCD-MOF and βCD-MOF exhibited relatively

nonregular shapes compared to the cubic γCD-MOFs (Fig. 20.1A). It was found that the size of

the particles was difficult to be controlled and inhomogeneous morphologies contrary to the

regular cubic γCD-MOFs were observed.

Hydrosolvothermal method. Hydrosolvothermal method has been widely employed in

MOFs synthesis [48]. Typically, the reaction took place under high-pressure and high-

temperature conditions. Synthetic process was influenced by several parameters, such as the

reaction time, temperature, stoichiometry, dilution pH, and additives. A βCD-MOF was

successfully prepared from β-CD and sodium oxalate (Na2C2O4) using a mixture of methanol

and water and heating it at 160°C for 3 days [38]. Liu et al. designed a novel template-induced

strategy to produce different βCD-MOFs (Cs) using 1,2,3-triazole-4,5-dicarboxylic acid

(H3tzdc), methyl benzene sulfonic acid (TsOH), or ibuprofen (IBU) molecules as

templating agents [40]. As shown in Fig. 20.1B, different structures of βCD-MOFs

were obtained when employing different templates. Sha et al. obtained a novel type of

αCD-MOF by a solvothermal method at 160°C with a reaction time of 4 days starting with

a mixture of α-CD and KOH. Moreover, metal-organic nanotubes built from β or γCD and

Pb2+ were also synthesized through a solvothermal reaction [49].

Microwave-assisted hydro/solvothermal methods. As a classical synthetic protocol, the

microwave-assisted method has also been employed in the synthesis of MOFs. This

synthetic method offers the advantages of simple, rapid, inexpensive, environment-friendly,

and efficient nonconventional heating with high yields. Liu et al. obtained γCD-MOFs

using the microwave-assisted method within 10 min as shown in Fig. 20.1C [39].

Both size and morphology of γCD-MOF were systematically investigated by altering

the reaction time, temperature, and solvent ratio, in order to obtain micro- and nanometer-

sized crystals. Polyethylene glycol with a molecular weight of 20,000 g/mole (PEG 20,000)

was used for the first time to control the size and morphology of γCD-MOFs.

Monodispersed γCD-MOF were obtained with different sizes (200 nm to 300 μm) and

were further used for drug encapsulation.

The three general methods described above have been the most employed strategies for

CD-MOF synthesis. The best method to both obtain a rapid reaction and control the particle

size was the microwave-assisted hydro/solvothermal synthesis. The mean diameter of

synthesized CD-MOFwas in the range of 200 nm to centimeter scale. There are still some other

synthetic routes (e.g., ultrasonic, mechano-chemical, electrochemical) employed for MOF

synthesis possibly worthy to try for CD-MOF aiming to further reduce the particle size.

Regardless of the method used to synthesize CD-MOFs, the choice of the additives (CTAB,

menthol, PEG, etc.) is obviously crucial for both size control and their biomedical applications.

Up to date, PEG could be considered among the best additive, considering its low toxicity

and great capabilities to control the mean diameter of the synthesized CD-MOF.
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20.2.2 Drug entrapment

A variety of active molecules, including anticancer drugs (doxorubicin (DOX), fluorouracil

(5-FU), methotrexate, quercetin), antiinflammatory drugs (IBU, furbiprofen, fenbufen,

ketoprofen, and piroxicam), antihypertensive drug (azilsartan), angiotensin-converting enzyme

inhibitors (captopril), various pharmaceutical ingredients (salicylic acid, ferulic acid, folic

acid, and pseudolaric acid B), and food additives (curcumin and sucralose) have been

successfully incorporated in CD-MOFs using three main strategies, which are the impregnation

method, the co-crystallization method, and the grinding method.

Impregnation method. This is a conventional method which generally involves three steps:

(1) synthesis of CD-MOFs, (2) activating MOFs by removing solvents/ligands from the

pores, and (3) incorporation of drugs within CD-MOFs in suitable solvents. It is noteworthy

that the nature of solvents, pH of CD-MOF (alkaline or neutral), and the encapsulation

materials play an important role on the drug loading properties. For example, when

relatively nonpolar solvents were used, the uptake of IBU into CD-MOFs was low (<5 wt%).

In contrast, the encapsulation of IBU in ethanol increased dramatically to 26 wt%, which

was close to the theoretical value calculated byMonte Carlo simulations [50]. The hypothesis is

that the IBU encapsulation is related to an anion exchange process, which means that the

hydroxyl group present in CD-MOFs was able to take away the protons from IBU. This process

could take place easily in ethanol rather than in nonpolar solvents. Considering the pH of

CD-MOFs, it was reported that the neutralized CD-MOFs were more effective than alkaline

CD-MOFs to protect sucralose, possibly due to the fast hydrolysis of sucralose in alkaline

condition [51]. As shown in Table 20.1, a large variety of active molecules have been

successfully loaded into CD-MOFs by this method.

Co-crystallization method. In addition to impregnation, co-crystallization emerged as a

promising strategy for drug encapsulation. To do so, the drugs were added in the

crystallization medium before the formation of CD-MOFs. In the case of lansoprazole (LPZ),

co-crystallization significantly improved the drug loading capacity in γCD-MOF (K), as

compared to impregnation (9.4 wt% for impregnation and 23 wt% for co-crystallization) [37].

Indeed, in the impregnation process, drug molecules have to cross their way through the

preformed tight CD-MOF channels. In contrast, in the co-crystallization process, γ-CD:drug
complexes are directly formed and assembled into drug-loaded CD-MOF particles, still

preserving their crystallinity. In a nutshell, co-crystallization was shown to offer more

probability for the drugs to interact with the CDs in the crystalline matrix.

The LPZ-loaded γCD-MOF particles were characterized in terms of morphology, sizes,

and crystallinity, showing almost perfect cubic structures with monodispersed size

distributions (Fig. 20.2). Moreover, Raman spectra of randomly chosen particles were

recorded, indicating that each individual cube had practically the same chemical

composition, i.e., drug content [37]. Thus, it was shown that the LPZ-loaded particles



Table 20.1 Overview of drug encapsulation in CD-MOFs.

Loading methods

CD-MOFs

Drug

Drug payload

(%, w/w) Refs.CDs Metal

Impregnation γ-CD K+ Azilsartan 23 [52]
K+ Budesonide 25 [53]
K+ Captopril 19 [46]
K+ Coenzyme Q10 31 [54]
K+ Curcumin n.i.a [55]
K+ Doxorubicin 6�8 [56]
K+ Doxorubicin 6�8 [57]
K+ Doxorubicin 7 [58]
K+ Epigallocatechin gallate 21 [59]
K+ Fenbufen 20 [46]
K+ Fenbufen 20 [39]
K+ Fenbufen 6 [60]
K+ Flurbiprofen 12 [46]
K+ Folic acid 60 [61]
K+ Ibuprofen 26 [50]
K+ Ibuprofen 13 [36, 37]
K+ Ketoprofen 4 [60]
K+ Lansoprazole 9/2 [36, 37]
K+ Leflunomide 14 [62]
K+ Sodium diclofenac 50 [63]
Na+ Sodium diclofenac 49 [63]
Fe3+ Sodium diclofenac 55 [63]
K+ Sucralose 28 [51]
K+ Vitamin A palmitate 10 [64]

α-CD Na+ Ferulic acid 11 [35, 42]
Na+ 5-FU 9 [35, 42]
K+ 5-FU 26 [35, 42]
Na+ Methotrexate 38 [35, 42]
Na+ Quercetin 32 [35, 42]
Na+ Silybummarianum 13 [35, 42]

β-CD Cs+ (H3tzdc) 5-FU/methotrexate 138/69 [39, 40]
Cs+ (TsOH) FU/methotrexate 151/122 [39, 40]

K+ Quercetin/emodin 15/20 [43]
Grinding β-CD K+ Azithromycin 34 [65]

Na+ 5-FU 23 [38]
Na+ 5-FU/quercetin n.i.a [41]
K+ 5-FU/quercetin n.i.a [41]

Co-crystallization γ-CD K+ Ferulic acid 13 [66]
Ibuprofen 23 [50]
Ibuprofen 13 [36, 37]

Lansoprazole 23 [36, 37]
an.i., not indicated.
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Fig. 20.2
Drug loading and characterization. LPZ was successfully loaded in CD-MOF by co-crystalization

method, achieving high drug loadings up to 23 wt%, corresponding to LPZ:CDmolar ratio of 1:1. The
obtained LP-loaded particles weremonodisperse with cubic morphologies and homogenous chemical
compositions, as indicated by Raman spectra of randomly chosen individual particles. Reproduced with
permission from H. Li, et al., Composite CD-MOF nanocrystals-containing microspheres for sustained drug delivery,
Nanoscale, 9 (2017a) 7454–7463; X. Li, et al., Cyclodextrin-based metal-organic frameworks particles as efficient
carriers for lansoprazole: Study of morphology and chemical composition of individual particles, Int. J. Pharm.,

531(2) (2017b) 424–432. Copyright 2017, Elsevier.
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had a remarkable homogeneity in terms of both drug loading and size. Advantageously, the one-

pot co-crystallization synthesis simplifies the drug loading process together with avoiding the

use of potentially toxic organic solvents sometimes needed for impregnation.

However, the co-crystallization method is highly dependent on the structure of the drug

molecules and sensitive to the pH value of the crystallization medium. For instance, the

inclusion of ferulic acid (FA) in γCD-MOF (K) was found to be strongly pH-dependent in

a range of 6.8 to 13.1 [66]. The reaction yield dramatically decreased from 59.3% to 19.0% at

low pH. Interestingly, the molar ratio of FA to γ-CD in FA/CD-MOF increased from 0.15

(pH 13.1) to 1.06 (pH 6.8), indicating that the drug loading capacity was improved at low

pH. It is worth noting that when FA:γ-CD inclusions were prepared in a first step, followed

by addition of KOH, FA was not encapsulated in CD-MOF, suggesting that FA:γ-CD
complex was destabilized by KOH and that the free FA could not be adsorbed on the

resulting CD-MOF in aqueous solution.

Another study reported the successful IBU loading in nanoscale γCD-MOF (K) by

co-crystallization, showing similar drug payloads with impregnation methods (13.0 wt% for
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impregnation and 12.7 wt% for co-crystallization) [36]. The drug payload achieved by this

method is dependent on the drug molecules. Further investigation is still needed to

comprehensively understand the mechanism of this drug-dependent phenomena. Possibly, the

affinity between the drug and the cavity of γ-CD and/or CD-MOF, the drug: γ-CD ratio, and pH

play important roles on the drug payloads.

The reported studies show that drug loadings obtained by co-crystallization and impregnation

are highly dependent on drug structure and experimental conditions. Few data are available in

the literature so far making it difficult to draw a general trend.

Grinding method.Mechanical grinding is one of the methods typically applied to prepare guest

molecules/CD inclusion complexes. Recently, it has also been used to encapsulate the guest

molecules into CD-MOFs [38,65]. Drug-loaded CD-MOFs could be prepared by simply

grinding the guests with preformed CD-MOFs. Several parameters were shown to impact drug

inclusion during grinding, such as the molar ratio between the guest drug and CD in CD-MOF,

the grinding time, and the temperature [41]. For the first time, the 5-FU and quercetin drug

combination could be successfully co-encapsulated in CD-MOFs using the grinding method. In

brief, 5-FU, quercetin, and βCD-MOFs were milled at a molar ratio of 1:1:1 using ethanol as

wetter at room temperature. The drug-loaded CD-MOF were obtained after grinding for 1 h.

This study demonstrated that two drugs with different molecular structures and dimensions

could be simultaneously incorporated into CD-MOFs; however, the drug payloads were not

indicated. As reported by Lu et al. [38], when 5-FU was loaded individually, the obtained

payload reached 23 wt%. The highest drug payload achieved by grinding method is 34 wt% in

the case of azithromycin [65].

Benefits of drug incorporation in CD-MOFs. Once incorporated in CD-MOF via different

strategies, the active molecules were shown to gain beneficial properties, including improved

stability, enhanced water solubility, and bioavailability. For example, in reason of the

protective effect of the CD-MOF matrix, the stability of incorporated vitamin A palmitate

(VAP) was significantly improved [64]. It was hypothesized that the VAP molecules were

curled inside the chambers formed by dual γ-CDs pairs in γCD-MOF(K). This in turn led

to an enhanced stability upon storage, comparable or even better than other products in the

market, with around 1.6-fold elongated half-life. Similarly, the stability of encapsulated

curcumin was enhanced by at least 3 orders of magnitude as compared to free curcumin or

to curcumin:γ-CD complexes [55]. In this latter case, the enhanced drug stability was attributed to

the strong interaction between curcumin and CD-MOFs through hydrogen bond interaction

between the OH group of CDs and the phenolic hydroxyl group of the curcumin.

Taking advantage of the unique structure of CDs, “cage” molecules with proven abilities to

increase the apparent water solubility of many drugs, CD-MOFs were engineered to release

supersaturated drug solutions upon their disassembly [52]. It was shown recently that the

solubility of azilsartan could be improved by 340-fold as compared to free drug. This dramatic

increase was attributed to drug nanoclusters formation in the confined nano-cages of CD-MOFs



Carbohydrates in metal organic frameworks 455
followed by their release upon matrix dissolution in water [52]. Moreover, this strategy allowed

to improve the bioavailability of azilsartan in Sprague-Dawley rats by 9.7-fold after loading

into CD-MOF, as compared to free drug. These investigations indicate that CD-MOFs are

efficient drug delivery carriers enabling to enhance drug bioavailability.

Surface coating. CD-MOFs demonstrated high drug loading capabilities together with

several other advantages for drug delivery as compared with more traditional drug carriers

based on other materials. However, due to their physical frailness and degradability in

aqueous media, which may lead to their disassembly before reaching the target tissues or

organs, CD-MOFs were considered inappropriate for some routes of administration, such as

the intravenous one. In this context, considerable efforts have been made to improve the

stability of CD-MOFs in aqueous media. Firstly, ethylene glycol diglycidyl ether was

employed to cross-link the hydroxyl groups in adjacent CDs in the CD-MOF supramolecular

assemblies, thus generating cubic gel particles stable towards dissolution in aqueous media

[45]. However, the resulting particles were not biodegradable in biological media, which is

another important requirement for biomedical applications. To address the challenges related to

CD-MOF instability in aqueous solutions, another approach was carried on by Li et al. [36].

CD-MOF nanocrystals were incorporated into a biocompatible polymer (polyacrylic acid,

PAA) matrix by a solid in oil-in-oil (s/o/o) emulsification-solvent evaporation method. The

resulting composite microspheres showed enhanced stabilities in water and sustained drug

release. However, this approach led to large particles, beyond the micrometer size.

In order to maintain the size of the CD-MOFs in the nanometric range, efforts have been made

to coat directly CD-MOF nanoparticles. For example, γCD-MOFs with improved water

stability were successfully achieved by incorporating hydrophobic C60 in their matrices through

host-guest interactions between γCD and C60 [58]. Interestingly, neither the structural integrity

nor the BET (Brunauer-Emmett-Teller) surface area was affected after surface modification.

DOX was successfully incorporated reaching a payload of 6.5 wt%. Moreover, DOX was

released in a sustained manner after CD-MOF incubation in phosphate buffer saline. When

tetrakis(4-hydroxyphenyl) porphyrin (TCPP)-conjugated C60 was used instead of C60, the

resulting CD-MOFs were shown to have fluorescent properties, enabling their detection

in vitro and in vivo [67]. More recently, CD-MOFs were surface-modified with cholesterol

[56], thus exhibiting good stabilities in aqueous media. It was thus possible to administer

the resulting cholesterol-shielded and DOX-loaded nanoparticles by intravenous route, and

results showed a significantly increased blood half-life of DOX up to 0.5 h, which was four

times higher than the one of free DOX. Moreover, the nanoparticles were well-tolerated

also in vivo. However, this strategy involved the covalent grafting of cholesterol to the CDs at

the CD-MOF surface. This might potentially lead to the release of modified CDs and the

degradation process of the coated CD-MOFs still needs to be unraveled.

Further prospective of CD-MOFs. In a nutshell, CD-MOFs advantageously combined CD’s

proven biocompatibility for medical applications and CD’s capacity to assemble in regular
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porous structures which were further shown to be beneficial for drug incorporation. Among the

three strategies for drug incorporation, co-crystallization method seems to be the most

promising one, due to its simplicity and ability to enhance drug loadings. However, the most

common method to load drugs remains the impregnation technique. All drug loading methods

were shown to be strongly dependent upon drug physicochemical characteristics and abilities to

form inclusion complexes with CDs.

When incorporated inside CD-MOF, the drugs were efficiently stabilized against

degradations. Moreover, in the case of poorly soluble drugs, drug solubility in water was

significantly increased due to the formation of drug:CD complexes, once the drug-loaded

CD-MOFs disassemble in water. The poor stability in aqueous media remains the main

drawback of CD-MOFs, which hampers their biomedical applications, especially for

intravenous administration. Although versatile strategies have been deployed to improve

their stability, they are limited by complex procedures and/or necessity to covalently graft the

coating material.

In terms of stability, other MOFs made using different metal and linkers were shown to be more

stable in aqueous environment. For instance, iron polycarboxylate MOFs are intrinsically

stable, which widens their biomedical application as compared to CD-MOFs. The following

section will be focused on the surface modification of iron polycarboxylates MOFs with

carbohydrate-based materials.
20.3 Carbohydrates as functional surface coatings for MOFs

MOFs made of iron carboxylates, and especially iron (III) trimesate MIL-100(Fe), have

emerged as an important class of porous, biodegradable, and multifunctional nanomaterials

of main interest for biomedical applications (MIL, stands for Materials from Institut

Lavoisier). Indeed, their high surface area allowed loading high amounts of a large variety

of drugs able to penetrate within the porous MOF structures [2]. The porous MIL-100(Fe)

solids are built up from Fe(III) octahedra trimers and trimesate linkers (1,3,5-benzene

tricarboxylate) which self-assemble forming a porous architecture delimiting large (29 Å) and

small (24 Å) mesoporous cages. In MIL-100(Fe) nanoMOFs, two types of cages are

accessible for drug adsorption inside the open 3D-porosity. To access these cages, drugs

penetrate through pentagonal (5.6 Å) and/or hexagonal windows (8.6 Å). Advantageously, due

to the presence of Fe and free water molecules in their structure, the nanoMOFs acted as

efficient T2-weighted contrast agents for Magnetic Resonance Imaging (MRI), of interest

for theranostics applications [68]. These nanoMOFs, loaded or not with drugs, were

well-tolerated in vivo [69–71].

Like other types of nanoparticles, nanoMOFs need to be further functionalized with

engineered coatings to control their in vivo fate. Surface modification is commonly used to
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control drug release, reduce plasma protein binding, prolong blood circulation, and attach

functional moieties for imaging and targeting. However, the surface modification of

nanoMOFs is challenging because many coating materials such as PEG chains could penetrate

inside the pores, which disturb drug loading. As stated in the introduction, carbohydrate-based

materials are among the most versatile ones for surface modification. The first noncovalent

nanoMOF coating study was reported by the group of Dr. Gref [29], where phosphorylated

CD (CD-P) derivatives were used to modify iron trimesate nanoMOFs MIL-100(Fe) in

aqueous media, employing a fast, one-step, and completely “green” (organic solvent-free)

procedure (Fig. 20.3A). Briefly, the nanoMOFs were surface-modified by impregnation

with CD-P aqueous solution at room temperature. The success of this strategy lies on the

fact that the phosphate groups conjugated on the CD-P could efficiently coordinate with the

available iron trimer sites on the surface of nanoMOFs. They played a cooperative role to

ensure the stability of the coatings. Besides, CD-P were too bulky to cross the microporous

windows of the nanoMOFs, leaving CD-P located only on the external MOF surface. The

resulting coated nanoMOFs have been comprehensively characterized by a set of

complementary techniques, including transmission electron microscopy (TEM), X-ray

powder diffraction (XPRD), dynamic light scattering (DLS), solid state NMR, and X-ray

photoelectron spectroscopy (XPS), among others.

As shown in Fig. 20.3A, the presence of CD-P within the nanoMOF top layers was visualized

by confocal microscopy in the particular case of larger MOF particles (>10 μm) which were

modified with Rhodamine (Rh)-labeled CD-P. XPS confirmed that CD-P was located on the

nanoMOF top layers (5–10 nm depth) by showing both carbon C1s “fingerprints” of the carbon

skeleton of MIL-100(Fe) (284.8 and 289 eV, C-C or C-OOH, respectively) and CD-P

“fingerprint” (main contribution at 286.3 eV) in the CD-P-coated nanoMOFs. The phosphate-

iron coordination was evidenced as the principal binding mechanism by Isothermal titration

calorimetry (ITC), showing the absence of interaction between nonphosphated CD and

nanoMOFs. On the contrary, the binding isotherm for the CD-P/nanoMOFs interaction

displayed a strong interplay. Elemental analysis and spectrofluorimetry were used to quantify

the amount of CD-P attached on the surface of nanoMOFs, exhibiting maximal adsorbed values

around 20 wt%. The stability of the coating under physiological simulated conditions was also

investigated, showing that less than 10% of the total CD-P coating was detached after 24 h

incubation, whatever the incubation media (phosphate buffer saline or cell culture media).

Moreover, it was illustrated that the CD coating did not impact the supramolecular architecture

nor the porosity of the nanoMOFs, as confirmed by constant BET surface area before and after

coating. The nanoMOFmorphology, crystallinity, drug loading, and release properties were not

affected after the coating procedure. Remarkably, CD-P-coated nanoMOFs were devoid of

toxicity in vitro in different cell lines, as the uncoated ones. Finally, confocal microscopy

investigations (Fig. 20.4A) showed that nanoMOFs readily internalized in J774 macrophages,

maintaining their CD-based coating.
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Fig. 20.3
Overview of surface modification strategies and characterization of nanoMOFs coated with

carbohydrates. (A) CD-P was used to functionalize iron trimesate nanoMOF [29]. The methodology
of characterization was set up using a series of complementary techniques including: (i) confocal
images of the Rh-labeled CD-P located only on the surface of nanoMOFs; (ii) XPS showing C1s
binding energy spectra for nanoMOFs (black), CD-P (blue) and CD-P-modified nanoMOFs (red).

(B)When nanoMOFs were modified with hep [30], the hep release was investigated in different media
and it allowed to sustain the release of the incorporated caffeine. Reproduced with permission from
V. Agostoni, et al., A “green” strategy to construct non-covalent, stable and bioactive coatings on porous MOF

nanoparticles, Sci. Rep. 5 (2015) 7925–7931; E. Bellido, et al., Heparin-engineered mesoporous iron
metal-organic framework nanoparticles: toward stealth drug nanocarriers, Adv. Healthc. Mater. 4(8) (2015)

1246–1257. Copyright 2015, Nature; 2015, Wiley Online Library.



Fig. 20.4
Surface modification plays an important role on cell internalization. (A) Interaction between J774
macrophages and CD-P-coated MOFs studied by confocal microscopy. Cells were stained in green
with calcein, whereas the red signal comes from Rh-labelled CD-P-coated nanoMOFs. Images
represent three distinct optical sections inside cells at different heights above the glass slide:
(a) 2.3 μm; (b) 4.9 μm, and (c) 7.6 μm. Cell nucleus appears in black. Bar represents 5 μm.

(B) Coating with chitosan leads to an increased intestinal permeability with respect to the noncoated
material [32]. Confocal microscopy images of Caco-2 cells containing uncoated and chitosan-coated
MIL-100(Fe) NPs observed by iron self-reflection signal (green channel) and the nucleus stained by DAPI

(blue channel). The images were taken after 2.5 h incubation. (A) Reproduced with permission from
V. Agostoni, et al., A “green” strategy to construct non-covalent, stable and bioactive coatings on porous MOF
nanoparticles, Sci. Rep. 5 (2015) 7925–7931. Copyright 2015, Nature; (B) T. Hidalgo, et al., Chitosan-coated
mesoporous MIL-100 (Fe) nanoparticles as improved bio-compatible oral nanocarriers, Sci. Rep. 100 (2017)

1–14. Copyright 2017, Nature.
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Further studies were performed taking advantage of the versatility of CD coatings in terms of

chemical modification. First, mannose was grafted onto CD-P previously to coat the nanoMOFs

[29]. The CD-P-mannose derivative could be adsorbed readily onto the nanoMOF surfaces,

allowing a better recognition by human retinoblastoma Y79 cells hyperexpressing the mannose

receptor. The amounts of CD-P-mannose-modified nanoMOFs able to penetrate inside the cells

were twice higher than using the uncoated nanoMOFs.

Another study was based on the strong host-guest interaction between adamantyl (Ad) and

β-CD. Ad-conjugated PEG chains (Ad-PEG) were used to further functionalize the surface

of the CD-P-coated nanoMOFs. By this way, CD-P: Ad-PEG inclusion complexes were

bound strongly to the nanoMOFs and were firmly anchored [29]. PEGylation has been

since many years an effective strategy to reduce premature clearance of NPs from the

circulation by hindering adhesion of proteins on nanoMOFs’ surface, avoiding their recognition

and removal by macrophages. Another strategy for nanoMOF PEGylation was to employ

GraftFast surface engineering using PEG or hyaluronic acid (HA) acrylates, which were

polymerized [31]. In this study, HA-PEG was covalently linked by a single step GraftFast
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reaction on the surface of nanoMOFs. A maximal polymer amount of 32.9 � 0.3 wt%

was reached in the case of PEG5kDa-Rh. The resulting PEGyated nanoMOFs exhibited

improved colloidal and chemical stabilities in different biological media as compared to

uncoated nanoMOFs, while conserving their porosity which allowed the adsorption of

bioactive molecules. Moreover, it was shown that the PEG coating could reduce macrophage

uptake in vitro.

The study of CD-P surface modification was further extended by synthesizing a series of

randomly phosphorylated β-CD monomers and polymers appended with mannose or Rh [72].

In all cases, the amount of CD-based materials attached to the nanoMOFs reached 20–26 wt%,

which is similar to the CD-P one [29]. It was further demonstrated that the coating stability was

directly related to the density of the grafted phosphate groups, further confirming that the

interaction between the phosphate groups and the iron sites at the nanoMOFs’ surface was

crucial for the coating process. Recently, native β-CD was also used to functionalize the iron

terephthalate nanoMOF (MOF-235) [73], taking advantage of the coordination interaction

between the hydroxyl groups of β-CD and the unsaturated Fe(III) metal ions of MOF-235. The

supramolecular assemblies further displayed properties as effective catalysts in H2O2-luminol

chemiluminescence reaction due to the synergistic effect between β-CD and MOF-235.

However, the stability of the CD coating was not evaluated.

In addition to CDs, hep was employed as an efficient coating material to decorate the surface of

MIL-100(Fe) nanoMOFs by a similar impregnation method [30], whereas nanoMOFs were

dispersed in ethanol instead of aqueous solution (Fig. 20.3B). The amount of hep attached to the

nanoMOFs was 12.5 �1.8 wt%. The stability of hep coating was also investigated in three

different biological media (water, cell culture medium, and PBS). In water or cell culture

medium, the release of a small quantity of hep (2 wt%) was observed after 24 h incubation.

However, up to 50 wt% of hep was released in PBS within 1 h, which was much higher than

the CD-P release from CD-P-coated MOFs in the same conditions [29], suggesting a lower

stability of the hep coatings. Caffeine was selected as molecule of interest to investigate drug

loading and release capacity. The payloads for the uncoated and hep-coated nanoMOFs

were similar: 43 � 2 and 42 � 6 wt%, respectively. Interestingly, hep-coated nanoMOFs

exhibited an ability to better control the drug release, as compared with uncoated nanoMOFs,

especially during the first hours. As shown in Fig. 20.3B, 46 � 3 and 56 � 4 wt% were

released from the uncoated nanoMOFs after 1 h in water and PBS, while only 20 wt% of caffeine

was released during the same period for the coated nanoMOFs. The hypothesis was that the

dispersive interaction of caffeine molecules with hep slowed down their diffusion outwards the

nanoMOFs. Furthermore, in vitro investigations were performed with the murine macrophage

cell line J774 in order to assess the potential stealth properties of fluorescent hep-coated

nanoMOFs. It was reported that the hep coating significantly slowed down the internalization

process, but this was the case only at early stages of incubation. It was hypothesized that

this might be related to the removal of hep from the nanoMOFs’ surfaces in the biological media.
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Recently, chitosan was also employed to modify the same iron trimesate MIL-100(Fe)

nanoMOFs [32] by similar methods. The amount of chitosan attached to the nanoMOFs reached

49.1 � 0.3 wt % and was estimated by fluorescence spectrometry after impregnation of the

nanoMOFs with Rh-labeled chitosan. In addition to the conventional techniques, a

combination of high-resolution X-ray Absorption Near-Edge Structure (XANES) and

computing simulation techniques was employed to investigate the specific interactions between

the chitosan coating and the nanoMOFs. It was thus demonstrated that both FeII and FeIII

sites were able to interact with the chitosan macromolecules. No significant toxic effects on

human colorectal carcinoma cells (Caco-2) were detected before or after chitosan coating.

Interestingly, chitosan-coated nanoMOFs exhibited a significantly higher cell uptake as

compared with the uncoated NPs after only 2.5 h incubation (Fig. 20.4B). Moreover,

chitosan-coated nanoMOFs reduced the immune response, which might be related to a

lower recognition by the immune system. The chitosan-coated nanoMOFs appeared

promising for oral administration to improve intestinal barrier bypass of entrapped drugs.

To summarize, a variety of carbohydrate-based biocompatible materials were used for

nanoMOF surface modification, improving colloidal stability, controlling drug release, and

mediating cell penetration. It paves the way for a versatile surface modification of nanoMOFs

for targeted multifunctional drug delivery and other applications.
20.4 Conclusions and future outlook

The development of carbohydrate-basedMOFs or carbohydrate-coatedMOFs for drug delivery

is still in its infancy when compared to other nanocarriers. Nonetheless, these supramolecular

porous architectures emerged as a promising platform owing to the combined advantages of

both carbohydrates (biodegradability, biocompatibility, hydrophilicity, and the ability to

mediate cell penetration of the nanocarriers) and MOFs (structural and chemical diversity,

biodegradability, and the capacity to adsorb a series of drugs which could penetrate inside their

pores reaching high loadings). Beside CD, hep, chitosan, and HA described here, we foresee

that many other carbohydrate-based materials will be employed for MOF synthesis and/or

surface modification in the future. There is a plethora of drugs which could benefit from

incorporation in (CD) MOFs. The presence in some cases of different types of pores in (CD)

MOFs could be used to load different drugs in each type of pore. Moreover, it was possible to

form drug clusters in the pores, dramatically increasing the loadings. Moreover, pores could be

used as microreactors to synthesize metal nanoparticles, which is another important recent

trend. It was also demonstrated that MOFs could release supersaturated drug solutions.

Moreover, together with the drugs, the incorporation of contrast agents for MRI has not been

investigated so far in the case of CD-MOFs. Together with drug insertion in the matrices, this

approach could be of interest for the development of theranostic platforms.
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Although several in vitro efficacy studies have been carried on with both carbohydrates-based

MOFs and carbohydrates-coated MOFs, up to date, there still are only very few in vivo

investigations with these new systems. To deeper assess the clinical relevance of these

formulations, systematic in vivo toxicological studies are required to bring the concept from

labscale to patient bedside. With more efforts for their design and optimization, these versatile

supramolecular assemblies are expected to have a bright future in drug delivery.
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21.1 Introduction

More than 100 years ago, Paul Erhlich, a Nobel Prize winner, was dreaming about “magic

bullets”, or chemical compounds that could bind to specific pathogens in order to selectively

destroy them. Inspired by this concept, scientists nowadays focus their efforts on engineering

nanoscale drug carriers that could load drugs and transport them specifically to diseased tissues,

thus acting as “magic bullets”.

However, to be used as nanocarrier, a particulate system has to fulfill a series of requirements:

• Biodegradability to avoid accumulation in the living organism

• Lack of toxicity and excretion of the degradation products

• High drug payloads and good incorporation yields of the active molecules

• Controlled release of the cargo

• Selective targeting of diseased cells or organs

• Possibilities of surface modifications to control in vivo fate and ensure stability

• Good detection by imaging techniques

• “Green”, reproducible, and scalable synthesis

A wide variety of drug nanocarriers has been developed in the field of nanomedicine, including

liposomes, polymeric micelles, dendrimers, and nanoparticles. Each system presents

advantages and disadvantages, in terms of stability, toxicity, and capacity to incorporate drugs

with specific properties. For instance, organic carriers such as liposomes discovered in

the mid-1960s attracted high interest because of their composition based on natural

phospholipids [1]. On the other hand, drug payloads were often low, especially for hydrophobic

https://doi.org/10.1016/B978-0-12-816984-1.00023-8
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molecules, and the vesicular structures were fragile in complex media. While liposomes were

adapted to incorporate hydrophilic drugs into their inner aqueous compartment, polymeric

micelles were mainly used for the delivery of lipophilic drugs and they could readily

disassemble, depending on their critical micellar concentration [2]. Dendrimers have also been

studied as drug carriers, but the cost of their synthesis is relatively elevated [3]. Polymeric

nanoparticles are generally endowed with good shelf stability, but due to the hydrophobic

nature of the biocompatible materials, most hydrophilic drugs were difficult to be

incorporated [4].

In this context, recently, a new family of hybrid porous particles, named metal-organic

frameworks (MOFs), was discovered and proposed for drug delivery. Contrary to the organic

particles described above, MOFs are hybrid porous materials, consisting of metal nodes

connected to organic bridging ligands [5–7]. Traditionally, they are used in applications such as
gas storage, adsorption, and catalysis [8–10]. MOFs are also used as molecular sieves for the

separation of gases or larger molecules. In 2006, F�erey and coworkers presented for the first

time the use of a Cr-based MOF, as a potential system for drug delivery, by successfully

encapsulating the analgesic and antiinflammatory drug ibuprofen into its pores [11]. Later on,

the first nanoscale biocompatible Fe-based MOF was used to incorporate a series of drugs with

either hydrophilic or hydrophobic character [12].

MOFs appeared as ideal candidates for biomedical applications. Their open porosity was

expressed by unprecedented surface areas (they can reach 7839 m2/g) [13]. Drug payloads

reached 25% wt or more [12, 14–16]. MOFs’ intrinsic amphiphilic microenvironment was

adapted to host both hydrophilic and hydrophobic active molecules. Finally, the possibility to

produce MOFs using a practically unlimited variety of metals and organic ligands ends up to a

boundless combination of them, which in turn generates new structures of MOFs.

On the other hand, as always, there are two sides to every coin. To begin with, MOFs were first

used in the domains of energy and storage, where a significant stability is required. However, in

the domain of biomedicine, the carriers should be stable during the loading and the coating

procedures and also during their circulation in the living organism, until they reach their target.

However, they should eventually degrade and release their cargo. In a nutshell, a subtle balance

between stability and degradation is needed to design effectiveMOFs for drug targeting purposes.

It should also be kept in mind that MOFs should possess engineered shells to reach their biological

targets and that these coatings may in turn play a role in the degradation processes. Moreover,

drugs in theMOFpores can either stabilize or destabilize thematrices, as they can interferewith the

fluxes of water and ions from the outside media and with the diffusion of the degradation products.

At this point, it is worth to mention that MOFs are coordination polymers, and contrary to

organic nanocarriers with strong chemical bonds (nanoparticles, micelles, dendrimers, etc.),

they show peculiar features related to their degradation in various media.
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It is, therefore, extremely challenging to control the chemical stability of the MOFs and

simultaneously maintain their biodegradable character intact. Herein, we discuss these

challenges based on recent literature on MOFs for biomedical applications.
21.2 Synthesis of biodegradable MOFs

To design biodegradable MOFs carriers, first metals and ligands with minimal toxicities should

be chosen. Fe2,3+, Ca2+, Zr2+, Co2+, Mn2+, and Zn2+ are some of the elements which are

included already, in traces, in the composition of the human body.

Concerning the ligand compositions, two families are particularly appealing, the carboxylates

and the imidazolates, because of their high polarity and their easy elimination from the human

body [17]. The method and the reaction conditions are important factors to be taken into

account in the design of MOFs. A wide variety of synthetic pathways has been developed,

including hydrothermal/solvothermal, electrochemical, and microwave-assisted methods [18,

19]. Among them, one of the most appealing synthesis routes was the microwave irradiation

one, as it leads to homogenous nanoparticles within short reaction times [20].

Independently of the synthesis procedure, it is highly recommended that nontoxic solvents and

mild conditions (“green” synthesis) should be used. Whenever this is not possible, the

organic solvents need to be totally removed from the final product. It is finally crucial to

mention the possibility of scaling up the synthesis of the particles in an industrial level.

BASF has already developed synthesis techniques and produces in ton scale a variety of MOFs

named Basolite for energy applications and catalysis [21].

Named as MIL-family (Materials of Institute Lavoisier), the iron-carboxylate MOFs are

considered as one of the most adapted groups of MOFs for bioapplications. Zinc-imidazolate

MOFs and mainly ZIF-8 are also interesting candidates. Some other systems, UiO-66(Zr) (UiO

stands for University of Oslo) or HKUST-1 (Hong Kong University of Science and

Technology), are also used extensively in bioapplications. Last but not the least, a new group

was developed, called bioMOFs, in which biomolecules were used as constitutive linkers. For

example, BioMIL-5 synthesized from Zn2+ and azelaic acid was stable in aqueous solutions

and, after degradation, azelaic acid was released [22]. All these materials are gathered in

Table 21.1, showing the large variety of ligands and possibility to reach pore sizes up to 34 Å.

Obviously, the unlimited combination of different metals and ligands leads to the formation of

new porous materials with different sizes and properties, some of which are suitable for

bioapplications. However, the stability of these materials remains still an important issue and

the most studied one, MIL-100(Fe), was considered one of the most promising candidates [23].

MIL-100 is a mesoporous MOF consisting of iron trimers connected by trimesic acid ligands,

which reproduce a crystalline structure with two different types of cages (25 and 29 Å),



Table 21.1 Overview of biodegradable MOFs.

MOF name Structure Organic ligand Pore size (Å) References

MIL-100(Fe) Trimesic acid 25
29

[12]

MIL-89(Fe) Muconic acid 11 [12]

MIL-88A(Fe) Fumaric acid 13.9 [12]

MIL-101_NH2 Aminoterepthalic acid 29
34

[12]

MIL-53 Terepthalic acid 8.5 [12]

ZIF-8 2-Methyl imidazolate 11.6 [63]

UiO-66(Zr) Terepthalic acid 12 [64]
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Table 21.1 Overview of biodegradable MOFs—cont’d

MOF name Structure Organic ligand Pore size (Å) References

CPO-27-Co/Ni 2,5-
Dihydroxyterephthalic acid

11 [65]

HKUST-1 Trimesic acid 9 [66]
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accessible through pentagonal (5.6 Å) and hexagonal windows (8.6 Å) [24]. MIL-100(Fe)

advantageously presented high drug loadings and good stability by maintaining simultaneously

its biodegradable character [25].

21.3 Drug loading and release

A wide variety of active molecules have been incorporated in the pores of MOFs, such as

anticancer, antiviral and antiinflammatory drugs, or antibiotics. Recently, oligopeptides,

nucleic acids, and proteins were also encapsulated inside the MOFs’ pores [26] and even

hydrogen for cancer therapy [27]. Ibuprofen was successfully encapsulated into the pores of

MIL-100(Cr) and MIL-101(Cr) [24]. However, the toxicity issues of the chromium metal was

an important issue and this metal could be successfully replaced by iron leading to the

formation of MIL-53(Fe), a flexible MOF structure that by the effect of its “breathing”

phenomenon could adsorb into its pores the drug ibuprofen [28]. In 2010, a wide range of

nanosized iron-carboxylate MOFs, adapted for intravenous administration, was described [12].

By this way, it was demonstrated that the loading capacity was related to the pore and window

sizes, as well as the nature of the constitutive ligands. Of note, a variety of drugs, hydrophobic,

hydrophilic, and amphiphilic, were successfully incorporated [14, 29].

In another example, M-CPO-27 (where M¼ Ni or Co) adsorbed significant amounts of NO, a

biological active gas, of interest for its antibacterial, antithrombotic, and wound healing

applications [30]. HKUST-1 was the guest of different molecules (ibuprofen, anethole, and

guaicaol) with a loading of more than 30 wt% [32]. Lin et al. synthesized a Tb3+-based MOF

coated with Silica for platinum-based anticancer drug delivery [33]. Moreover, Gd3+-based

MOFs were developed as contrast agents for MRI [34, 35]. In another study, Mn2+ nanorods
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were proposed for the same imaging purpose, in order to avoid the toxicity issues raised from

the use of Gd3+ [34, 35]. In conclusion, increasing interest is dedicated to the use of MOFs

for drug incorporation and/or imaging purposes. Table 21.2 summarizes the different

families of active molecules incorporated in nanoscale MOFs.
Table 21.2 Loadings of different active molecules.

MOF Active molecule Drug loading (wt%) References

MIL-100(Fe) Busulfan 25.5 [12]

AZT-TP 21.2 [12]

Cidofovir 16.1 [12]

Doxorubicin 9.1 [12]

Ibuprofen 33 [12]

Caffeine 24.2 [12]

Gemcitabine monophosphate 30 [36]

Topotecan 11.6 [41]

Amoxicillin/cluvalanate 13/22 [42]



Table 21.2 Loadings of different active molecules—cont’d

MOF Active molecule Drug loading (wt%) References

MIL-89(Fe) Busulfan 9.8 [12]

Cidofovir 14 [12]

MIL-88A (Fe) Busulfan 8.0 [12]

AZT-TP 0.6 [12]

Cidofovir 2.6 [12]

MIL-101_NH2 AZT-TP 42.0 [12]

Cidofovir 41.9 [12]

MIL-53 Busulfan 14.3 [12]

AZT-TP 0.24 [12]

Ibuprofen 22 [12]

Caffeine 23.1 [12]

Continued
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Table 21.2 Loadings of different active molecules—cont’d

MOF Active molecule Drug loading (wt%) References

bio-MOF-1 Procainamide hydrochloride 22 [42a]

HKUST-1 Ibuprofen 34 [31, 32]

Anethole 38 [31, 32]

Guaicaol 40 [31, 32]

PCN-221 MTX 40 [42b]

CPO-27-Ni/Co RAPTA-C 100 [67]

ZIF-8 5-Fluorouracil 45.4 [16]

Doxorubicin/verapamil 8.9/32 [68]

UiO-66(Zr) Doxorubicin The amount of DOX
loadable into UiO-66
was calculated to be

1 mg DOX/mg
UiO-66

[31, 32]
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Table 21.2 Loadings of different active molecules—cont’d

MOF Active molecule Drug loading (wt%) References

Cisplatin 29.8 [68a]

Ibuprofen 35.5 [68b]

Aspirin 25.5 [68b]

Degradation mechanism and in vivo fate 475
It is of main importance that the MOF carrier doesn’t alter its properties during and after

the drug loading procedure and also that the loading efficiency is high enough. The most

common loading procedures consist of impregnations of MOF particles in aqueous or

ethanolic drug solutions, during which the active molecules are incorporated into the

pores of the MOFs by diffusion and coordinate with the metal sites and/or organic ligands.

Some of the most studied active molecules are the phosphorylated drugs, such as the

anticancer drug Gemcitabine monophosphate or the azidothymidine triphosphate (AZT-TP),

which were incorporated in MIL-100(Fe) with yields close to 100% [36, 37]. It was

found that azidothymidine monophosphate (AZT-MP) was released faster from the MOFs as

compared to AZT-TP, as a result of its weaker interaction with the nanoparticles [37]

(Fig. 21.1).

After drug loading, the release of the cargo was typically studied in different media, such

as PBS (phosphate buffer saline), Tris (containing sulfates), and biological mediums with

or without serum [38]. In PBS, the most investigated release medium, a competition for

the metal sites of the framework, was observed between the phosphates, the linker, and the

active molecule. As shown in Fig. 21.2, the phosphates in the release media triggered both

drug and ligand releases, whereas no drug release was observed in Tris buffer or in water [39].

In another study, the degradation mechanism of MOF particles loaded with the antibiotic

gentamicin was investigated in different media [40]. The release of the constitutive ligand

was both influenced by the presence of the incorporated drug and the nature of the

release media.
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Fig. 21.1
Degradation of loaded MOFs with two different phosphorylated drugs: release of AZT-MP and

AZT-TP in PBS at 37°C. Reproduced with permission from V. Agostoni, et al., Impact of phosphorylation on the
encapsulation of nucleoside analogues within porous iron(iii) metal-organic framework MIL-100(Fe)
nanoparticles, J. Mater. Chem. B 1 (34) (2013) 4231–4242, copyright 2013, J. Mater. Chem. B.

Fig. 21.2
Release of the drug and the constitutive ligand in different mediums: (A) release of AZT-TP in PBS
(green line), Triss buffer (red line), and H2O (blue line). (B) Release of trimesic acid in PBS (green line),
Triss buffer (red line), and H2O (blue line). Reproduced with permission from V. Agostoni, et al., Towards an
improved anti-HIV activity of NRTI via metal-organic frameworks nanoparticles, Adv. Healthc. Mater. 2 (12)

(2013) 1630–1637, copyright 2013, Advanced Healthcare Materials.
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As a consequence, it is logic to assume that the presence and the nature of molecules

entrapped into the pores of the MOFs affect the degradation kinetics, either by accelerating or

by slowing it down. This has been demonstrated in the case of the topotecan, an anticancer

drug entrapped in MIL-100(Fe) nanoparticles [41].

Topotecan has the particularity of forming aggregates in solution and π-π stacking interactions

in solid state. It could be efficiently loaded inside the MOF pores after step by step

impregnations (“ship in a bottle” method). By this way, impregnation took place in diluted

drug solution, where the molecules were not aggregated and could pass through the MOF

windows (Fig. 21.1). However, once in the pores, topotecan molecules aggregated forming

clusters and the final loading reached 12 wt%. In this case, around 14 topotecan molecules were

packed inside each cage of the framework. Interestingly, this clustering effect dramatically

reduced the degradation of the MOFs, possibly by avoiding the penetration of the outer medium

in the pores (Fig. 21.3).

More recently, it was shown that two different molecules could be co-incorporated inside MIL-

100(Fe) nanoparticles [42]. The antibiotics amoxicillin (AMOX) and potassium clavulanate

(CL) were co-encapsulated reaching a total drug loading close to 35 wt%. As already

mentioned, MIL-100(Fe) is a mesoporous material with two different types of cages (25 and

29 Å) accessible through pentagonal and hexagonal windows (5.5 and 8.6 Å). CL was

preferentially packed inside the small cages, whereas AMOX was located in the large ones. Of

interest, the loaded nanoparticles penetrated inside infected macrophages releasing their drug

cargo in the vicinity of the intracellular pathogen. It was demonstrated that the MOFs degraded

inside the cells, within a few hours. However, the mechanism of intracellular degradation was

not investigated.

In a nutshell, the degradation mechanism of the MOF carriers was found to be related to

the amount and nature of the incorporated active molecules, their location (large and/or

small cages), capacity to form aggregates inside the pores, as well as nature of the

degradation medium and concentration of ion species. Therefore, it would be of great interest

to perform a systematic study of the degradation mechanism of the loaded particles in

different media.

21.4 Degradation

The stability of the MOF particles depends on several parameters, such as their constitutive

ligands and metal ions, the medium, the temperature, and the pH. In addition, the presence of

loaded molecules in the cores or an outer coating shell also affects MOF suspensions’ stabilities

and degradation.

As an example, a series of zirconium-based MOFs were studied after modifications of their

constitutive ligands in different media and their chemical and thermal stability was reported [43].
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Fig. 21.3
Self-assembly of MIL-100(Fe) and loading of Topotecan: (A) Schematic representation of the

synthesis of MIL-100(Fe). Formation of supertetrahedra by the ligand (trimesic acid) and the metal
(iron) and self-assembly into the final mesoporous MOF, MIL-100(Fe). MIL-100 consists of two
cages, small and large ones, which can be accessed by hexagonal and/or pentagonal windows.

(B) Dissociation of the dimers of topotecan into monomers and their entrapment selectively in the
large cages (LC) of the MIL-100. Once the monomers are entrapped, they are prone to aggregate by
π-π interactions inside the pores. Reproduced with permission from M.R. Di Nunzio, et al., A “ship in a bottle”

strategy to load a hydrophilic anticancer drug in porous metal organic framework nanoparticles: efficient
encapsulation, matrix stabilization, and photodelivery, J. Med. Chem. 57 (2) (2014) 411–420, copyright 2014,

Journal of Medicinal Chemistry.
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The length of the ligand chain, as well as the attachment of functional groups (amino and nitrogen

atoms) and finally their impregnation in various chemical solvents altered the stability of the

MOFs, as it was proven by a series of complementary techniques (PXRD, FTIR, TGA, etc.).

In other studies, the influence of the medium on the degradation mechanism of a Mg-gallate

MOF was investigated [44]. The constitutive ligand of this MOF is a natural active molecule

(gallic acid) with a remarkable antioxidant activity once it is released inside the organism. It

was shown that the release of the ligand was provoked by the degradation of the framework
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itself, but the kinetics of the release were influenced by the medium. More precisely, the

stability of the particles was tested in water and in RPMI and a lower stability was observed in

RPMI, probably due to the presence of phosphates in this medium.

Recently, the degradation mechanism of two different iron-carboxylate MOFs, MIL-100(Fe)

and MIL-53(Fe), was deeply studied under two different conditions [45]. The behavior of both

particles was investigated in boiling water (100°C) and after the adjustment of the pH to 7 by

addition of NaOH. Interestingly, it was shown that during degradation in boiling water, the

XRD patterns remained unchanged, whereas microscopic techniques revealed the formation of

small aggregates of 3–4 nm consisting of α-Fe2O3 in the case of MIL-100(Fe) together with a

well-crystallized product (goethite), or hematite in the case of MIL-53(Fe). In contrast, at pH 7,

both studied material became amorphous and partially degraded into an iron (oxo)hydroxide

material, ferrihydrite (Fig. 21.4).

The above study revealed the partial degradation of the MOFs and the formation of different

products at elevated temperatures or after pH modifications. However, these studies referred

only to the degradation of the particles in water and not in a buffer, nor a biological media.

Another study investigated the degradation mechanism of large MIL-100(Fe) crystals and the

effect of incorporated anticancer drugs after 8 days of incubation in PBS by using Raman

microscopy [46]. Advantageously, the method enabled studying the morphological features of

thousands of particles during their degradation and to take Raman spectra on selected ones.
(A) (B)
X 50,000 2.50kV

100nm ICB 7/3/2013
SEI GB_HIGH WD 4.4nm

Fig. 21.4
Morphology of MIL-100(Fe) and MIL-53(Fe) after reflux in water 100°C: (A) TEM image of MIL-100
(Fe) sample after reflux in water at 100°C for 48 h. (B) SEM image of MIL-53(Fe) after reflux in water
at 100°C for 8 h. Reproduced with permission from I. Bezverkhyy, et al., Degradation of fluoride-free MIL-100
(Fe) and MIL-53(Fe) in water: effect of temperature and pH, Microporous Mesoporous Mater. 219 (2016)

117–124, copyright 2015, Microporous and Mesoporous Materials.
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Fig. 21.5
Incubation in PBS of a micron-sized MIL-100(Fe) crystal. Taken by Raman microscopy of a micron-sized
MIL-100(Fe) crystal during 8 days. Reproduced with permission from X. Li, et al., New insights into the degradation
mechanism of metal-organic frameworks drug carriers, Sci. Rep. 7 (1) (2017) 13142, copyright 2017, Scientific

Reports.
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Even after 8 days of incubation in PBS, the global morphology and the size of the particles

remained unaffected. However, an eroded amorphous shell around a practically intact

crystalline core could be clearly visualized when following an individual MOF crystal over

several days (Fig. 21.5).

On the contrary, neither drug loading nor coating did affect the integrity of the MOF crystals.

These findings are in agreement with studies performed with nanoscale MIL-100(Fe) particles,

for which neither loading with the anticancer drug Gemcitabine monophosphate nor the coating

with phosphated cyclodextrins induced degradation [36, 47].

Of interest, Mossbauer spectroscopy and Energy Dispersive X-Ray Analysis revealed that,

upon degradation in phosphate buffer saline, the final degradation product of MOFs

presumably contained iron phosphate [46]. Indeed, phosphates from the degradation media

could coordinate with iron sites, leading to the release of the trimesate constitutive ligands and

thus to the amorphization of the material.

It can be expected that the composition of the degraded material is related to the nature of the

complexing molecules in the degradation medium. This would need further investigations.

Indeed, when a biodegradable polymer such as poly (lactic-co-glycolic) acid (PLGA)

degrades, the final products are always lactic acid and glycolic acid. In the particular case

of MOFs, the nature of the degraded products would depend strongly on the degradation

medium and its ability to complex iron sites to release trimesate linkers. This highlights

the importance of studying in depth the degradation of each type of MOF in different

experimental conditions.
21.5 Surface engineering

Surface engineering is generally performed to improve nanoparticle colloidal stability and

for targeting diseased organs and tissues. Appropriate surface modification of highly porous

MOFs should
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Fig. 21.6
Surface modifications.
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• Not degrade the carrier during the coating procedure

• Be anchored on the external surface of the particles and not affect the internal porosity of

the particles

• Have a biodegradable character without side toxic effects

• Undergo an easy and “green” procedure

Several approaches, schematically represented in Fig. 21.5, were described to modify the

surface of nanoscale MOFs (Fig. 21.6).

First attempts of MOF surface modification consisted in grafting silica shells in order to avoid

rapid dissolution [34, 35]. Interestingly, the drug release was controlled by varying the silica

thickness. The silica coating stabilized the particles against degradation (t½¼ 1.2h for the

uncoated ones and t½¼ 16 h for the silica-coated MOFs).

As mentioned, surface modification should not alter the internal porosity of the particles.

Polyethylene glycol (PEG) is a hydrophilic polymer used in biochemistry for modifying a

variety of biomolecules and it is one of the most common used polymers, approved by the US

Food and DrugAdministration (FDA). PEGylation is the process of grafting PEG on the surface

of the nanocarriers, in order to improve their pharmacokinetics and to avoid their aggregation.

Gupta et al. studied the influence of the coating with PEG chains on the drug release of drug-

conjugated MIL-101(Fe) particles [48]. Firstly, the particles were functionalized with amino

groups, followed by ibuprofen loading and surface coating by PEG chains. The surface-

modified particles were incubated in PBS at different pHs and their degradation mechanism

was explored. It was shown that the release of the drug cargo was strongly dependent on the pH.
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The acidic pH provoked a faster release of the drug as compared to neutral pH. It was also

discovered that the release was slowed down after surface modifications, mainly because of the

protection of the particles by the PEG corona, which prohibited the penetration of the

phosphates from the release media into the core to erode it.

In another study, Zr-based MOFs were considered for surface modifications [49]. Because of a

lower pKa of fumaric acid as compared to terepthalic acid, the fumarate analog was more stable

than the terephtalate one during incubation in PBS 10 mM at pH¼7.4. Moreover, after

PEGylation, the stability of the Zr-fumarate particles was further increased, indicating that the

coating plays an important role on the stability.

An innovative system was engineered for Positron Emission Tomography (PET) imaging

coupled with tumor targeting [31]. UiO-66 (Zr) MOFs loaded with Doxorubicin and the isotope
89Zr were coated by a series of molecules in a “Lego” manner and they were studied both

in vitro and in vivo as drug carriers and theragnostic agents. It was shown that the release of

DOX in simulated physiological conditions was pH-dependent. The released drug amounts

were higher in acidic conditions. Here again, surface modification significantly improved the

stability of the MOF particles, by establishing strong π-π interactions with the bridging organic
ligands of the MOFs.

However, in the case of MIL-100 (Fe) nanoparticles, it was shown that PEG coating can easily

penetrate inside the open MOF porosity, which makes the coating of these materials

particularly challenging [47]. Indeed, PEG is able to fill the pores leading to a dramatic loss of

the incorporated drugs. To address this issue, a strategy was to coat the outer surface of the

MOFs with bulky materials, by keeping their porosity unaffected [47]. Thus, MIL-100(Fe)

nanoparticles were covered by phosphated cyclodextrins, biocompatible molecules that

efficiently coordinated to the CUS sites at the surface of the nanoMOFs, leading to stable

coatings in biological media, despite their noncovalent nature.

Bulky enough, cyclodextrins were anchored only on the MOFs’ external surface. By a simple

incubation with aqueous nanoMOF suspensions, an efficient coating was achieved by

coordination of phosphates with iron sites at the surface, and it could be further functionalized

with PEG chains and targeting moieties, such as mannose by a Lego-type methodology. To do

so, PEG chains were grafted with adamantane which formed inclusion complexes with

cyclodextrins, maintaining PEG at the surface and avoiding its penetration inside the MOF

pores. Of note, the coating procedure did not degrade the MOFs nor induce drug leakage.

More recently, three different phosphated cyclodextrins (CD-P) were used to coatMIL-100(Fe)

nanoparticles and their influence on the release of AZT-TP was studied [50]. Moreover,

polymeric cyclodextrins were used and it was demonstrated that the drug release was better

controlled in this case, as compared to monomeric cyclodextrins. Indeed, the thicker shell could

afford better interactions with the drug, slowing down its release. This study is an evidence that
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the nature of the coating material and the encapsulated active molecule can both affect the

degradation of the MOF particles and the release patterns.

β-CDwas also used to coat an iron-basedMOF(MOF-235), significantly increasing their stability,

because of the external shell [51]. Another versatile method for MOF surface modifications was

the noncovalent bonding of biomolecules such as chitosan and heparin [52, 53]. Both

macromolecules were used for the coating of MIL-100(Fe) nanoparticles. Heparin is a

polysaccharide large enough (8.2�8.9 Å) not to penetrate within the MIL-100(Fe) porosity. It

also has various functional groups (i.e., sulfate, carboxylic, and hydroxyl) prone to interact

with MOF surface. As for cyclodextrins [47, 50], MOF coating was performed in aqueous

solutions by simple impregnation. The degradation of the nanoparticles was not influenced by the

presence of the heparin coating.

In a similar manner, MIL-100(Fe) nanoparticles were coated with chitosan, a biocompatible

polysaccharide. The stability of the coating was evaluated using chitosan grafted with a

fluorescent dye. In parallel, the degradation profile of coated and uncoated nanoparticles was

investigated by quantifying the release of the organic ligand trimesate at 37°C in different

media. Interestingly, in the case of PBS the release of the ligand was around 30 wt% for the

uncoated and less than 7 wt% for the coated particles, indicating that chitosan hinders the

degradation of the nanoparticles and improved their chemical stability, probably because of the

slower penetration inside the cores of the degrading phosphates from the suspension media due

to the presence of the shell.

Lipid coating is also another convenient method for MOF coating and stabilization. Nanoscale

coordination polymers (NCPs) based on Zn2+, Zr4+, and Gd3+ ions and containing methotrexate

(MTX) as bridging ligand were synthesized and they were further encapsulated in a

functionalized lipid bilayer for the delivery ofMTX into cancer cells. Zn2+ metal ions were first

chosen because of their biocompatibility. However, the nanoparticles were not stable enough to

be coated by the lipid layer. Therefore, the more stable tetravalent metal ion Zr4+ was chosen

and the lipid coating was successfully achieved. However, the resulting nanoparticles were

unstable in PBS and in simulated body fluid (SBF). Finally, Gd3+-basedMOFswere most stable

during and after coating. In the same context,Wuttke et al. successfully synthesizedMOFs lipid

nanocarriers, using as a lipid layer DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) for the

hostage of dye molecules [53a]. According to the in vitro studies performed by these authors, it

was proved that the coating of the particles by lipid layer prevented the fast release of

their cargo.

More recently, a GraftFast polymerization procedure was developed to coat MIL-100

nanoparticles with a PEG or a polysaccharide shell [54]. Specifically, MIL-100(Fe) andMIL-100

(Al) were coated with different polymers (480 Da, 2 and 5 kDa acryl-PEGs and acryl-hyaluronic

acid grafted with PEG). Acrylate polymerization occurred at the outerMOF surface preserving its

porosity and without degradation. Of note, degradation of the coated particles was reduced as
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compared to uncoated ones. More precisely, 50 wt% of the trimesate was released in PBS after

24 h incubation for the uncoated particles and 43 and 38 wt% for the particles coated with

PEG2kDa and PEG5kDa, respectively. This result shows not only that the chemical stability of the

nanoparticles was improved by coating, but also that it depends on the molecular weight of

the coating polymer.

From the above studies, it can be concluded that after coating, MOF degradation can either be

unaffected or be significantly reduced. Indeed, some coating procedures and materials can

protect MOFs against degradation. It would be of high interest to establish a relationship

between the nature of the coating and the degradation patterns. This would pave the way toward

the design of engineered coatings that will not alter the MOF physico-chemical properties, but

improve their colloidal stability and control the degradation in biological media.

21.6 Toxicity and in vivo fate

One of the major concerns with in vivo administration of the nanocarriers is their potential

toxicity after degradation/metabolism inside the body. The degradationmechanism of theMOF

particles is difficult to be mimicked in vitro, as body fluids contain thousands of different ions,

proteins, and cells. Moreover, depending on their administration route, the MOFs get in contact

with different media.

There is still a lot of research to be performed to unravel the in vivo degradation mechanism of

MOFs as only scarce studies mention the biodegradability of these relatively novel drug carriers

inside the body. Some of these studies were mainly focused on biodistribution of nanoMOFs

after intravenous administration and their lack of toxicity [55].

In one of the first attempts to investigate the in vivo fate of MOF nanoparticles in a living

organism, Baati et al. performed in vivo toxicity tests inWistar rats using three different Fe-based

nanocarriers: MIL-88A, MIL-88B-CH3, and MIL-100 [25]. All of the particles were neither

loaded nor coated, and one month after intravenous administration of 220 mg/kg of MOFs, no

evident sign of toxicity was detected. In another study, nanoscale MOFs were loaded with the

antineoplastic drug busulfan, leading to dramatic pharmacokinetic changes as compared with

unloaded nanoparticles [56]. The degradation profile of the particles appeared to be affected by

drug loading and the loaded particles were eliminated faster from the organism than the unloaded

ones [56]. In a more recent study, MIL-89 nanosized MOFs were evaluated in vivo for their

ability to treat pulmonary arterial hypertension (PAH) [57]. Uncoated and PEGylated particles

were investigated and none of them induced toxicity after intravenous administration.

Interestingly, it was shown that the coated particles were more stable than the uncoated ones.

More recently, MIL-100 particles loaded with the anticancer drug Gemcitabine-monophoshate

were intravenously administered to treat lung cancer in a mice model [58]. Interestingly, the

nanoparticles immediately aggregated after injection and contact with blood, and the
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aggregates were sequestered into the lungs. This strategy enabled delivering locally their active

anticancer drug cargo to kill cancer cells. Interestingly, aggregates rapidly disassembled and the

animals tolerated the treatment. It was shown that this aggregation/disaggregation mechanism

was related to the nanoparticles’ surface charge and to the pH of the suspension media.

Moreover, it was hypothesized that the fast degradation of the particles in the presence of

phosphates from blood could trigger the disassembly of the aggregates.

In a complementary study, the behavior in vitro and in vivo of a large series of MOFs was

studied by using as model Zebrafish embryos [59]. A strong correlation between in vitro and

in vivo studies was found. Interestingly, a lower toxicity was observed for the particles that

were degraded slower. After cell internalization or in vivo administration, each nanoMOF was

degraded showing different degradation products and patterns.

In different fields than drug delivery, a copper-based MOF used as a catalyst was synthesized,

in order to perform localized drug synthesis in mitochondria [60]. The catalytic activity and

stability of this complex were indicated by using the localized synthesized resveratrol-derived

drug, and most importantly, the in vivo tests performed in C. elegans and mice models proved

the biocompatibility of the catalyst.

In another study, MOFs were used as radio-sensitizers to improve the performance of

radiotherapy [61]. MOF nanoparticles synthesized from the heavy metal hafnium (Hf4+) and a

porphyrin ligand were coated by PEG chains and studied in vitro and in vivo as potential

candidates for radiotherapy treatments. After 30 days of exposure in mice models, their

biocompatibility was proved, mainly because of the successful excretion of the nanoparticles

from the organism. Even further, a new treatment strategy combining local Photodynamic

Therapy Treatment and Immunotherapy by using MOF nanoparticles was introduced [62].

A chlorin-based nanoMOF loaded with the immunotherapy agent that inhibits indoleamine 2,3-

dioxygenase (IDO) was studied in vivo showing that both primary-treated and distant-untreated

tumors were shrinked, because of the synergistic effect of the therapy.

After taking into consideration the previously reported pharmacokinetics and biodistribution

data, it can be concluded that the presence and the nature of a drug molecule inside the MOF

framework affect their degradation behavior. Each MOF shows a different degradation

mechanism, which is strongly related to the composition of the release media. This is one of the

main reasons that each drug-loadedMOFmaterial designed for biomedical applications should

be examined individually in terms of stability and consequently of biodegradability

21.7 Conclusions and future outlook

In reason of their versatility in terms of sizes, composition and surface modification,

biodegradability, and biocompatibility, MOFs engineered for biomedical applications

demonstrated their usefulness for drug delivery applications. They were able to load
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unprecedented amounts of drugs with various physico-chemical properties. However, the

stability of nanoscale MOFs in vitro (biological media) and in vivo (after intravenous

administration) remains still challenging to be controlled.

Furthermore, the intriguing effects of drug clustering in cages on the stability of MOFs are

another interesting observation to be exploited. Shells were shown to stabilize MOFs against

degradation and aggregation and this research field is expected to be in constant growth.

While polymeric nanoparticles typically degrade forming oligomers and further monomers of

well-known chemical structures, MOF end-degradation products are dependent on the

degradation media. This peculiar behavior incites to perform exhaustive studies to unravel the

MOF degradation behavior as well as to identify the nature of the degraded material in relation

with its elimination from the body. One strategy reviewed here was the investigation of the

degradation of individual large MOF particles, with focus on the chemical composition of

different regions on a same particle as a function of degradation time. Such studies could be

carried on with a series of particles with different compositions and sizes.

With a deep knowledge on the degradation mechanism of MOFs, their peculiar aggregation/

disaggregation behavior in complex media could be further exploited to engineer novel MOFs

for biomedical applications.
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CHAPTER 22
Metal-organic frameworks (MOFs) for
enzyme immobilization
Leena B. Vaidya, Shamraja S. Nadar, Virendra K. Rathod

Department of Chemical Engineering, Institute of Chemical Technology, Mumbai, India
22.1 Introduction

Enzyme, a natural green catalyst, can speed up biotransformation by minimizing the activation

energy without actually being participated in the reaction [1]. Enzymes catalysis has been

thoroughly explored in various applications, production of chemicals, and pharmaceuticals by

both industry and research academics [2–4]. Generally, practical application of enzyme has

been hampered due to small range of pH, less stability at a higher temperature, low chemical

stability, self-aggregation, etc. [5, 6].

Immobilization has been developed as an extensive tool for the stabilization and repetitive

continuous utilization of enzymes [7, 8]. It was found that operational stability (such as thermal

stability, chemical stability as well as their storage stability) of enzymes has profoundly

increased after their immobilization, which helps in overcoming [9]. Immobilization makes

easy separation and continuous utilization of enzymes by lowering the contamination in

reaction process medium, which causes a magnificent decrease in the cost of purification

process for enzymes, and therefore, can be used in continuous as well as fixed bed industrial

applications [10, 11]. Enzyme immobilization with different matrices takes place through

physical forces as well as covalent interactions. The selection of immobilization strategy

and choice of immobilization matrix are extremely important to prevent the loss of enzyme

activity [12]. There are various physical and chemical methods for enzyme immobilization

such as surface adsorption, entrapment, microencapsulation, covalent attachment, and

cross-linking [13].

Enzyme immobilization on solid matrices has been extensively studied by a different group of

researchers [14–16]. Over the decades, porous nano-based materials (such as sol-gel matrices,

hydrogels, organic micro-sized particles, and mesoporous silica) have been adapted as

the favorable alternative matrix for enzyme immobilization due to high surface area, tailored

pore-size distribution, and controllable pore geometry [6]. However, immobilization of

https://doi.org/10.1016/B978-0-12-816984-1.00024-X
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enzymes carried out during sol-gel reaction synthesis may lead to complete denaturation of

enzyme. Additionally, immobilization of enzyme in hydrogels/microparticles suffers from

leaching, enzyme denaturation, and mass transfer limitation [17]. Among various porous

nano-based carrier for immobilization, mesoporous silica has been most rigorously explored.

However, the leaching of enzyme during reaction processes is a major disadvantage. Also, it

shows significantly lower recovery and reuse due to nonspecific interaction of enzyme

molecules and silica [18].

Recently, organic-inorganic hybrid materials (such as metal-organic frameworks (MOFs) and

nanoflowers) have gained considerable attention as an immobilization platform [19]. For the

last few decades, MOF has gained prodigious appreciation from all over the world as tailored

porous material. It has distinctive attributes such as structural ability, surface topology, low

densities, crystallographic structure, designable organic ligand, and high pore volume [20–22].
They have been employed in various sectors such as catalysis, separation, luminescent sensors,

drug/enzyme carriers, and energy conversion/storage application areas due to structural and

functional tenability [23, 24]. MOFs are fabricated using metal and tunable organic linker

which was linked together through strong metal-ligand bonding (π-π interactions and hydrogen
bonding), resulting in the framing of two-dimensional or three-dimensional extended structures

[20]. Various studies investigated MOFs such as MOF-5, MIL-101, and zeolitic imidazole

frameworks (ZIFs) as a model MOF in the field of gas separation, catalysis, and drug delivery

[25]. MOF has a great potential as a support material for enzyme immobilization platform due

to unique characteristics such as high pore volume and area of surface, tunable pore size, and

easy modification on metal and ligands with moderate synthetic conditions [26, 27].

This book chapter consists of different strategies of preparation of enzyme-MOF composites

such as surface immobilization, pore encapsulation, covalent binding, and de novo approach.

Further, it highlights the benefits of MOFs brought to the immobilized enzyme with respect to

their various characteristics such as catalytic activity, thermal kinetics, chemical stability,

Michaelis-Menten kinetics, recyclability, and storage stability. We anticipate that this book

chapter will motivate researchers to investigate in the field of the MOF composites as an

immobilization platform and their practical applications beyond proof-of-concept studies.

22.2 Design of MOF as a platform

A synthesis process of MOF includes metal ion and organic ligands, which form coordination

bonds to form a highly crystalline structure with extremely high surface area with versatile 3D

extended structures [28]. The attachment of various biomolecules such as proteins and enzymes

is expedited by this exceptional functionality of MOFs through covalent and noncovalent

interactions. Currently, MOFs with large pore size such as HKUST-MOF, Tb-TATB,

Mn-MOF, and PCN-333 have been extensively studied by researchers [26]. Tunable porosity

and enormous functional groups of MOFs on the surface are required for immobilization of
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enzyme [29]. Nowadays, there has been some rigorous research ongoing to synthesize zeolitic

imidazolate frameworks (ZIFs), Tb-BDC, MIL-88, and HKUST-1 under desired conditions to

acknowledge the leading problem of preservation of enzyme activity. In recent years, MOFs

have emerged as a major area of enzyme immobilization [30–32].
22.3 Enzyme-MOF composite

Free enzymes can be immobilized with different types of solid support via various types of

bonding interactions. These immobilization strategies can be classified into four categories:

surface immobilization, pore encapsulation, covalent binding, and de novo approach (Fig. 22.1)

[33]. The selection of methodologies should be based on the properties of enzymes, type of

solid support, and targeted applications [21].
Fig. 22.1
Schematic of the various immobilization methodologies for MOF-enzyme composites.
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22.3.1 Surface immobilization

Surface immobilization is the easiest method for enzyme immobilization which involved the

physical adsorption of enzyme on the surface of MOF matrix. Adsorption of enzymes via

physical weak interactions involves π-π interactions, molecular interactions, and charge

interactions [34]. The summery of enzyme immobilization onto MOF by surface

immobilization technique is listed in Table 22.1. Tagging of enzymes with dye is one of the

representations of surface attachment of enzyme by physical forces [43]. Lin and coworkers

proposed a simple method for the development of trypsin-FITC immobilized MOFs (MOF

bioreactor) by combining trypsin with CYCU-4 and MIL-101 (Fig. 22.2). This was the first

enzyme dye tagging mechanism study which demonstrated that the enzyme molecules could

first combine with dyes and able to enter into the defined MOF pores. It was observed that dye

could easily penetrate into the pores and enzyme molecules remain anchored on the surface of

MOFs by half an hour of mixing which acts as a driving force with 72% peptide sequence
Table 22.1: MOF-enzyme composites formed by surface immobilization.

MOF Enzyme

Enzyme loading

and activity Application

Improvement over free

enzyme Refs.

CYCU-4 Trypsin 55.2 mg mg�1 BSA digestion High catalytic activity than
free enzymes

Improved reusability

[35]

UiO-66 Trypsin 80 mg g�1 Enhanced industrial
catalysis

– [36]

Cu-BTC Lipase
(BSL2)

50 mg mg�1 Esterification Modification of BSL2
increased stability and
showed 90.7% of initial

activity

[37]

UiO-66 PPL 202.4, 196.7,
196.1, 198.9,
194.2 μmol
PPL g�1

Warfarin synthesis Retained most activity after
storing at 4°C for 35 days

[38]

ZIF-7,
ZIF-8,
ZIF-67,
ZIF-68
and ZIF-

70

Glucose
dehydro-
genases
(GDH)

584.9 mg g�1 Electrochemical biosensing
of glucose

Sensor that was reusable
50 times

[39]

Cu-MOF Laccase 502 mg g�1

0.157 mmol L�1
Biodegradation of reactive

textile dye pollutants
– [40]

Zr Laccase 221.83 mg g�1

95.90 � 0.28%
– Activity remains 50% (10

cycles), 555.4% at end of
3 week of storage

[41]

MIL-
100-Fe

GOx – Glucose sensor Limit of detection is 5 mM [42]



Fig. 22.2
Schematic representation of (A) trypsin tagging and immobilized onto the surface of MOFs and

(B) protein digestion. Reproduced with permission from W. Liu, S. Lo, B. Singco, C. Yang, H. Huang, C. Lin,
Novel trypsin–FITC@ MOF bioreactor efficiently catalyzes protein digestion, J. Mater. 1 (2013) 928–932,

https://doi.org/10.1039/c3tb00257h. The Royal Society of Chemistry.
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coverage. This novel trypsin-based MOF bioreactor demonstrated high protein digestion,

exhibiting high proteolytic activity that was stable over several cycles. Further, they

fabricated a novel fast multipoint bioreactor by trypsin as molecule using a dye,

4-chloro-7-nitrobenzofurazan (NBD), which helps in binding of trypsin molecules to theMOFs

such as MIL-101(Cr), MIL-100(Cr), UiO-66(Zr)), and CYCU-4(Al). Results indicated that

MOFs such as MIL-53(Al) and MIL-53(Cr) (channel size around 0.8–1.1 nm) showed poor

adsorption capacities, while the other two types of MOFs (MIL-101(Cr) and DUT-4(Al)) (with

window and channel size around 1.2 nm) provided exhaustive adsorption abilities (>99%), and

almost 92% adsorption capacity was obtained from DUT-5(Al) and CYCU-4. The above

https://doi.org/10.1039/c3tb00257h
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observations supported the high correlation between the FITC adsorption and the window (or

channel) size carried by the MOFs [35]. Liu et al. immobilized Bacillus subtilis lipase (BSL2)

on Cu-BTC porous MOF via adsorption and used it for the esterification of lauric acid and

benzyl alcohol. Template-free synthesized hierarchically porous Cu-BTC MOF with anchored

BSL2-Surfactant exhibited the great enzyme activity even after 10 cycles of recycling [36].

Furthermore, simple physical adsorption approach was explored for the porcine pancreatic

lipase (PPL) as a biocatalyst on different crystalline MOFs such as UiO-66, UiO-66-NH2,

MIL-53(Al), and carbonizedMIL-53(Al) with dimensions of 4.6 � 2.6 � 1.1 nm byHung et al.

In this study, PPL large molecules only could anchor to the exterior surface of MOFs. The

immobilized PPL was used for the first time to catalyze Micheal addition reaction to produce

anticoagulant warfarin. In another study, Mao et al. studied the adsorption of glucose

dehydrogenase (GDH) through electrostatic and hydrophobic interactions onto the array of

ZIFs series of MOFs. Characterization techniques such as FTIR, XRD, and SEM were adopted

to confirm the adsorption of GDH onto MOFs [39]. Various researchers carried out similar

work for numerous enzymes such as laccase on MIL-100(Fe) [44], β-Glu (β-glucosidase) on
MIL-53(Al), NH2-MIL-53(Al), and Mg-MOF 74 [45].

The remarkable characteristic of MOF such as large pore size has enabled small protein

incorporation (3–4 nm in diameter). However, incorporation of large size of bulky enzymes is

possible only by incorporation of long chain cross-linker as one of the counterparts of MOF.
22.3.2 Pore encapsulation methods

Forgoing studies of enzyme-MOFs attributed that the physical adsorption of enzyme mainly

manifests the major shortcoming which is a leaking of enzyme [46]. To overcome this, the

enzyme was encapsulated within the pore of MOF which was done by soaking MOF crystals in

a solution of the desired enzyme for certain time depending on the system. Pore encapsulation

method is regarded as a better method because of the confinement of enzyme within MOF

through diffusion. Catalytic properties (selectivity of enzyme and substrate diffusion for

specific applications) can be balanced by selection of counterparts of MOF [47]. A novel class

of mesoporous MOFs showed the intrinsic advantages over microporous MOFs by providing

confide protective covering for enzyme and preventing aggregation enzyme molecules. Pore

encapsulation can be classified into two types [48]: (i) unmodified MOF known as a cage

inclusion in which pore size of MOF is larger than window size and (ii) channel-type porogen

unmodified MOF where pore size of MOF is as small as window size through which pore is

accessible. A typical example of enzyme encapsulation within MOF cage was reported by

Pisklak et al. In this example, microperoxide-11(MP-11) was encapsulated in nanocrystalline

of Cu-MOF via diffusion. The hierarchically porous Cu-MOF showed a Langmuir surface area

of 1260 m2 g�1 and average pore size of 1.78 nm, which was suited for immobilization of
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MP-11. It showed 63% higher catalytic activity than native form and even after seven recycles

MP-11 retained its catalytic activity of 48.9% [49].

Hierarchical channel type of mesoporous MOF was first time reported by Li et al. in 2016

for encapsulation of nerve detoxifying enzyme organophosphorus acid anhydrolase (OPAA)

into mesoporous zirconium MOF (PCN-128y). The prepared PCN-128y showed 4.4 nm

hexagonal channels and 1.7 nm of triangular channels (Fig. 22.3). OPAA/PCN-128y was used

to detoxify diisopropyl fluorophosphate (DFP), a less toxic nerve agent simulant, and an

extremely toxic nerve agent. Encapsulation of OPAA in PCN-128y MOF gives higher

temperature stability (over 70°C) than free enzymes [50]. Further, researchers have

investigated the effect of porogen, which helps in enlargement of pore size of MOF. Ding et al.

investigated the utilization of surfactant CTAB to develop microporous UiO-66. The enormous

surface area of UiO-66 was used for immobilization of laccase. Laccase/UiO-66 has shown

higher phenol degradation in just 12 h. On the same ground, lysozyme was adsorbed on

mesoporous zeolitic imidazole frameworks (ZIFs) with mesopores around 35.6 nm [41].
4.4 nm

7.8 nm

4.4 ´ 4.4 nmImmobilization

OPAA

O

(A)

(B) (C)

O

F F

DFP Soman

P P
O O O

Fig. 22.3
Schematic representation (A) immobilization of OPAA in the mesoporous PCN-128y. (B) Side view of
PCN-128y showing mesoporous and microporous channels (C) structure of nerve agents. Reproduced
with permission from P. Li, S.Y. Moon, M.A. Guelta, S.P. Harvey, J.T. Hupp, O.K. Farha, Encapsulation of a nerve
agent detoxifying enzyme by a mesoporous zirconium metal-organic framework engenders thermal and long-term
stability, J. Am. Chem. Soc. 138 (2016) 8052–8055, https://doi.org/10.1021/jacs.6b03673. Copyright 2016.

The American Chemical Society and Division of Chemical Education, Inc.

https://doi.org/10.1021/jacs.6b03673


498 Chapter 22
However a denser MOF framework may limit the accessibility of substrate to encapsulate

enzyme molecules, which ultimately suffers from mass transfer limitation. MOF is a

fascinating topic for host matrices, but it is not feasible for bulky enzymes due to size

limitations [51]. Jiang et al. established the novel facile approach for controllable construction

of ZIFs-MOF hollow composite via protein-induced under mild conditions through

soft-template strategy. Hollow ZIF-8 with 3.4 nm pore size was utilized for encapsulation of

Burkholderia cepacia lipase (BCL). Enhanced solvent stability and activity recovery of

BCL/H-ZIF-8 were showed over free and BCL/ZIF-8 due to reduced mass transfer limitation.
22.3.3 Covalent binding

Surface of different MOFs has a wide variety of functional groups (amino, hydroxyl, carboxyl

groups, etc.). Covalently bounded enzyme on the surface of MOFs provides enhanced stability

and recyclability. This method outmatched the recyclability of the immobilized enzymes with

diverse type of MOFs support and lesser enzyme leakage as compared to their noncovalent

interactions [52]. The summery of enzyme immobilization onto MOF by covalent bonding is

given in Table 22.2. Immobilization of enzyme through covalent binding was thoroughly

discussed in work study of Park et al. In this study, surface anchoring of enhanced green

fluorescent protein (EGFP) and Candida antarctica (CAL-B) onto an array of MOFs such as

1D-MOF, 2D-MOF, and IRMOF-3 was also discussed. The 1D-MOF, 2D-MOF, and 3D-MOF

groups of carboxylate were activated by ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)

and dicyclohexyl carbodiimide (DCC). The pendant carboxylate groups of the organic linker

were used for the enzyme interaction and activated carboxylate groups of the MOF were
Table 22.2: MOF-enzyme composites formed by covalent binding.

MOF Enzyme

Enzyme loading

and activity Application

Improvement

over free

enzyme Refs.

IRMOF-3 GFP, lipase 0.18 mg g�1 Trans-
esterification

103-fold higher
activity

[53]

UiO-66-NH2 SEH 87.3 mg g�1

17.6U
Asymmetric
hydrolysis

Higher yield and
higher

enantiomeric
excess

[54]

ZIF monolith Typsin 0.42 mg trypsin
cm�1

BSA digestion – [55]

MIL-88B(Cr)-
NH2

MIL-88B(Cr),
MIL-101(Cr)

Trypsin �20%–50% Proteolysis Similar activity
as free enzymes;
activity was

decrease to half

[56]



Precipitation Cross-linkerNH2

Fig. 22.4
Schematic representation of synthesis of immobilization of SEH onto UiO-66-NH2. Reproduced with
permission from C. Zhang, X. Wang, M. Hou, X. Li, X. Wu, J. Ge, Immobilization on metal-organic framework

engenders high sensitivity for enzymatic electrochemical detection, ACS Appl. Mater. Interfaces 9 (2017)
13831–13836, https://doi.org/10.1021/acsami.7b02803. Copyright 2016. The American Chemical Society

and Division of Chemical Education, Inc.
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interacted with amino groups of protein (EGFP) and formed the covalent amide bonds with

formation of enzyme-MOF complex [56]. Shih et al. carried out experiment involving

MIL-88B(Cr)-NH2, MIL-88B(Cr), and MIL-101(Cr) for the immobilization of trypsin. MOFs

were treated with dicyclohexyl carbodiimide, which allowed them to interact with amino

groups of trypsin and formed conjugate. It was observed that Try-MIL-88B-NH2(Cr) showed

similar activity as free enzyme but after immobilization Try-MIL-88B(Cr) and Try-MIL-101

(Cr) showed half of the initial activity. Research work was done in a similar area of the

immobilization of lipase (EDC activated) on Fe3O4@MIL-100(Fe) and Fe3O4

@Bio-MOF(ZnGlu) [56].

Cao et al. immobilized soybean epoxide hydrolase (SEH) onto functionalized UiO-66-NH2 via

cross-linking method (Fig. 22.4). Immobilized SEH showed effective operational parameter

stability than native form. The activities of immobilized form and free enzyme at 45°C showed

more than 17.6 U and 10.1 U activities, respectively. In storage stability studies,

SEH/UiO-66-NH2 showed 97.5% of its original activity after 4 weeks [57].
22.3.4 De novo encapsulation method

Generally, the presynthesized MOF-based immobilization methods always suffer from low

immobilization yield, enzymes leaching, and low stability (in terms of temperature and chemical

stability) [26]. Therefore, it demands extensive research for the development of a strategy,which

increases the area of MOF as an immobilization platform. In this approach, organic linker and

inorganic metal ions were combined to encapsulate enzyme as protective covering under

biocompatible conditions. During the process of synthesis, enzyme induces the formation of

MOF and facilitates crystallization of biomolecules around enzyme which resulted in

entrapment of enzyme. This approach categorized into the encapsulation in the presence of

stabilizing agent (surfactants) named as coprecipitation (Table 22.3) and direct facile

encapsulation without any stabilizing agent known as biomineralization (Table 22.4) [33, 73].

https://doi.org/10.1021/acsami.7b02803


Table 22.3: MOF-enzyme composites formed by co-precipitation.

MOF Enzyme

Enzyme loading

or activity Application

Improvement

over free

enzyme Refs.

ZIF-90 Catalase 5% (w/w) Peroxidise
degradation

Increases
tolerance to
proteinase K

[58]

ZIF-8 Cyt c – Oxidation of
Amplexs red

10-fold increase
in the activity

[59]

ZIF-90
ZIF-8

Catalase – Stability over
urea and

temperature

6 M urea and
80°C was the

highest
concentration
with 3-fold
increase

[60]

ZIF-8 HRP – Peroxidase
activity

�2–5 folds
higher activity

than free HRP in
solution

[61]

ZIF-8 α-Amylase and
glucoamylase

Activity 73.3U
per mg

Starch
hydrolysis

52% of residual
activity even

after five cycles

[62]

Cu-MOF Glucosidase 81.89% Cellulose
hydrolysis

98% glucose
yield, 70%

productivity in
the eight cycles

[63]
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A pioneered work de novo approach was introduced by the Lyu and coworkers for the first time.

They synthesized Cyt c/ZIF-8 (zeolitic imidazolate frameworks) crystals by adding Cyt c, zinc

nitrate, and 2-methylimidazole in assistance of polyvinylpyrrolidone (PVP). The presence of

PVP stabilized the Cyt c in methanol and maintained its dispersion (Fig. 22.5). The small pore

size of ZIF prevents leaching of enzyme as compared to other techniques. It also showed an

enhancement in the activity of Cyt c by 10-fold as compared to free enzyme [59]. In another

example, Ge et al. demonstrated the synthesis of novel horseradish peroxidase (HRP)/ZIF-8

crystals with an average size of 30 nm. In this work, reverse micelles were prepared fromwater,

Brij C10 and cyclohexane for the coprecipitation of enzyme, and Zn2+ and organic linker to

synthesize enzyme-MOF nanocrystal (Fig. 22.6) [61]. Similarly, Wang et al. carried out the

facile encapsulation of glucosidase into Cu-MOF through simple mixing of enzyme solution

and para-aminobenzoic acid. Encapsulation of β-G in Cu-MOF exhibited enhanced reusability,

and even after 10 cycles of reusability, 90% of catalytic activity was retained [63].

Biomimetic is another strategy for encapsulation of biologically active compounds under

protective exterior. Remarkable features of MOF including crystal size, morphology, and

compositional specificity can significantly be controlled by facile self-assemble one-pot

biomineralization method.Mechanism of biomineralization involves the mixing of enzyme and



Table 22.4: MOF-enzyme composites formed by biomineralization.

MOF Enzyme Application

Improvement over

free enzyme Refs.

ZIF HRP, GOx Glucose detection Detection of low
concentration of
glucose (0.4 μM)
with excellent
selectivity

[64]

ZIF-8 Catalase – 400% higher activity
by catalase@ZIF
composites with

cruciate flower-like
structure (12.24)

nm as compared to
rhombic

dodecahedral
morphology (3.28)

nm

[65]

ZIF-8 (R)-1-
phenylethanol
dehydrogenase
((R)-PEDH

[66]

ZIF-8 HRP, trypsin, lipase,
urease

Bio-storage,
chemical processing
and pharmaceutics

80% of catalytic
activity vs 20%

catalytic activity of
free HRP

[67]

ZIF-8 Lipase Kinetic resolution of
R,S-2 octanol

Enhanced tolerance
to trypsin digestion
and 91% of catalytic
activity retained

[68]

ZIF-8 Glucoamylase Investigation of
reusability and
storage capacity

57% of activity over
6 cycles

91% of activity
retained till 25 days

of storage

[69]

ZIF-8 Lipase Investigation of
reusability and
storage capacity

3.2-folds increment
as against free lipase

[70]

ZIF-8 Urease – Enhanced stability
over large

temperature range

[71]

ZIF-8 and ZIF-10 HRP
Lipase
Cyt c

Protein engineering Enhanced tolerance
against organic

solvents

[72]
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MOF precursors (ligands and metal ions) as a solution, and in turn, the enzymes concentrate the

MOF basic building blocks, which leads to nucleation of porous crystal and rapid

crystallization of MOF particles with encapsulated enzymes [32, 46]. This green synthesis of

enzyme-MOF composite attributed an establishing step for extensive study of this concept.



PVP-modified Cyt c

Polyvinyl pyrrolidone

(A) (B)

Zn2+ +
N NH +

Methanol

Cytochrome c

Fig. 22.5
Schematic representation of preparation of the cytochrome c-embedded ZIF-8.TEM Images of cyt c/

ZIF-8 composite for reaction time of (a) 5 h (b) 24 h. Reproduced with permission from F. Lyu, Y.
Zhang, R.N. Zare, J. Ge, Z. Liu, One-pot synthesis of protein-embedded metal–organic frameworks with enhanced
biological activities—supporting Information, Nano Lett. 14 (2014) 5761–5765, https://doi.org/10.1021/

nl5026419. Copyright 2014. The American Chemical Society and Division of Chemical Education, Inc.

Fig. 22.6
Schematic illustration of synthesis of HRP-MOF nanocrystals in reverse micelles. Reproduced with
permission from P. Chulkaivalsucharit, X. Wu, J. Ge, Synthesis of enzyme-embedded metal-organic framework
nanocrystals in reverse micelles, RSC Adv. 5 (2015) 101293–101296, https://doi.org/10.1039/c5ra21069k.

The Royal Society of Chemistry.
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Taking advantage of mild synthetic conditions of ZIFs, metal frameworks have

been profoundly investigated in in situ synthetic processes for enzyme immobilization.

Pioneered work of Liang and coworkers demonstrated the development of immobilization

system which could be universally adopted for encapsulation of biomolecules such as enzymes

(lipase, HRP, trypsin, and urease), DNA, and oligonucleotides into ZIFs metal framework

https://doi.org/10.1021/nl5026419
https://doi.org/10.1021/nl5026419
https://doi.org/10.1039/c5ra21069k
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Fig. 22.7
Schematic illustration of biomimetically mineralized MOF. Reproduced with permission from K. Liang,
R. Ricco, C.M. Doherty, M.J. Styles, S. Bell, N. Kirby, S. Mudie, D. Haylock, A.J. Hill, C.J. Doonan, P. Falcaro,

Biomimetic mineralization of metal-organic frameworks as protective coatings for biomacromolecules, Nat.
Commun. 6 (2015) 1–8, https://doi.org/10.1038/ncomms8240. Copyright @ 2015. Macmillan Publishers

Limited. All rights reserved.
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(Fig. 22.7). The encapsulation is simply done by addition of enzyme into 2-methylimidazole

solution and zinc acetate at ambient room temperature [67]. He et al. successfully prepared a

biocomposite where a thermophilic lipase encapsulated in ZIF-8 via self-assembly method

improved its operational parameters such as chemical stability and catalytic activity. Lipase/ZIF-8

showed1.5-fold improved conversion in transesterification reaction as compared to free form[68].

In the encapsulation method, the concentration of metal ions, organic linker, and enzyme plays

an important role in its morphology, crystallinity, and activity recovery. Liang et al. (2016)

studied the difference between two efficient strategies of enzyme encapsulation of such

composite materials: biomimetic mineralization (in the absence of PVP) and controlled

coprecipitation using PVP. The enzyme biocomposite prepared by coprecipitation exhibited a

profound increase in activity due to smaller crystal size (120 nm) and uniform enzyme

distribution on the surface of MOF, allowing ease of reactants diffusion. However,

biocomposite prepared by biomineralization showed higher thermal stability in the temperature

range of 23–70°C [71].

In the preparation experiment, the parameters like metal ion, organic linker concertation,

additives, and preparation media play a crucial role. These parameters directly affect the

morphology, crystallinity, enzyme loading, and activity. To understand the effect of

https://doi.org/10.1038/ncomms8240
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concentration of metal ions and organic linker, Cui et al. studied the morphology of prepared

catalase@ZIF by varying Zn2+ ion concentration (0.05–0.8 M) and 2-methylimidazole

concentrations (0.05–1 M). It has been reported that catalase@ZIF did not form in the

absence of organic cross-linker. Nanosheets began to form when 0.3 M of 2-methylimidazole

has been used. Further, as the concentration increased, nanosheets aggregate to form

uniform cruciate flower-like nanostructures (Fig. 22.8). In the next experiment, the authors
Fig. 22.8
Schematic illustration of the synthesis of the catalase@ZIF composites and SEM images (A–C), TEM
images (D, E) of catalase@ZIF composites with cruciate flower-like shape. Reproduced with permission
from J. Cui, Y. Feng, T. Lin, Z. Tan, C. Zhong, S. Jia, Mesoporous metal-organic framework with well-defined cruciate
flower-like morphology for enzyme immobilization, ACS Appl. Mater. Interfaces (2017), https://doi.org/10.1021/

acsami.7b00512. Copyright 2017. The American Chemical Society and Division of Chemical Education, Inc.

https://doi.org/10.1021/acsami.7b00512
https://doi.org/10.1021/acsami.7b00512
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varied the metal ion concentration to get ZIF particles with the shape of standard rhombic

dodecahedra, cubes, sphere, flowerlike polyhedra, and cruciate flower-like. The ZIFs with

various structural morphologies could be formed due to strong coordination interaction

between organic cross-linker and metal ions [65]. These results demonstrated that the

concentration of metal ions, cross-linker, and stabilizer has crucial role in the morphology of

enzyme-MOF composites. Usually, the enzyme solution contained small molecules such as

buffer components, salts, and so on, which affect the morphology as well as the crystallinity. In

this context, Pu et al. determined the effect of NaCl on the preparation of enzyme-MOF as well

as other catalytic properties. They observed that PEDH/ZIF-8 exhibited a profound increase in

activity by 2.5 folds in the presence of NaCl as compared to plain PEDH/ZIF-8 (Fig. 22.9).

Further, they observed 38% residual activity after 7 cycles of reusability, which was 20% higher

than plain PEDH/ZIF-8. Authors claimed that the improvement in catalytic properties was due

to flower ball structured enzyme-MOF composite prepared by NaCl, which may protect

enzyme molecules from damage during reaction [66]. The surface amino acids and charge on

the protein molecules determine the nucleation sites and growth of MOF. Maddigan et al.

investigated the efficacious method for systematic control of biomimetic mineralization by

chemically modifying functional groups of amino acid onto surface of proteins. In the

experimental process, they introduced two different model proteins, i.e., bovine serum albumin

(BSA) and hemoglobin. The synthesis of ZIF-8 was observed within seconds which was

induced by BSA, while hemoglobin yielded a low quantity ZIF-8 MOF. They found that

biomimetically mineralized ZIF-8 precipitate was not formed with proteins that have a higher

isoelectric point (pI) due to negative charge under the basic synthetic condition. In order to form
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Fig. 22.9
Effects of NaCl on the shape and enzyme activity of enzyme@ZIF-8. Reproduced with permission from
S. Pu, X. Zhang, C. Yang, S. Naseer, X. Zhang, J. Ouyang, D. Li, J. Yang, The effects of NaCl on enzyme

encapsulation by zeolitic imidazolate frameworks-8, Enzym. Microb. Technol. 122 (2019) 1–6, https://doi.org/
10.1016/j.enzmictec.2018.12.003. Copyright 2018. Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.enzmictec.2018.12.003
https://doi.org/10.1016/j.enzmictec.2018.12.003
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ZIF-8 with protein with lower pI protein, authors came up with a certain chemical

modification of protein to change pI values and surface modification. Therefore, significant

detail knowledge regarding interface chemistry of the metal-organic framework is very

much required for the development of this area [74].

Apart from the conventional de novo enzyme encapsulation methods, different novel

approaches have been proposed by a few scientists to get highly stable hierarchically

porous MOF platform for enzymes. Zhu et al. successfully synthesized the facile ring-shaped

three-dimensional colloidosomes composed of MOFs via one-step emulsion-based

technique for the immobilization of catalase (Fig. 22.10). This ZIF-8 colloidosome was
Self-assembly

+ Catalase

Ring-like colloidosomes

Spherical colloidosomes

Fig. 22.10
Schematic of self-assembly of ring-like ZIF-8 colloidosomes and spherical colloidosomes with

encapsulated catalase. Reproduced with permission from G. Zhu, M. Zhang, Y. Bu, L. Lu, X. Lou, L. Zhu,
Enzyme-embedded metal–organic framework colloidosomes via an emulsion-based approach, Chem. Asian J.

13 (2018) 2891–2896, https://doi.org/10.1002/asia.201800976. © 2018 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

https://doi.org/10.1002/asia.201800976
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used for encapsulating catalase. The catalytic activity, thermal stability, and reusability were

determined for immobilized enzyme and compared with the free enzyme. The ZIF-8

colloidosome with embedded catalase retained 44.2% of catalytic activity even after incubation

of composite at 65°C for one hour, while free catalase sustained its 6.6% residual of activity.

Recyclability study of three-dimensional composite showed 80% of retention in enzyme

activity after five cycles [75]. In another strategy, Song et al. [76] introduced DNA as a cross-

linker to improve enzymatic activity and overall catalytic efficiency. The cross-linked

multienzyme HRP and GOx had been successfully encapsulated into ZIF-8 (Fig. 22.11). The

KM of encapsulated multienzyme was 0.27-fold lower than those of free enzymes. The

immobilized multienzyme exhibited enhanced performance to detect low concentration of

glucose (LOD 0.4 μM) with excellent selectivity [76]. In another example, researchers

introduced a novel approach of core-shell nanoparticle (NP)@MOF nanocomposites for

enzyme immobilization. NP@MOF nanocomposite was formed by self-organizing

lysozyme by coating the surface with various functional groups. Wide variety of functional

groups such asdCOOH anddNH2 of enzyme induced the heterogeneous nucleation to form a

shell around enzyme molecules. The newly investigated method exhibited profound merits

such as easy and mild synthetic conditions, facile interfacial functionalizations, and structural

tuning for construction of nanoparticle@MOF nanocomposites [76].

This method allows the enzyme encapsulation which preserves enzyme activity from

inhospitable environmental conditions (such as high temperature, wide pH range, and exposure

to organic solvents). However, in some of the cases, there is possibility of reduction in

biocatalytic activity after immobilization of enzyme due to mass transfer limitation caused by

rigid MOF structures and conformational changes of enzyme.
Self-assembly

Self-assembly

Zn2+

N
H

N

GOx&HRP@DNA GOx&HRP@DNA/ZIF-8

Y-DNA

Linker 1-GOx, Linker 2-HRP

Fig. 22.11
Schematic for cross-linking multiple enzymes by Y-scaffold and entrapment in (ZIF-8). Reproduced with
permission from J. Song, W. He, H. Shen, Z. Zhou, M. Li, P. Su, Y. Yang, Construction of multiple enzyme metal–
organic frameworks biocatalyst via DNA scaffold: a promising strategy for enzyme encapsulation, Chem. Eng. J.

(2019) 174–182, https://doi.org/10.1016/j.cej.2019.01.138. Copyright 2019. Elsevier B.V.
All rights reserved.

https://doi.org/10.1016/j.cej.2019.01.138
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22.4 Characteristics of MOF

22.4.1 Catalytic activity

Usually, the enzymes-MOF composites showed profound improvements in catalytic

characteristics such as thermal, pH, and chemical stability. Besides, the catalytic activity of

enzymes-MOF composites is lower than the free form. The researchers found that the lowering

of enzyme activity after immobilization might be due to following two reasons: (i) the

conformational changes occurred during process immobilization of enzymes and (ii) the mass

transfer restriction resistance by the framework around the enzyme molecules [77].

The researchers have developed a few novel strategies to enhance the enzyme activities after

immobilization onto/into MOFs. Gascón et al. prepared GOx-embedded Fe-based MOF under

mild conditions. The authors observed that the activity of GOx@MOF was 2.4-folds higher than

that of the free form. This enhancement in activity might be due to the presence of Fe++ ions

during the immobilization process [78]. In another example, Shi et al. conjugated lipase onto

dopamine surface-modified ZIF-8. The presence of hydrophilic surface led to enhanced catalytic

activity as a result of lower diffusion resistances. In another strategy, the low-frequency

ultrasound was induced to activate enzyme molecules by changing 3D structure before

immobilization [79]. Nadar and Rathod reported a two-step enzyme immobilization strategy. The

first step involved activation of lipase enzyme (referred as sonicated lipase), while the second step

consisted of the encapsulation of hyperactive lipase within ZIF-8. The secondary structural

analysis of lipase before and after immobilization was carried out by FTIR data tools. It was seen

that secondary structure of lipase-MOF were retained as same as the sonicated lipase. This result

concludes that MOFs with fixed enzyme molecules retain their flexibility within MOF [80].

22.4.2 Thermal stability

The free enzymes lose their biocatalytic activity after getting exposed to elevated

temperature due to disruption of nonbonding interactions and conformational changes. MOF

stabilizes the immobilized enzyme at higher temperatures by providing a protective

environment, forming new chemical bonds between enzyme and support. Usually, thermal

stability is calculated in terms of inactivation rate constant (Kd), half-life (t1/2), and deactivation

energy (Ed) [81]. Salgaonkar et al. investigated encapsulation of the orange peel peroxidase

(OPP) in MOF for dye degradation. It was observed that OPP-MOF showed twofold

increase in the temperature range of 40–60°C as compared to native form [82].
22.4.3 Michealis-Menton kinetics

Affinity of enzymes toward substrate and rate of catalysis determined by kinetic parameters

(Km and Vmax) of free and immobilized enzymes were recorded [19, 22]. In the enzymatic

electrochemical detection, Cyt c was embedded within mesoporous and microporous channels



Metal-organic frameworks (MOFs) for enzyme immobilization 509
of ZIF. It showed Michealis-Menton (KM) reduced by 50% as compared to native Cyt c. The

lower value of KM is responsible for the higher affinity of substrates and this was the most

suitable immobilization strategy for the fabrication of enzyme electrode with high sensitivity.

In another example, encapsulation of β-glucosidase in Cu(PABA) showed higher KM and Vmax

values (3.86 mM and 1.48 mM min�1) as compared to free β-glucosidase (KM 2.46 mM and

Vmax 0.64 mM min�1). The lowering in Km signifies that the affinity toward substrate has been

increased. However, due to mass transfer limitations, it showed a decrease in Vmax value [63].

Nadar and Rathod investigated that affinity of enzymes for substrates might decrease after

immobilization due to localization of enzyme within MOF compartments. This might be due to

steric hindrance created by metal framework, which resulted in restriction on the access of

substrates [69]. Further, the same researcher group co-immobilized α-amylase and

glucoamylase in ZIF metal-organic framework. They found the same scenario in case of KM

and Vmax. Some of the researchers showed an improved affinity for substrates by enzymes after

immobilization such as laccase/Zr MOF, CA/ZIF-8 [62].
22.4.4 Chemical stability

Enzymes undergo denaturation when it exposed to extreme conditions such as higher pH and

exposed to organic solvents. A stressful surrounding alters the conformation and active site,

which results in obliterated enzymatic activity. Liang et al. investigated the protective

environment provided for horseradish peroxidase (HRP) by ZIF-MOF and other porous

materials (CaCO3 and SiO2). When ZIF/HRP, CaCo3/HRP, and SiO2/HRP were incubated at

80°C in a water bath, ZIF/HRP retained 88% activity, while CaCo3/HRP and SiO2(7 nm)/HRP

showed 39% and 65% activity. In another example, covalently immobilized SEH-MOF

biocomposite, SEH/UiO-66-NH2, maintained their activity up to 60% under extreme pH

condition (in the range of 8.5–10.5) compared with free SEH. Also, in the recent study, a

PCN-888 mesoporous MOF also showed an enhanced protective effect against trypsin

digestion after treating with trypsin for 60 min [67]. Also, hyperhalophilic alcohol

dehydrogenase (ADH) enzyme improved its activity against 5 and 10% of organic solvents in

the immobilized form. The activity of HvADH2@MOF was highest activity in methanol and

acetonitrile solutions [83].
22.4.5 Reusability

For the industrial applications, reusability of enzymes holds prodigious importance. Many

researchers have made rigorous effort to improve the recyclability of enzymes for industrial

applications [84]. Nadar and Rathod investigated the recyclability of the glucoamylase-

embedded MOF. After six cycles, the glucoamylase-MOF retained 57% residual activity.

However, enzyme leaching did not occur for the six recycles, which was confirmed by Bradford

protein assay [69]. The authors claimed that reduction in activity might be due to loss of low-

density MOFs during centrifugation and washing step. In order to overcome the separation of



Organic ligand Metal ion Glucose oxidase (GOx) GOX/ZIF-8 PDA@GOX/ZIF-8

Tris buffer
pH 8.5, 24 h

Dopamine30 min

Fig. 22.12
Schematic preparation of PDA@GOx/ZIF-8. Reproduced with permission from X. Wu, C. Yang, J. Ge, Z. Liu,
Polydopamine tethered enzyme/metal-organic framework composites with high stability and reusability, Nanoscale 7

(2015) 18883–18886, https://doi.org/10.1039/c5nr05190h. The Royal Society of Chemistry.
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enzyme-MOF composite, polymerized dopamine (DPA) was used as adhesive nature to

stick organic and inorganic surfaces via covalent bond and noncovalent bonds. Wu et al.

proposed polydopamine as a cross-linker to tethered GOx/ZIF MOF. The GOx/ZIF was

synthesized by adding dopamine and kept for 24 h. The polymerization of dopamine led to

formation of micro-sized agglomeration (Fig. 22.12). Larger size of PDA@GOx/ZIF had

shown a prodigious effect on reusability of enzyme-MOF. Over the 10 cycles of reuse,

PDA@GOx/ZIF showed almost the same activity as that of original activity, while

conventional GOx/ZIF showed 70% reduction in activity over 2 cycles of use [35, 85].
22.4.6 Storage stability

Over the course of study of enzyme, it was followed that the long-term stability had been a

major issue in case of free native enzymes. Researchers have developed reliable biocatalysts,

which overcome this issue by localization of enzyme in the protective microenvironment

[86]. Salgaonkar et al. studied the storage stability of peroxidase by immobilizing orange peel

peroxidase; OPP-MOF showed better chemical and conformational stability even after

18 days of storage, which was confirmed by the SEM image of OPP-embedded MOF

(Fig. 22.13). They have illustrated no distortion of the active sites of OPP-embedded MOF

after a long duration of storage. Residual activity of OPP-MOF (88%) was higher as

compared to free native (47%) [82]. In similar studies, Pang et al. (2016) carried out an

experiment in which laccase was immobilized on mesoporous Zr-MOF. Laccase@Zr-MOF

showed 50% retention of its activity even after continuous use up to 10 times and observed

efficient storage stability till 3 weeks in aqueous phase by maintaining its activity to 55.4%

of its initial enzyme activity [41].

https://doi.org/10.1039/c5nr05190h
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Fig. 22.13
SEM images of OPP-MOF after 18 days of storage. Reproduced with permission from M. Salgaonkar,
S.S. Nadar, V.K. Rathod, Biomineralization of orange peel peroxidase within metal organic frameworks

(OPP–MOFs) for dye degradation, J. Environ. Chem. Eng. 7 (2019) 102969, https://doi.org/10.1016/J.JECE.
2019.102969. Copyright 2019. Elsevier B.V. All rights reserved.
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22.5 Multienzyme MOF composites

Recently, extensive research has been conducted on biocatalytic techniques for the synthesis of a

large range of good chemicals. In the traditional approach, multistep fine chemical reactions are

carried out in separate stages [87]. In this process, the intermediate product acts as a substrate for

the next step of reactions; thus, the product has been purified. Such conventional synthetic

approach requires ahighcost ofoperationwith low-valueproducts and lowyieldwith largeuseof

hazardous chemicals. These synthetic processes can be efficiently modified by combining

multistep reaction processes into a single step with the help of co-immobilized catalytic system

[19, 88]. The intermediate product of reaction rapidly goes to the next available active site of

multienzyme system to the next reaction. This helps in the formationof single step facile reaction

instead of multistage reaction with eliminating the issue of separation of intermediate. These

cascading enzymatic reactions have several merits such as less use of solvent, small time of

reaction, less volume of the reactor, space time yieldswith the huge advantage of less generation

of hazardous waste concerning green environmental practices as well as human benefits [86].

In pioneered work, Lian et al. employed MOF with different pore sizes for immobilization of

horse radish peroxidase (HRP) and glucose oxidase (GOx). Authors have prepared PCN-888with

cages size of 2.0, 5.0, and 6.2 nm. It showed that large cavity (6.2 nm) was accommodated by

https://doi.org/10.1016/J.JECE.2019.102969
https://doi.org/10.1016/J.JECE.2019.102969
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GOx, while intermediate cavity (5.0 nm) was occupied by HRP. It also showed that the coupling

of two enzymes could only be achieved by the unique sequential couplingGOx followed byHRP.

It showed high catalytic activity with minimum leaching of enzymes. Also, the multienzyme

system maintained their activity over four cycles without significant loss in activity [89].

In another approach, multienzyme-embedded MOF readily prepared through a

biomineralization process in aqueous solution with mild reaction conditions. Nadar et al.

investigated the combi-MOF encapsulated with α-amylase and glucoamylase for the hydrolysis

of starch. In the experimental procedure, two enzyme solutions were mixed with zinc acetate

and 2-methylimidazole in the presence of PVP as stabilizing agent (Fig. 22.14A).

In comparison with the free native form of enzyme, the thermal stability was calculated as a
Alpha-amylase

Zn2+

CH3

N

PVP
Glucoamylase

(A)

(B)

Combi-MOF

Room Temperature

30 min

N

15 kV ´13, 000 ICT1 mm

Fig. 22.14
Schematic representation of (A) Combi-metal organic frameworks (combi-MOF) of α-amylase and
glucoamylase (B) scanning electron microscopic (SEM) image of combi-MOF calcinated at 420°C for
2 h. Reproduced with permission from M. Salgaonkar, S.S. Nadar, V.K. Rathod, Combi-metal organic framework
(Combi-MOF) of α-amylase and glucoamylase for one pot starch hydrolysis, Int. J. Biol. Macromol. 113 (2018)
464–475, https://doi.org/10.1016/J.IJBIOMAC.2018.02.092. Copyright 2018. Elsevier B.V. All rights reserved.

https://doi.org/10.1016/J.IJBIOMAC.2018.02.092
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half-life, which showed approx. three-fold enhanced thermal stability in the temperature

range of 55–75°C. The surface structure of combi-MOF after calcination was characterized

by SEM (Fig. 22.14B). Interestingly, it was observed that the surface of combi-MOF

possessed small pore size (5 to 20 nm), which was evident in the presence of enzyme

molecule on the surface of combi-MOF [62]. Similarly, Wu et al. reported the one-step

aqueous preparation of multiple enzymes containing ZIF-8 as a protective structure

containing HRP and GOx. This enzyme-MOF matrix was used for the selective and

quantitative analysis of glucose. The facile synthetic process of biomineralization is

appealing for fabricating various types of multienzyme MOF system for applications in

industrial biocatalysis, biosensors, and biomedical engineering [64].

22.6 Magnetic MOF-enzyme composite

Although MOF platform improves catalytic properties such as activity and thermal and

chemical stability of immobilized enzyme, its nanometric size makes the separation of enzyme-

MOF composite very complex which hurdles the reusability of biocatalyst. Considering this

barrier, the researchers came up with a novel strategy in which magnetic nanoparticles were

embedded within enzyme-MOF composite (magnetic-enzyme MOF). The incorporation of

magnetic nanoparticle makes these composites magnetically active without changing its

intrinsic properties of MOF. These multifunctional magnetic-MOFs exhibit some distinctive

properties such as large surface area, high enzyme loading, and easy separation [90].

The enzyme can be immobilized either by one-pot in situ immobilization technique or by

chemical/physical binding onto presynthesizedmagnetic-MOF. There are three immobilization

strategies: (i) physical binding, (ii) covalent/coordination bonding, and (iii) de novo

encapsulation method. The list of different enzymes immobilized onto magnetic-MOF is

summarized in Table 22.5.

Physical adsorption of enzyme onto/into magnetic-MOF is cost-efficient, facile, and

comprehensively used for immobilization. The surface area, pore volume/size, and surface

functional groups play an important role for enzyme immobilization onto MOF. Also, various

forces such as hydrophilic/hydrophobic and electrostatic interactions between magnetic MOF

and enzyme hinder the leaching of enzyme during reaction [67]. Considering this fact, Huo and

group developed Zn-based magnetic-MOFs made up of PDA-ZIF-90 incorporated with

magmatic nanoparticles for immobilization of trypsin. Magnetic ZIF-90 was synthesized in

two steps: (i) Functionalization of magnetic nanoparticle by polydopamine (PDA) as a

hydrophilic medium to preserve the enzyme activity and (ii) The outer shell of

2-methylimidazole build around pickering-stabilized hydrogel magnetic core (Fig. 22.15).

Further, the activity of the immobilized trypsin was determined by using BSA protein. It was

observed that the activity of trypsin was enhanced due to allosteric effect, which efficiently

digests BSAwithin a minute. In contrast, the free enzyme showed slower digestion as compared

to immobilized trypsin [95].



Table 22.5: Enzyme immobilization by using various magnetic-MOFs.

Metal Ligand Coating agent Enzyme

Mode of

immobilization Refs.

Zn2+ 2-
methylimidazole

Citric acid GOx Biomineralization [91]

Fe3+ H3BTC EDTA-2Na Lipase Metal-ion affinity [92]
Fe3+ H3BTC EDTA-2Na Lipase Covalent binding [92]
Fe3+ NH2-BDC – Candida rugosa

lipase
Physical

adsorption
[93]

Zr4+ H2BDC Agarose CalB lipase and
trypsin

Physical
adsorption

[94]

Cu2+ H3BTC Dopamine Trypsin Physical
adsorption

[95]

Fe3+ H3BTC Citric acid Cholesterol
oxidase

Physical
adsorption

[96]

Fe3O4

Polymerization of  dopamine

HO

HO

HO HO

N NH

n

OHOH

NH2

Immobilization of  enzyme

[Cu3(btc)2]t

Cu(OAc)2
+

H3btc

Ethanol
70°C

30 min

PBS (pH=6.5), 37°C, 16 h

Tris buffer (pH=8.5)

= Enzyme

Fe3O4@PDA

Fe3O4@PDA@[Cu3(btc)2]-enzyme Fe3O4@PDA@[Cu3(btc)2]

PDA

Dopamine =

Fig. 22.15
The synthetic route to Fe3O4@PDA on Cu-based microspheres and the procedure for enzyme

immobilization. Reproduced with permission from M. Zhao, X. Zhang, C. Deng, Rational synthesis of novel
recyclable Fe3O4@MOF nanocomposites for enzymatic digestion, Chem. Commun. 51 (2015) 8116–8119,

https://doi.org/10.1039/c5cc01908g. Copyright 2015. The Royal Society of Chemistry.
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Generally, in physical adsorption-based immobilization technique, there is a high possibility of

enzyme leaching out due to weak interaction between the support material and enzyme

molecules. It causes not only loss of enzyme in reaction mixture, but also increases the cost of

product purification. This can be overcome by covalent binding of enzyme molecules with

MOF supports, which can improve the catalytic efficiency attributed to multipoint stabilization

[32]. Also, this methodology improves reusability performance due to chemical bonding with

support [97]. Mostly, MOF surface is functionalized with reactive groups (for example

dCOOH,dNH2,dOH groups, etc.), which can be easily coupled with amino/carboxyl group

on the enzyme’s surface [98].

Recently, Samui and coresearchers prepared functionalized magnetically active NH2-MIL-88B

by solvothermal method. The surface functional groups were further chemically activated by

N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC). The chemically

functionalized magnetic-MOF allows lipase molecules to bind via covalent bonds (Fig. 22.16).

The immobilization yield of lipase onmagnetic-MOFswas 280mg g�1 with the activity recovery

of 86%. The morphology of magnetic MOF was found to be bipyramidal hexagonal prism-like
H3C

NO2NO2

HO

O

CRL

+

+

O
Colorless

NH2-MIL-88B/Fe3O4-CRL

NH2-MIL-88B/Fe3O4

NH2 functional
group

Fe2o4 Nanoparticle

FeCI3 + NH2-BDC

DMF

EDC

Yellow color

Fig. 22.16
The schematic representation of immobilization of lipase onto NH2-MIL-88B/Fe3O4. Reproduced with
permission from A. Samui, A.R. Chowdhuri, T.K. Mahto, S.K. Sahu, Fabrication of a magnetic nanoparticle

embedded NH2-MIL-88B MOF hybrid for highly efficient covalent immobilization of lipase, RSC Adv. 6 (2016)
66385–66393, https://doi.org/10.1039/c6ra10885g. Copyright 2016. The Royal Society of Chemistry.

https://doi.org/10.1039/c6ra10885g
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structure with the average size of 80 nm. Further, pH (6–9) and thermal (30–60°C) stability of

immobilized lipase was found to be enhanced as compared to free form. At the end, immobilized

lipase retains nearly 84% residual activity after 5th cycle of reuse in batch mode [93].
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Fig. 22.17
Schematic illustration of mechanism of glucose detection by GOx-embedded mZIF-8 (A),

(B) hysteresis loops of Fe3O4, mZIF-8, and mZIF-8@GOx and magnetic separation of magnetic-MOF
biocatalyst (inset). (C) Colorimetric change of OPD solutions containing mZIF-8@GOx with respect
to glucose concentration. Reproduced with permission from C. Hou, Y. Wang, Q. Ding, L. Jiang, M. Li, W.
Zhu, D. Pan, H. Zhu, M. Liu, Facile synthesis of enzyme-embedded magnetic metal-organic frameworks as a

reusable mimic multi-enzyme system: mimetic peroxidase properties and colorimetric sensor, Nanoscale 7 (2015)
18770–18779, https://doi.org/10.1039/c5nr04994f.
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The postsynthetic immobilization approaches, i.e., physical adsorption or covalent binding,

require the presynthesized magnetic-MOF. During immobilization, enzyme molecules directly

bind into MOF pores, where they prevent the immobilization due to vast size of enzyme

compared to the much smaller pore size of MOFs. Sometimes, enzyme may undergo structural

changes which would suffer from lower catalytic activity [99]. Hence, Hou and his colleague

developed a novel strategy based on the biomineralization. They have entrapped enzyme

molecules within the MOF by a simple de novo approach without affecting the intrinsic

properties of MOF. In this protocol, enzyme and MOF precursors along with carboxy

functionalized magnetic nanoparticles were stirred together in solution, which resulted in the

formation of magnetic-enzyme MOF composite. The mild synthetic condition is the major

advantage of de novo method to conserve catalytically active structure of enzyme [89, 100].

Hou and coworkers introduced the novel de novo encapsulation strategy for enzyme

immobilization along with magnetic nanoparticles within MOF. In this method, simultaneous

immobilization of glucose oxidase (GOx) and magnetic nanoparticles (as an artificial

peroxidase enzyme) into MOF was performed in a single step. The immobilization process is

illustrated in Fig. 22.17. The prepared magnetic biocatalyst exhibited excellent pH and thermal

stability. Further, it was used for rapid colorimetric detection of glucose. It showed linear

corelation of glucose in the range of 5.0 to 150.0 μMwith a limit of detection (LOD) of 1.9 μM.

Finally, the residual activity remained unchanged even after twelve successive cycles,

which emphasized its robustness. Hierarchical channel-type MOFs with pores can protect

the enzyme even under harsh conditions [91]. An excellent and magnificent improvement in

catalytic efficacy, exceptional chemical/thermal stability, facile accessibility to active sites,

encouraging recyclability, and high enzyme loading are fascinating features of enzyme-MOF

composites.

References

[1] A.A. Homaei, R. Sariri, F. Vianello, R. Stevanato, Enzyme immobilization: an update, J. Chem. Biol. 6 (2013)

185–205, https://doi.org/10.1007/s12154-013-0102-9.
[2] M.B. Ansorge-Schumacher, O. Thum, Immobilised lipases in the cosmetics industry, Chem. Soc. Rev.

42 (2013) 6475–6490, https://doi.org/10.1039/c3cs35484a.
[3] P. Adlercreutz, Immobilisation and application of lipases in organic media, Chem. Soc. Rev. 42 (2013)

6406–6436, https://doi.org/10.1039/c3cs35446f.
[4] O. Kirk, T.V. Borchert, C.C. Fuglsang, Industrial enzyme applications, Curr. Opin. Biotechnol. 13 (2002)

345–351, https://doi.org/10.1016/S0958-1669(02)00328-2.
[5] S.S. Nadar, N.V. O, S. Suresh, P. Rao, D.J. Ahirrao, S. Adsare, Recent progress in nanostructured magnetic

framework composites (MFCs): synthesis and applications, J. Taiwan Inst. Chem. Eng. 91 (2018) 653–677,
https://doi.org/10.1016/J.JTICE.2018.06.029.

[6] E. Magner, Immobilisation of enzymes on mesoporous silicate materials, Chem. Soc. Rev. 42 (2013)

6213–6222, https://doi.org/10.1039/c2cs35450k.
[7] N. Mileti�c, A. Nastasovi�c, K. Loos, Immobilization of biocatalysts for enzymatic polymerizations:

possibilities, advantages, applications, Bioresour. Technol. 115 (2012) 126–135, https://doi.org/10.1016/j.
biortech.2011.11.054.

https://doi.org/10.1007/s12154-013-0102-9
https://doi.org/10.1039/c3cs35484a
https://doi.org/10.1039/c3cs35446f
https://doi.org/10.1016/S0958-1669(02)00328-2
https://doi.org/10.1016/J.JTICE.2018.06.029
https://doi.org/10.1039/c2cs35450k
https://doi.org/10.1016/j.biortech.2011.11.054
https://doi.org/10.1016/j.biortech.2011.11.054


518 Chapter 22
[8] D.N. Tran, K.J. Balkus, Perspective of recent progress in immobilization of enzymes, ACS Catal. 1 (2011)

956–968, https://doi.org/10.1021/cs200124a.
[9] A.S. Bommarius, M.F. Paye, Stabilizing biocatalysts, Chem. Soc. Rev. 42 (2013) 6534–6565, https://doi.org/

10.1039/c3cs60137d.

[10] T. Xie, A. Wang, L. Huang, H. Li, Z. Chen, Q. Wang, Recent advance in the support and technology used in

enzyme immobilization, Afr. J. Biotechnol. 8 (2009) 4724–4733.
[11] Z. Zhou,M. Hartmann, Recent progress in biocatalysis with enzymes immobilized onmesoporous hosts, Top.

Catal. 55 (2012) 1081–1100, https://doi.org/10.1007/s11244-012-9905-0.
[12] R.A. Sheldon, Enzyme immobilization: the quest for optimum performance, Adv. Synth. Catal. 349 (2007)

1289–1307, https://doi.org/10.1002/adsc.200700082.
[13] R.A. Sheldon, S. Van Pelt, Enzyme immobilisation in biocatalysis: why, what and how, Chem. Soc. Rev.

42 (2013) 6223–6235, https://doi.org/10.1039/c3cs60075k.
[14] J. Zdarta, A. Meyer, T. Jesionowski, M. Pinelo, A general overview of support materials for enzyme

immobilization: characteristics, properties, practical utility, Catalysts 8 (2018) 92, https://doi.org/10.3390/

catal8020092.

[15] D. Brady, J. Jordaan, Advances in enzyme immobilisation, Biotechnol. Lett. 31 (2009) 1639–1650, https://
doi.org/10.1007/s10529-009-0076-4.

[16] S. Cao, P. Xu, Y. Ma, X. Yao, Y. Yao, M. Zong, X. Li, W. Lou, Recent advances in immobilized enzymes on

nanocarriers, Cuihua Xuebao/Chinese J. Catal. 37 (2016) 1814–1823, https://doi.org/10.1016/S1872-2067
(16)62528-7.

[17] M. Hartmann, X. Kostrov, Immobilization of enzymes on porous silicas—benefits and challenges, Chem.

Soc. Rev. 42 (2013) 6277–6289, https://doi.org/10.1039/c3cs60021a.
[18] S.S. Nadar, V.K. Rathod, A co-immobilization of pectinase and cellulase onto magnetic nanoparticles for

antioxidant extraction fromwaste fruit peels, Biocatal. Agric. Biotechnol. 17 (2019) 470–479, https://doi.org/
10.1016/j.bcab.2018.12.015.

[19] S. Talekar, V. Ghodake, T. Ghotage, P. Rathod, P. Deshmukh, S. Nadar, M. Mulla, M. Ladole, Novel

magnetic cross-linked enzyme aggregates (magnetic CLEAs) of alpha amylase, Bioresour. Technol.

123 (2012) 542–547, https://doi.org/10.1016/j.biortech.2012.07.044.
[20] H.L. Jiang, Q. Xu, Porous metal-organic frameworks as platforms for functional applications, Chem.

Commun. 47 (2011) 3351–3370, https://doi.org/10.1039/c0cc05419d.
[21] J. Mehta, N. Bhardwaj, S.K. Bhardwaj, K.H. Kim, A. Deep, Recent advances in enzyme immobilization

techniques: metal-organic frameworks as novel substrates, Coord. Chem. Rev. 322 (2016) 30–40, https://doi.
org/10.1016/j.ccr.2016.05.007.

[22] S.S. Nadar, R.G. Pawar, V.K. Rathod, Recent advances in enzyme extraction strategies: a comprehensive

review, Int. J. Biol. Macromol. 101 (2017) 931–957, https://doi.org/10.1016/j.ijbiomac.2017.03.055.

[23] H. Cai, Y.L. Huang, D. Li, Biological metal–organic frameworks: structures, host–guest chemistry and bio-

applications, Coord. Chem. Rev. 378 (2019) 207–221, https://doi.org/10.1016/j.ccr.2017.12.003.
[24] P. Falcaro, R. Ricco, A. Yazdi, I. Imaz, S. Furukawa, D. Maspoch, R. Ameloot, J.D. Evans, C.

J. Doonan, Application of metal and metal oxide nanoparticles at MOFs, Coord. Chem. Rev. 307 (2016)

237–254, https://doi.org/10.1016/j.ccr.2015.08.002.
[25] J.C. Lloyd, E.M. Masko, C. Wu, M.M. Keenan, D.M. Pilla, W.J. Aronson, J.T. Chi, S.J. Freedland, Fish oil

slows prostate cancer xenograft growth relative to other dietary fats and is associated with decreased

mitochondrial and insulin pathway gene expression, Prostate Cancer Prostatic Dis. 16 (2013) 285–291,
https://doi.org/10.1038/pcan.2013.19.

[26] M. Eddaoudi, D.F. Sava, J.F. Eubank, K. Adil, V. Guillerm, Zeolite-like metal-organic frameworks (ZMOFs):

design, synthesis, and properties, Chem. Soc. Rev. 44 (2015) 228–249, https://doi.org/10.1039/c4cs00230j.
[27] B. Chen, Z. Yang, Y. Zhu, Y. Xia, Zeolitic imidazolate framework materials: recent progress in synthesis and

applications, J. Mater. Chem. A 2 (2014) 16811–16831, https://doi.org/10.1039/c4ta02984d.
[28] Y.R. Lee, J. Kim, W.S. Ahn, Synthesis of metal-organic frameworks: a mini review, Korean J. Chem. Eng.

30 (2013) 1667–1680, https://doi.org/10.1007/s11814-013-0140-6.

https://doi.org/10.1021/cs200124a
https://doi.org/10.1039/c3cs60137d
https://doi.org/10.1039/c3cs60137d
http://refhub.elsevier.com/B978-0-12-816984-1.00024-X/rf0055
http://refhub.elsevier.com/B978-0-12-816984-1.00024-X/rf0055
https://doi.org/10.1007/s11244-012-9905-0
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1039/c3cs60075k
https://doi.org/10.3390/catal8020092
https://doi.org/10.3390/catal8020092
https://doi.org/10.1007/s10529-009-0076-4
https://doi.org/10.1007/s10529-009-0076-4
https://doi.org/10.1016/S1872-2067(16)62528-7
https://doi.org/10.1016/S1872-2067(16)62528-7
https://doi.org/10.1039/c3cs60021a
https://doi.org/10.1016/j.bcab.2018.12.015
https://doi.org/10.1016/j.bcab.2018.12.015
https://doi.org/10.1016/j.biortech.2012.07.044
https://doi.org/10.1039/c0cc05419d
https://doi.org/10.1016/j.ccr.2016.05.007
https://doi.org/10.1016/j.ccr.2016.05.007
https://doi.org/10.1016/j.ijbiomac.2017.03.055
https://doi.org/10.1016/j.ccr.2017.12.003
https://doi.org/10.1016/j.ccr.2015.08.002
https://doi.org/10.1038/pcan.2013.19
https://doi.org/10.1039/c4cs00230j
https://doi.org/10.1039/c4ta02984d
https://doi.org/10.1007/s11814-013-0140-6


Metal-organic frameworks (MOFs) for enzyme immobilization 519
[29] X. Lian, Y. Fang, E. Joseph, Q. Wang, J. Li, S. Banerjee, C. Lollar, X. Wang, H.-C. Zhou, Enzyme–MOF

(metal–organic framework) composites, Chem. Soc. Rev. 46 (2017) 3386–3401, https://doi.org/10.1039/
C7CS00058H.

[30] S. Kempahanumakkagari, V. Kumar, P. Samaddar, P. Kumar, T. Ramakrishnappa, K.H. Kim, Biomolecule-

embedded metal-organic frameworks as an innovative sensing platform, Biotechnol. Adv. 36 (2018)

467–481, https://doi.org/10.1016/j.biotechadv.2018.01.014.
[31] M.B. Majewski, A.J. Howarth, P. Li, M.R. Wasielewski, J.T. Hupp, O.K. Farha, Enzyme encapsulation in

metal–organic frameworks for applications in catalysis, CrystEngComm 19 (2017) 4082–4091, https://doi.
org/10.1039/C7CE00022G.

[32] D.S. Raja, W.L. Liu, H.Y. Huang, C.H. Lin, Immobilization of protein on nanoporous metal-organic

framework materials, Comments Inorg. Chem. 35 (2015) 332–350, https://doi.org/
10.1080/02603594.2015.1059827.

[33] Y. Hu, L. Dai, D. Liu, W. Du, Y. Wang, Progress & prospect of metal-organic frameworks (MOFs) for

enzyme immobilization (enzyme/MOFs), Renew. Sust. Energ. Rev. 91 (2018) 793–801, https://doi.org/
10.1016/j.rser.2018.04.103.

[34] P. Li, J.A. Modica, A.J. Howarth, E. Vargas L, P.Z. Moghadam, R.Q. Snurr, M. Mrksich, J.T. Hupp,

O.K. Farha, Toward design rules for enzyme immobilization in hierarchical mesoporous metal-organic

frameworks, Chem 1 (2016) 154–169, https://doi.org/10.1016/j.chempr.2016.05.001.

[35] W. Liu, S. Lo, B. Singco, C. Yang, H. Huang, C. Lin, Novel trypsin–FITC@ MOF bioreactor efficiently

catalyzes protein digestion, J. Mater. 1 (2013) 928–932, https://doi.org/10.1039/c3tb00257h.
[36] W.L. Liu, C.Y. Wu, C.Y. Chen, B. Singco, C.H. Lin, H.Y. Huang, Fast multipoint immobilized MOF

bioreactor, Chem. Eur. J. 20 (2014) 8923–8928, https://doi.org/10.1002/chem.201400270.

[37] N. Nobakht, M.A. Faramarzi, A. Shafiee, M. Khoobi, E. Rafiee, Polyoxometalate-metal organic framework-

lipase: an efficient green catalyst for synthesis of benzyl cinnamate by enzymatic esterification of cinnamic

acid, Int. J. Biol. Macromol. 113 (2018) 8–19, https://doi.org/10.1016/j.ijbiomac.2018.02.023.

[38] Y. Cao, Z. Wu, T. Wang, Y. Xiao, Q. Huo, Y. Liu, Immobilization of: Bacillus subtilis lipase on a Cu-BTC

based hierarchically porous metal-organic framework material: a biocatalyst for esterification, Dalton Trans.

45 (2016) 6998–7003, https://doi.org/10.1039/c6dt00677a.
[39] W. Ma, Q. Jiang, P. Yu, L. Yang, L. Mao, Zeolitic imidazolate framework-based electrochemical biosensor

for in vivo electrochemical measurements, Anal. Chem. 85 (2013) 7550–7557, https://doi.org/10.1021/
ac401576u.

[40] Z. Zhong, S. Pang, Y. Wu, S. Jiang, J. Ouyang, Synthesis and characterization of mesoporous Cu–MOF for

laccase immobilization, J. Chem. Technol. Biotechnol. 92 (2017) 1841–1847, https://doi.org/10.1002/
jctb.5189.

[41] S. Pang, Y. Wu, X. Zhang, B. Li, J. Ouyang, M. Ding, Immobilization of laccase via adsorption onto bimodal

mesoporous Zr-MOF, Process Biochem. 51 (2016) 229–239, https://doi.org/10.1016/j.procbio.2015.11.033.
[42] S. Patra, T. Hidalgo Crespo, A. Permyakova, C. Sicard, C. Serre, A. Chauss�e, N. Steunou, L. Legrand, Design

of metal organic framework-enzyme based bioelectrodes as a novel and highly sensitive biosensing platform,

J. Mater. Chem. B 3 (2015) 8983–8992, https://doi.org/10.1039/c5tb01412c.
[43] Q. Qiu, H. Chen, Y. Wang, Y. Ying, Recent advances in the rational synthesis and sensing applications of

metal-organic framework biocomposites, Coord. Chem. Rev. 387 (2019) 60–78, https://doi.org/10.1016/j.
ccr.2019.02.009.

[44] S. Patra, S. Sene, C. Mousty, C. Serre, A. Chauss�e, L. Legrand, N. Steunou, Design of laccase-metal organic

framework-based bioelectrodes for biocatalytic oxygen reduction reaction, ACS Appl. Mater. Interfaces

8 (2016) 20012–20022, https://doi.org/10.1021/acsami.6b05289.

[45] V. Gascón, E. Castro-Miguel, M. Dı́az-Garcı́a, R.M. Blanco, M. Sanchez-Sanchez, In situ and post-synthesis
immobilization of enzymes on nanocrystalline MOF platforms to yield active biocatalysts, J. Chem. Technol.

Biotechnol. 92 (2017) 2583–2593, https://doi.org/10.1002/jctb.5274.

https://doi.org/10.1039/C7CS00058H
https://doi.org/10.1039/C7CS00058H
https://doi.org/10.1016/j.biotechadv.2018.01.014
https://doi.org/10.1039/C7CE00022G
https://doi.org/10.1039/C7CE00022G
https://doi.org/10.1080/02603594.2015.1059827
https://doi.org/10.1080/02603594.2015.1059827
https://doi.org/10.1016/j.rser.2018.04.103
https://doi.org/10.1016/j.rser.2018.04.103
https://doi.org/10.1016/j.chempr.2016.05.001
https://doi.org/10.1039/c3tb00257h
https://doi.org/10.1002/chem.201400270
https://doi.org/10.1016/j.ijbiomac.2018.02.023
https://doi.org/10.1039/c6dt00677a
https://doi.org/10.1021/ac401576u
https://doi.org/10.1021/ac401576u
https://doi.org/10.1002/jctb.5189
https://doi.org/10.1002/jctb.5189
https://doi.org/10.1016/j.procbio.2015.11.033
https://doi.org/10.1039/c5tb01412c
https://doi.org/10.1016/j.ccr.2019.02.009
https://doi.org/10.1016/j.ccr.2019.02.009
https://doi.org/10.1021/acsami.6b05289
https://doi.org/10.1002/jctb.5274


520 Chapter 22
[46] S.S. Nadar, S.D. Gawas, V.K. Rathod, Self-assembled organic–inorganic hybrid glucoamylase nanoflowers

with enhanced activity and stability, Int. J. Biol. Macromol. 92 (2016) 660–669, https://doi.org/10.1016/j.
ijbiomac.2016.06.071.

[47] G. Liu, Y. Xu, Y. Han, J. Wu, J. Xu, H. Meng, X. Zhang, Immobilization of lysozyme proteins on a

hierarchical zeolitic imidazolate framework (ZIF-8), Dalton Trans. 46 (2017) 2114–2121, https://doi.org/
10.1039/c6dt04582k.

[48] J. Cui, S. Ren, B. Sun, S. Jia, Optimization protocols and improved strategies for metal-organic frameworks

for immobilizing enzymes: current development and future challenges, Coord. Chem. Rev. 370 (2018) 22–41,
https://doi.org/10.1016/j.ccr.2018.05.004.

[49] T.J. Pisklak, M. Macı́as, D.H. Coutinho, R.S. Huang, K.J. Balkus, Hybrid materials for immobilization of

MP-11 catalyst, Top. Catal. 38 (2006) 269–278, https://doi.org/10.1007/s11244-006-0025-6.
[50] P. Li, S.Y. Moon, M.A. Guelta, S.P. Harvey, J.T. Hupp, O.K. Farha, Encapsulation of a nerve agent

detoxifying enzyme by a mesoporous zirconium metal-organic framework engenders thermal and long-term

stability, J. Am. Chem. Soc. 138 (2016) 8052–8055, https://doi.org/10.1021/jacs.6b03673.
[51] K. Wang, N. Li, X. Hai, F. Dang, Lysozyme-mediated fabrication of well-defined core-shell

nanoparticle@metal-organic framework nanocomposites, J. Mater. Chem. A 5 (2017) 20765–20770, https://
doi.org/10.1039/c7ta06419e.

[52] Y. Du, J. Gao, L. Zhou, L. Ma, Y. He, X. Zheng, Z. Huang, Y. Jiang, MOF-based nanotubes to hollow

nanospheres through protein-induced soft-templating pathways, Adv. Sci. 6 (2019) 6–11, https://doi.org/
10.1002/advs.201801684.

[53] S. Jung, Y. Kim, S.J. Kim, T.H. Kwon, S. Huh, S. Park, Bio-functionalization of metal-organic frameworks by

covalent protein conjugation, Chem. Commun. 47 (2011) 2904–2906, https://doi.org/10.1039/c0cc03288c.
[54] S.L. Cao, D.M. Yue, X.H. Li, T.J. Smith, N. Li, M.H. Zong, H. Wu, Y.Z. Ma, W.Y. Lou, Novel nano-/micro-

biocatalyst: soybean epoxide hydrolase immobilized on UiO-66-NH2 MOF for efficient biosynthesis of

enantiopure (R)-1, 2-octanediol in deep eutectic solvents, ACS Sustain. Chem. Eng. 4 (2016) 3586–3595,
https://doi.org/10.1021/acssuschemeng.6b00777.

[55] L. Wen, A. Gao, Y. Cao, F. Svec, T. Tan, Y. Lv, Layer-by-layer assembly of metal-organic frameworks in

macroporous polymer monolith and their use for enzyme immobilization, Macromol. Rapid Commun.

37 (2016) 551–557, https://doi.org/10.1002/marc.201500705.

[56] Y.H. Shih, S.H. Lo, N.S. Yang, B. Singco, Y.J. Cheng, C.Y. Wu, I.H. Chang, H.Y. Huang, C.H. Lin, Trypsin-

immobilized metal-organic framework as a biocatalyst in proteomics analysis, ChemPlusChem 77 (2012)

982–986, https://doi.org/10.1002/cplu.201200186.
[57] C. Zhang, X. Wang, M. Hou, X. Li, X. Wu, J. Ge, Immobilization on metal-organic framework engenders

high sensitivity for enzymatic electrochemical detection, ACS Appl. Mater. Interfaces 9 (2017)

13831–13836, https://doi.org/10.1021/acsami.7b02803.

[58] F.K. Shieh, S.C. Wang, C.I. Yen, C.C. Wu, S. Dutta, L.Y. Chou, J.V. Morabito, P. Hu, M.H. Hsu, K.C.

W. Wu, C.K. Tsung, Imparting functionality to biocatalysts via embedding enzymes into nanoporous

materials by a de novo approach: size-selective sheltering of catalase in metal-organic framework

microcrystals, J. Am. Chem. Soc. 137 (2015) 4276–4279, https://doi.org/10.1021/ja513058h.
[59] F. Lyu, Y. Zhang, R.N. Zare, J. Ge, Z. Liu, One-pot synthesis of protein-embeddedmetal–organic frameworks

with enhanced biological activities—supporting information, Nano Lett. 14 (2014) 5761–5765, https://doi.
org/10.1021/nl5026419.

[60] F.S. Liao, W.S. Lo, Y.S. Hsu, C.C. Wu, S.C. Wang, F.K. Shieh, J.V. Morabito, L.Y. Chou, K.C.W. Wu, C.

K. Tsung, Shielding against unfolding by embedding enzymes in metal-organic frameworks via a de novo

approach, J. Am. Chem. Soc. 139 (2017) 6530–6533, https://doi.org/10.1021/jacs.7b01794.
[61] P. Chulkaivalsucharit, X. Wu, J. Ge, Synthesis of enzyme-embedded metal-organic framework nanocrystals

in reverse micelles, RSC Adv. 5 (2015) 101293–101296, https://doi.org/10.1039/c5ra21069k.
[62] M. Salgaonkar, S.S. Nadar, V.K. Rathod, Combi-metal organic framework (Combi-MOF) of α-amylase and

glucoamylase for one pot starch hydrolysis, Int. J. Biol. Macromol. 113 (2018) 464–475, https://doi.org/
10.1016/J.IJBIOMAC.2018.02.092.

https://doi.org/10.1016/j.ijbiomac.2016.06.071
https://doi.org/10.1016/j.ijbiomac.2016.06.071
https://doi.org/10.1039/c6dt04582k
https://doi.org/10.1039/c6dt04582k
https://doi.org/10.1016/j.ccr.2018.05.004
https://doi.org/10.1007/s11244-006-0025-6
https://doi.org/10.1021/jacs.6b03673
https://doi.org/10.1039/c7ta06419e
https://doi.org/10.1039/c7ta06419e
https://doi.org/10.1002/advs.201801684
https://doi.org/10.1002/advs.201801684
https://doi.org/10.1039/c0cc03288c
https://doi.org/10.1021/acssuschemeng.6b00777
https://doi.org/10.1002/marc.201500705
https://doi.org/10.1002/cplu.201200186
https://doi.org/10.1021/acsami.7b02803
https://doi.org/10.1021/ja513058h
https://doi.org/10.1021/nl5026419
https://doi.org/10.1021/nl5026419
https://doi.org/10.1021/jacs.7b01794
https://doi.org/10.1039/c5ra21069k
https://doi.org/10.1016/J.IJBIOMAC.2018.02.092
https://doi.org/10.1016/J.IJBIOMAC.2018.02.092


Metal-organic frameworks (MOFs) for enzyme immobilization 521
[63] L. Wang, W. Zhi, J. Wan, J. Han, C. Li, Y. Wang, Recyclable β-glucosidase by one-pot encapsulation with

Cu-MOFs for enhanced hydrolysis of cellulose to glucose, ACS Sustain. Chem. Eng. 7 (2019) 3339–3348,
https://doi.org/10.1021/acssuschemeng.8b05489.

[64] X. Wu, J. Ge, C. Yang, M. Hou, Z. Liu, Facile synthesis of multiple enzyme-containing metal-organic

frameworks in a biomolecule-friendly environment, Chem. Commun. 51 (2015) 13408–13411, https://doi.
org/10.1039/c5cc05136c.

[65] J. Cui, Y. Feng, T. Lin, Z. Tan, C. Zhong, S. Jia, Mesoporous metal-organic framework with well-defined

cruciate flower-like morphology for enzyme immobilization, ACSAppl. Mater. Interfaces (2017), https://doi.

org/10.1021/acsami.7b00512.

[66] S. Pu, X. Zhang, C. Yang, S. Naseer, X. Zhang, J. Ouyang, D. Li, J. Yang, The effects of NaCl on enzyme

encapsulation by zeolitic imidazolate frameworks-8, Enzym. Microb. Technol. 122 (2019) 1–6, https://doi.
org/10.1016/j.enzmictec.2018.12.003.

[67] K. Liang, R. Ricco, C.M. Doherty, M.J. Styles, S. Bell, N. Kirby, S. Mudie, D. Haylock, A.J. Hill, C.

J. Doonan, P. Falcaro, Biomimetic mineralization of metal-organic frameworks as protective coatings for

biomacromolecules, Nat. Commun. 6 (2015) 1–8, https://doi.org/10.1038/ncomms8240.

[68] H. He, H. Han, H. Shi, Y. Tian, F. Sun, Y. Song, Q. Li, G. Zhu, Construction of thermophilic lipase-embedded

metal-organic frameworks via biomimetic mineralization: a biocatalyst for ester hydrolysis and kinetic

resolution, ACS Appl. Mater. Interfaces 8 (2016) 24517–24524, https://doi.org/10.1021/acsami.6b05538.

[69] S.S. Nadar, V.K. Rathod, Facile synthesis of glucoamylase embedded metal-organic frameworks

(glucoamylase-MOF) with enhanced stability, Int. J. Biol. Macromol. 95 (2017) 511–519, https://doi.org/
10.1016/j.ijbiomac.2016.11.084.

[70] F. Pitzalis, C. Carucci, M. Naseri, L. Fotouhi, E. Magner, A. Salis, Lipase encapsulation onto ZIF-8: a

comparison between biocatalysts obtained at low and high zinc/2-methylimidazole molar ratio in aqueous

medium, ChemCatChem 10 (2018) 1578–1585, https://doi.org/10.1002/cctc.201701984.
[71] K. Liang, C.J. Coghlan, S.G. Bell, C. Doonan, P. Falcaro, Enzyme encapsulation in zeolitic imidazolate

frameworks: a comparison between controlled co-precipitation and biomimetic mineralisation, Chem.

Commun. 52 (2016) 473–476, https://doi.org/10.1039/c5cc07577g.
[72] X.Wu, C. Yang, J. Ge, Green synthesis of enzyme/metal-organic framework composites with high stability in

protein denaturing solvents, Bioresour. Bioprocess. 4 (2017) 24, https://doi.org/10.1186/s40643-017-0154-8.

[73] M. Jian, B. Liu, R. Liu, J. Qu, H.Wang, X. Zhang,Water-based synthesis of zeolitic imidazolate framework-8

with high morphology level at room temperature, RSC Adv. 5 (2015) 48433–48441, https://doi.org/10.1039/
C5RA04033G.

[74] N.K. Maddigan, A. Tarzia, D.M. Huang, C.J. Sumby, S.G. Bell, P. Falcaro, C.J. Doonan, Protein surface

functionalisation as a general strategy for facilitating biomimetic mineralisation of ZIF-8, Chem. Sci. 9 (2018)

4217–4223, https://doi.org/10.1039/c8sc00825f.
[75] G. Zhu, M. Zhang, Y. Bu, L. Lu, X. Lou, L. Zhu, Enzyme-embedded metal–organic framework

colloidosomes via an emulsion-based approach, Chem. Asian J. 13 (2018) 2891–2896, https://doi.org/
10.1002/asia.201800976.

[76] J. Song, W. He, H. Shen, Z. Zhou, M. Li, P. Su, Y. Yang, Construction of multiple enzyme metal–organic
frameworks biocatalyst via DNA scaffold: a promising strategy for enzyme encapsulation, Chem. Eng. J.

(2019) 174–182, https://doi.org/10.1016/j.cej.2019.01.138.
[77] W. Liang, R. Ricco, N.K. Maddigan, R.P. Dickinson, H. Xu, Q. Li, C.J. Sumby, S.G. Bell, P. Falcaro, C.

J. Doonan, Control of structure topology and spatial distribution of biomacromolecules in protein@ZIF-8

biocomposites, Chem. Mater. 30 (2018) 1069–1077, https://doi.org/10.1021/acs.chemmater.7b04977.

[78] V. Gascón, C. Carucci, M.B. Jim�enez, R.M. Blanco, M. Sánchez-Sánchez, E. Magner, Rapid in situ

immobilization of enzymes in metal–organic framework supports under mild conditions, ChemCatChem

9 (2017) 1182–1186, https://doi.org/10.1002/cctc.201601342.
[79] S.S. Nadar, V.K. Rathod, Ultrasound assisted intensification of enzyme activity and its properties: a mini-

review, World J. Microbiol. Biotechnol. 33 (2017), https://doi.org/10.1007/s11274-017-2322-6.

https://doi.org/10.1021/acssuschemeng.8b05489
https://doi.org/10.1039/c5cc05136c
https://doi.org/10.1039/c5cc05136c
https://doi.org/10.1021/acsami.7b00512
https://doi.org/10.1021/acsami.7b00512
https://doi.org/10.1016/j.enzmictec.2018.12.003
https://doi.org/10.1016/j.enzmictec.2018.12.003
https://doi.org/10.1038/ncomms8240
https://doi.org/10.1021/acsami.6b05538
https://doi.org/10.1016/j.ijbiomac.2016.11.084
https://doi.org/10.1016/j.ijbiomac.2016.11.084
https://doi.org/10.1002/cctc.201701984
https://doi.org/10.1039/c5cc07577g
https://doi.org/10.1186/s40643-017-0154-8
https://doi.org/10.1039/C5RA04033G
https://doi.org/10.1039/C5RA04033G
https://doi.org/10.1039/c8sc00825f
https://doi.org/10.1002/asia.201800976
https://doi.org/10.1002/asia.201800976
https://doi.org/10.1016/j.cej.2019.01.138
https://doi.org/10.1021/acs.chemmater.7b04977
https://doi.org/10.1002/cctc.201601342
https://doi.org/10.1007/s11274-017-2322-6


522 Chapter 22
[80] S.S. Nadar, V.K. Rathod, Encapsulation of lipase within metal-organic framework (MOF) with enhanced

activity intensified under ultrasound, Enzym. Microb. Technol. 108 (2018), https://doi.org/10.1016/j.

enzmictec.2017.08.008.

[81] S.S. Nadar, A.B. Muley, M.R. Ladole, P.U. Joshi, Macromolecular cross-linked enzyme aggregates

(M-CLEAs) of α-amylase, Int. J. Biol. Macromol. 84 (2016) 69–78, https://doi.org/10.1016/j.
ijbiomac.2015.11.082.

[82] M. Salgaonkar, S.S. Nadar, V.K. Rathod, Biomineralization of orange peel peroxidase within metal organic

frameworks (OPP–MOFs) for dye degradation, J. Environ. Chem. Eng. 7 (2019) 102969, https://doi.org/

10.1016/J.JECE.2019.102969.

[83] C. Carucci, L. Bruen, V. Gascón, F. Paradisi, E. Magner, Significant enhancement of structural stability of the

hyperhalophilic ADH from Haloferax volcanii via entrapment on metal organic framework support,

Langmuir 34 (2018) 8274–8280, https://doi.org/10.1021/acs.langmuir.8b01037.

[84] U.V. Sojitra, S.S. Nadar, V.K. Rathod, Immobilization of pectinase onto chitosan magnetic nanoparticles by

macromolecular cross-linker, Carbohydr. Polym. 157 (2017) 677–685, https://doi.org/10.1016/j.
carbpol.2016.10.018.

[85] X. Wu, C. Yang, J. Ge, Z. Liu, Polydopamine tethered enzyme/metal-organic framework composites with

high stability and reusability, Nanoscale 7 (2015) 18883–18886, https://doi.org/10.1039/c5nr05190h.
[86] U.V. Sojitra, S.S. Nadar, V.K. Rathod, A magnetic tri-enzyme nanobiocatalyst for fruit juice clarification,

Food Chem. 213 (2016) 296–305, https://doi.org/10.1016/j.foodchem.2016.06.074.

[87] S. Talekar, S. Desai, M. Pillai, N. Nagavekar, S. Ambarkar, S. Surnis, M. Ladole, S. Nadar, M. Mulla, Carrier

free co-immobilization of glucoamylase and pullulanase as combi-cross linked enzyme aggregates (combi-

CLEAs), RSC Adv. 3 (2013) 2265–2271, https://doi.org/10.1039/c2ra22657j.
[88] S. Talekar, G. Joshi, R. Chougle, B. Nainegali, S. Desai, A. Joshi, S. Kambale, P. Kamat, R. Haripurkar,

S. Jadhav, S. Nadar, Preparation of stable cross-linked enzyme aggregates (CLEAs) of NADH-dependent

nitrate reductase and its use for silver nanoparticle synthesis from silver nitrate, Catal. Commun. 53 (2014)

62–66, https://doi.org/10.1016/j.catcom.2014.05.003.

[89] X. Lian, Y.P. Chen, T.F. Liu, H.C. Zhou, Coupling two enzymes into a tandem nanoreactor utilizing a

hierarchically structured MOF, Chem. Sci. 7 (2016) 6969–6973, https://doi.org/10.1039/c6sc01438k.
[90] S.S. Nadar, V.K. Rathod, Magnetic-metal organic framework (magnetic-MOF): a novel platform for enzyme

immobilization and nanozyme applications, Int. J. Biol. Macromol. 120 (2018) 2293–2302, https://doi.org/
10.1016/J.IJBIOMAC.2018.08.126.

[91] C. Hou, Y. Wang, Q. Ding, L. Jiang, M. Li, W. Zhu, D. Pan, H. Zhu, M. Liu, Facile synthesis of enzyme-

embedded magnetic metal-organic frameworks as a reusable mimic multi-enzyme system: mimetic

peroxidase properties and colorimetric sensor, Nanoscale 7 (2015) 18770–18779, https://doi.org/10.1039/
c5nr04994f.

[92] J. Wang, G. Zhao, F. Yu, Facile preparation of Fe3O4@MOF core-shell microspheres for lipase

immobilization, J. Taiwan Inst. Chem. Eng. 69 (2016) 139–145, https://doi.org/10.1016/j.jtice.2016.10.004.
[93] A. Samui, A.R. Chowdhuri, T.K. Mahto, S.K. Sahu, Fabrication of a magnetic nanoparticle embedded NH2-

MIL-88B MOF hybrid for highly efficient covalent immobilization of lipase, RSC Adv. 6 (2016)

66385–66393, https://doi.org/10.1039/c6ra10885g.
[94] J. Huo, J. Aguilera-Sigalat, S. El-Hankari, D. Bradshaw, Magnetic MOF microreactors for recyclable size-

selective biocatalysis, Chem. Sci. 6 (2015) 1938–1943, https://doi.org/10.1039/c4sc03367a.
[95] M. Zhao, X. Zhang, C. Deng, Rational synthesis of novel recyclable Fe3O4@MOF nanocomposites for

enzymatic digestion, Chem. Commun. 51 (2015) 8116–8119, https://doi.org/10.1039/c5cc01908g.
[96] Y. Wu, Y. Ma, G. Xu, F. Wei, Y. Ma, Q. Song, X. Wang, T. Tang, Y. Song, M. Shi, X. Xu, Q. Hu, Metal-

organic framework coated Fe3O4 magnetic nanoparticles with peroxidase-like activity for colorimetric

sensing of cholesterol, Sensors Actuators B Chem. 249 (2017) 195–202, https://doi.org/10.1016/j.
snb.2017.03.145.

https://doi.org/10.1016/j.enzmictec.2017.08.008
https://doi.org/10.1016/j.enzmictec.2017.08.008
https://doi.org/10.1016/j.ijbiomac.2015.11.082
https://doi.org/10.1016/j.ijbiomac.2015.11.082
https://doi.org/10.1016/J.JECE.2019.102969
https://doi.org/10.1016/J.JECE.2019.102969
https://doi.org/10.1021/acs.langmuir.8b01037
https://doi.org/10.1016/j.carbpol.2016.10.018
https://doi.org/10.1016/j.carbpol.2016.10.018
https://doi.org/10.1039/c5nr05190h
https://doi.org/10.1016/j.foodchem.2016.06.074
https://doi.org/10.1039/c2ra22657j
https://doi.org/10.1016/j.catcom.2014.05.003
https://doi.org/10.1039/c6sc01438k
https://doi.org/10.1016/J.IJBIOMAC.2018.08.126
https://doi.org/10.1016/J.IJBIOMAC.2018.08.126
https://doi.org/10.1039/c5nr04994f
https://doi.org/10.1039/c5nr04994f
https://doi.org/10.1016/j.jtice.2016.10.004
https://doi.org/10.1039/c6ra10885g
https://doi.org/10.1039/c4sc03367a
https://doi.org/10.1039/c5cc01908g
https://doi.org/10.1016/j.snb.2017.03.145
https://doi.org/10.1016/j.snb.2017.03.145


Metal-organic frameworks (MOFs) for enzyme immobilization 523
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CHAPTER 23
State-of-the-art and future perspectives
of MOFs in medicine
Sergio Carrasco

Department of Organic Chemistry, Stockholm University, Stockholm, Sweden
Throughout the previous chapters, we have explored different key aspects of the MOF

technology: basic concepts, structure and properties, characterization techniques, a broad

variety of synthetic procedures, some limiting issues concerning their use in (bio)medical

applications, and the current strategies to improve the biocompatibility of these materials to

achieve the desired purpose. Here, in this last chapter, we pretend to offer a brief overview

of the state of the art focusing the attention of the reader on those details that, although

possibly unnoticed, have paved the way for the next generation of metal-organic framework

materials and are behind the reasons of the changing trends in terms of applicability.

As it has been discussed previously, in a simple and a concise manner, MOFs are hybrid

polymeric materials comprised of metal ions/clusters and an organic linker resulting in highly

porous materials. Indeed, IUPAC includes in the definition for these materials the presence

of potential voids [1]. Although, in general, it is widely accepted that MOFs crystallize in

well-defined space groups, no further difference between crystalline and amorphous networks

should be considered as temperature, pressure, and/or external stimuli, among other

parameters, may considerably impact the structure and, as a result, their potential porosity.

The amount of solvent or other guest molecules filling the pores is extremely dependent on

both the synthetic routes followed to prepare the materials and the washing/activation

procedures. In other words, the presence of fully or partially loaded pores with different

molecules may lead to different diffraction patterns as those expected from the corresponding

empty raw MOFs [2]. Furthermore, the long-range periodic order may be affected, resulting

in amorphous-like diffraction patterns, but maintaining the porosity, basic building blocks,

and connectivity upon using different synthetic conditions or postsynthetic modifications

such as ball milling, pressurization, heating, and melt quenching [3]. Although nowadays

this discussion between crystalline and amorphous MOFs can be considered overpassed

and it is far from the scope of this chapter, the reader is referred to the literature for further

information [4]. Similar controversies have been overcome regarding, for example, the

exclusive use of carboxylate-based organic likers [5] as other organic molecules bearing

https://doi.org/10.1016/B978-0-12-816984-1.00026-3
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different moieties, such asdSH [6],dOH [7], ordN(R)(H) [8], have been successfully used

for MOFs development.

Nowadays, the difference between MOFs and porous organic frameworks (POFs) seems clear

[9]. However, it is worth to mention that as the research and the development of these materials

can be considered relatively novel, distinctions were no so evident during the early 1990s.

Indeed, due to the first vague definitions, concepts were all cross-linked and some common

mistakes still can be found in some manuscripts regarding that aspect. POFs are those polymers

purely fabricated upon combination of organic building blocks [10] and can be classified

according to either their crystallinity, being usually known as covalent organic frameworks

(COFs) showing in general reversible covalent bonds [11], or amorphous porous organic

polymers (POPs) [12], if the covalent bonds are irreversible and the resulting material lack

of a diffraction pattern. In general, POPs are more stable than COFs and show a broader

variety of possibilities in terms of connections and porosity ranges. On the other hand, the

advances in MOF technology and characterization techniques have paved the way for reticular

chemistry as an emerging science [13, 14], trying to explain the differences between

interconnected and noninterconnected networks that conventional crystallography is not able to

cover, although sometimes the terminology can be considered complex for nonexperts.

MOFs have widespread use in different fields between 1994 and 2019, including catalysis [15],

gas storage [16], purification [17], separation [18], energy [19], or sensors [20], but

undoubtedly their application in medicine has outstand over them during the period 2014–18
due to the impact in human health-related issues. Within this chapter, the reader will find a

comprehensive data analysis of the manuscripts published in the literature regarding the

areas commented before paying special attention to medicine, the reasons and the driving

forces behind of and responsible for the change in the trends in terms of applicability, the

evolution and the state of the art of this field according to the maturation of the MOF

technology, some relevant and pioneer examples, and a critical discussion focused on the

main advantages and drawbacks of using MOFs in the field of medicine.

23.1 A brief story of MOFs, applications, and recent trends

Considering MOFs as hybrid polymers themselves, in the borderline between organic and

inorganic materials, is essential for the understanding of their rapid evolution and establishing a

convenient contextualization. Different from other hybrid materials or advanced composites,

MOFs show both characteristics after being obtained in one single step through solvothermal,

sonochemical, microwave-assisted, electrochemical, or mechanochemical syntheses by simply

mixing the convenient components, under singular reaction conditions (temperature, pressure,

solvent nature and polarity, concentration and ratio of metal salts/organic linkers, presence or

absence of additives or modulators, among others). They belong to a diffuse barrier covering a

few but critical aspects from a multitude of disciplines such as Materials Science, Physical
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Chemistry, Organic and Inorganic Chemistry, and Engineering. More than 70,000 structures

were officially reported in the Cambridge Crystallographic Data Centre (CCDC) in 2017 [21],

regardless those amorphous or liquid MOFs. The multiple connections between a broad

variety of secondary building units (SBUs) and on-demand-synthesized organic linkers have

broadened the scope of these materials up to practically infinite possibilities. Thus, it is

reasonable to explain the interest of the scientific community in such materials as, in order

to achieve the same properties using composite materials, a limited range of options are

available in terms of fabrication procedures, functionalization methodologies, and

compatibility between materials showing different natures. However, it is worth to mention

that some MOFs show a relevant lack of properties in several fields, limitations that have been

overcome thanks to the application of the same technologies used to prepare composites [22].

One can conclude that the evolution of MOF publications receives the constant feedback

from both the abovementioned fields and the arising of new synthetic procedures, improving

the overall properties of these polymeric hybrids and contributing to their maturation.

Yaghi should be undoubtedly known as the pioneer of the development of MOFs as we know

nowadays. Together with Michael O’Keeffe, they are considered the fathers of the reticular

chemistry [13, 14, 23]. Although the concept “metal-organic framework” was introduced for

the first time in 1994 [24], the fabrication of extended metal-organic materials was

demonstrated more than a century ago, in 1897, when an open structure consisting of Ni2+ ions,

cyanide molecules, ammonia, and benzene molecules was successfully prepared by Hofmann

and K€uspert [25] However, when new characterization techniques such as X-ray diffraction

(XRD) came into scene, this polymer, originally claimed as an extended 2D network,

demonstrated to be crystal aggregations in a sheet-like fashion where the benzene molecules

were encapsulated favoring the stability of the structure through π-π interactions [26].

MOFs can be characterized using a broad amount of characterization techniques available

nowadays. However, until the second half of the twentieth century, when techniques that

are considered of routine today appeared, the presence of large voids within crystalline

matrices could not be confirmed. This fact led to prominent research to achieve these 2D

and 3D polymers during the following years. More information about this fascinating process

can be found elsewhere, remarking the milestones and the challenging routes followed [27].

The end of the road can be located in 1989, when Hoskins et al. prepared a copper-based

network from a copper-acetonitrile complex by replacing the ligands with the linker

4,40,400,4000-tetracyanotetraphenylmethane [28].

Since 1994, the number of publications regarding MOFs has been increasing exponentially

(Fig. 23.1A), resulting in 4081 scientific documents including articles and reviews in 2018, and

almost 3000 by August 2019. This may be considered a result of the maturing of MOF

technology and its combination with the novel micro/nano-structuration techniques for

establishing novel robust and reproducible methods for the synthesis of new polymeric

materials, as commented above. If the trends are being constant, it is expected to achieve around
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5100 publications during this year, which represents a general increase of 25% over 2018.

Remarkably, it was necessarily almost a decade to find practical applications for these

materials, probing their efficiency as the zeolites, their pure inorganic counterparts, in a more

efficient way. In 2001, the first work probing the use of MOFs as efficient gas separation/

adsorption systems was reported by Fletcher et al. [29] The authors studied the adsorption of

different gases in a Ni2+/4,40-bipyridine MOF, claiming for the first evidence of specific

interactions between guests and functional groups within the pores in this flexible network.

They evaluated the effect of the temperature on the adsorption isotherms, observing structural

changes and different loading efficiencies when alcohols were used, concluding that the

expansion of the MOF itself is not necessarily related to the way the gases permeate throughout

the matrix, but highly dependent on the functional groups located in the internal walls of the

pores and the corresponding gas interactions.

One year later, the group of Prof. Yaghi reported the first MOF-based gas storage system based

on isoreticular Zn polymers [30]. Starting from the well-known MOF-5, the authors performed

several linker modifications in an elegant fashion to expand the pore size keeping constant

the raw topology. This strategy has been a recurrent topic in MOF technology within the

last years and several authors have evaluated the influence of using both metals showing

similar electronics and oxidation states and modified organic linkers, retaining the original

structure but improving the inherent properties [31–35]. This work constituted as well the first
evidence of the critical effect of reaction conditions like the concentration of the starting

materials, as the authors were able to fabricate both interpenetrating and noninterpenetrating

networks, with a critical impact over the pore volume of the final material, just by diluting

the concentration of metals and linkers. Interestingly, although the use of functionalized linkers

with convenient organic moieties, like terephthalic acid derivatives including dBr or dNH2,

could be of relevance for their future application, resulting MOFs showed smaller pore
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sizes compared to the original polymer, as expected from these moieties allocated inside them.

Finally, they evaluated the storage capacity for methane of the new materials, finding for

IRMOF-6 the highest loading efficiencies compared to previously reported zeolites and

other isoreticular MOFs due to the hydrophobic nature of C2H4 units.

Also in 2002, the first potential sensor system was proposed based on trivalent lanthanide

cations (Eu, Tb, Ce) and 2,6-naphthalenedicarboxylic acid [36]. The emission of the polymers

in the visible range upon irradiation with UV-light demonstrated for the first time the

applicability of these materials for sensor development. If the previous work demonstrated the

possibility to obtain isoreticular MOFs by changing the nature of the ligand, this example

constituted the first work where isostructural MOFs were obtained by replacing the metal

cation. Despite the interesting work performed herein, the system was not applied to the

quantification of molecular species in real samples. It was not until 2007 when Chen et al.

applied other lanthanide-based MOF using trimesic acid for the quantification of small

molecules such as ethanol, acetone, and DMF, depending on the quenched/enhanced

fluorescence of the polymer [37]. Several works for sensing humidity [38], pH [39], metal

cations [40], volatile organic compounds [41], gases [42], or explosives [43] have been

described afterwards and, more interestingly, the first MOF-based biosensor for larger

molecules was proposed in 2012 [44]. Authors developed a glucose sensor based on ZIF-8, a

MOF consisting of Zn and 2-methylimidazole, being successfully applied in human blood

serum samples.

All these first examples illustrate that years 2001 and 2002 can be considered the transition

of the MOF technology from the prehistory, where publications were indistinctly released

based on mere new structures and topologies, to the ancient and the middle age, where

real applications were found for these materials. This analogy with historic periods is not casual

and perfectly fits with the different MOF generations produced since 1994 [45]. The

changes in the trends to ensure the applicability of these polymers seem to match the transition

between the first and the second generation of MOFs. While the former comprise those

structures showing nonpermanent porosity due to the host-guess dependence, the later

correspond to MOFs showing robust and stable pores. It is thus reasonable to think

that this transition boosted and enabled their use in real-life applications as recyclability

and reusability are the key aspects for the applications considered herein [46]. On the other

hand, the modern and contemporary ages can be assimilated to the third and the fourth

generations, respectively. It is a nonnegligible fact that some potential applications were

still hindered as a consequence of the poor properties of MOFs from the second generation.

In fact, applications described above were limited to the storage, sensing, and separation of

small molecules showing relatively poor interactions or medium to low selectivities [47].

Interactions with linkers (through hydrogen bonding, hydrophobic π-π interactions, electron

donor/acceptor interactions, or the formation of a dative covalent bonding) and structural

metals (through open metal sites, either via reversible bonds or electrostatically) constitute

the basis of the applicability of MOFs [48, 49].
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The third generation enabled the preparation of external stimuli-responsive materials

showing flexible and dynamic frameworks depending on temperature, pressure, and/or

environmental conditions [50]. The so-called “breathing” MOFs can be included in the

definition of the third generation as, after an external stimuli is applied, the total pore

volume and size dramatically change. The chromium-terephthalate MIL-88B(Cr) can be

considered by far the canonic MOF showing this ability due to the broad-related scientific

production [51]. First published by Serre et al., this polymer was able to experiment a unit

cell expansion of even a 135% compared to the as-synthesized raw material depending on

the guests inside the pores. However, similar MOFs were described before by the group of

Prof. Fujita [52]. On the other hand, the fourth generation comprised different postsynthetic

modifications, including chemical modifications maintaining or improving the MOF structure

and porosity to introduce new functionalities and postprocessing procedures resulting in

new MOF-derived or carbon-based materials, such as pyrolysis or thermal annealing [53].

This milestone was the answer to the limitations found for the previous generations and implied

a truly revolution in MOF technology. Further details concerning MOF limitations will be

deeply discussed in the following section, particularly focused on the field of biomedicine.

Since then, a significant bloom was observed in fields such as catalysis, energy, sensors,

or medicine. The transition between the second and the third/fourth generations is not as

clear as the corresponding between the first and the second, as different applications started

to appear within a 6-years period (2004–09)

Although suspected in a theoretical manner, it was not until 2004 when the first evidence

of catalytic applications based on MOFs appeared for the selective cyanosilylation of

benzaldehyde using a 2D Cu-trimesic acid MOF. The use of these polymers for energy

applications was already predicted using computational models [54], but the first evidence

arose in 2008 [55], regardless their hydrogen storage capacity. Combelles et al. suggested an

iron-terephthalate MOF (MIL-53) as cathode in Li-ion batteries. One year later, the system

was successfully developed showing a remarkable electrochemical enhancement compared

to conventional Li batteries [56].

In this context, the first work concerning biomedical applications appeared in 2006 by

Horcajada et al. [57]. She is considered the pioneer of the use of MOFs in medicine nowadays

and demonstrated for the first time the potential of these materials for drug delivery.

A comparison between MOFs and other well-stablished delivery system is presented for the

first time, introducing the “hybrid” methodology versus pure organic and inorganic

materials. Ibuprofen adsorption was studied in Cr-terephthalate MOFs MIL-100 and MIL-101.

Due to their different pore sizes, each polymer was able to adsorb different amounts of this

drug, MIL-101 being able to uptake even four times more ibuprofen (1.4 g/MOF) than its

terephthalate counterpart as a consequence of the larger pore sizes and volumes. Despite

the toxicity of Cr(III) ions compared to Fe(III), they demonstrated that small amounts of

polymer were required to achieve high dosages, achieving the most relevant requirements

of porous materials for drug delivery, i.e., the necessity of large pores, a selective occupation



State-of-the-art and future perspectives of MOFs in medicine 531
of mesopores, and interassembly of organic compounds, these three factors being accomplished

by large when considering MOFs for this goal. Delivery kinetics were tested in vitro in

simulated body fluids, finding different regimes according to the interactions of ibuprofen onto/

within MIL-101. Initially, the drug showed some diffusion processes through the cages’

windows, while the final drug fraction was delivered slowly due to the pore size and ionic

interactions, as the drug was loaded as an anion and π-π interactions, taking 6 days to ensure a
complete release. Comparison with other mesoporous inorganic materials, such as MCM-41

(2 days), demonstrated higher loading capacities and longer delivery times, which is of

importance for a persistent and more efficient administration.

A convenient and critical comparison is required considering the fields of application of MOFs

from 2008 to 2018. If we neglect all the manuscripts regarding the fabrication of new structures

where applications are not demonstrated, i.e., just concerning the synthesis and the

characterization of newMOFs or the improvements over the syntheses already described, seven

main fields can be distinguished. In 2008, storage-related applications were by large the vastest

field where MOFs played an important role, particularly concerning gases (Fig. 23.1B).

Hundred and ten publications, representing a remarkable 44.2% over the total applications,

were released, while medicine only represented a discreet 3.6% (9 works). This behavior can

be explained as discussed before, as a consequence of the limited properties of these

materials belonging to the first generations for real medical applications. Separation

(21.7%, 54 publications) and catalysis (15.3%, 38) were the other fields where MOF

technology was focused on the applicability in 2008. Only purification (1.6%, 4) and sensors

(0.8%, 2) resulted in less articles than medicine at that time. A constant and significant

improvement over the fabrication methodologies and the releasing of new MOF generations

resulted in an equitative distribution of publications in 2018 within the abovementioned fields

(Fig. 23.1C). Although the amount of publications related to storage raised up to 713, the

percentage value decreased to 17.1%, favoring the research and efforts in other areas. As

expected, the same trend was found for the other two broadest areas in 2008, separation and

catalysis that decreased to 18.7% (780) and 10.0% (416), respectively. These three areas

together represented more than an 80% in 2008, but in 2018 were less than 50%. This detriment

favored indistinctly energy (24.0%, 998), medicine (15.1%, 627), and sensors (13.0%, 539).

A remarkable 10-years average increase of 60%, taking into consideration the increase of

the number of publications of one year compared to the previous, was found in medicine,

followed by energy (42%) and sensors (28%). If these trends are constant, ca. 1000

manuscripts may be expected by the end of 2019, although during the first 7 months, only

372 manuscripts in the field of medicine have been already published. Despite some of the

works are not still indexed in databases, it is not very likely to cover the expectations,

being more reasonable to attend the in-year behavior of 90 manuscripts/month, which

would result in approximately 800 papers.

At this point, it is worth to mention a main drawback when comparing these values with

databases. Even using boolean operations to discard reiterative manuscripts appearing in
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different areas at the same time, the reality is that every field considered herein as

independent is interconnected to each other, resulting in impossibility to discard between

applications in some cases. For example, point-of-care devices can be included as sensors due

to their function and operation procedure. However, these systems are designed for the in/ex

situ monitorization of different biological analytes in presumably nonhealthy patients, thus

considering them as medical-related publications. In other words, the convergence trends

nowadays are unavoidable, and the new systems proposed are a result of multidisciplinary

collaborations, as the MOF technology itself. On the other hand, data showed here are obtained

from Web of Science. If the reader crosses the terms “metal-organic frameworks” and

“medicine” in other databases such as Scopus, similar trends can be found, although the values

offered for the number of publications may slightly differ. Scopus, additionally including

conference papers and book chapters, offers 4802 publications compared to WOS (4081) in

2018, andmore than 4000 works already published during 2019. From those, regardingmedical

applications, the former database includes 345 publications versus 372 in the latter to date.

Another interesting analysis arises from the study of data regarding the final use of MOFs

within biomedicine. Fig. 23.2A shows both the number of publications and the percentage over

the total amount of manuscripts published for selected specialized-related medicine fields. The

5-years period, 2014–18, was selected for comparison purposes, when the growth of MOF

publications in medicine can be considered constant (increase of ca. 60% per year) and the

number of publications was larger than 100 in order to ensure a significant analysis of the data

batch. Drug delivery was not only the first area where MOFs were applied in medicine, but also

the application that experienced the highest 5-years average growth, by large (58%) compared

to cancer (19%), and far from the practically negligible increase of bioimplants (< 1%).

Although the situation for drug delivery is similar to that described for storage or separation as a

decrease in the overall percentage with years is observed (from a 75.4% in 2014 to a 40.5% in

2018, Fig. 23.2B), the increase in the number of publications compensated by far the reported
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(A) Number of publications of MOFs in different medical applications in the period 2014–18 (straight

lines, right axis) and the relative percentage per year for each application (bars, left axis).
(B) Distribution of the use of MOFs in six different medical applications in 2018. Data from Web of

Science.
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values for other areas (from 83 publications in 2014 to 254 in 2018). However, further

comparisons in relative terms similar to the ones established for the previous applications

cannot be performed as the competing areas have not surpassed the amount of 100 publications

yet, thus resulting in nonreliable increments. Only cancer-related applications, showing 150

publications in 2018 (increment of 67% compared to 2017) compared to 254 works for drug

delivery (increase of 25% in 2018), seem to surpass them under this relative analysis,

demonstrating the evidence that the fields where MOFs are recently finding a new applicability

experience larger growths in detriment of the first areas. Two main aspects can be

concluded from these trends. The first and more evident is that MOF systems for drug delivery

seem to be the most promising application in medicine and where the scientific community

has focused its attention in the last years. The second, and maybe not so obvious, is that

this application is experiencing a faster maturing effect compared to other areas and materials,

highlighting the relevance of MOFs as biocompatible carriers. However, areas like cancer

treatment are experiencing larger relative growths due to their social impact.

Although the relative studies are hampered in terms of application fields, one can compare

MOFs with well-known mature materials used for the same purpose. Mesoporous silica

nanoparticles for drug delivery have experienced an average increase of 14% during the last

five years, while organic polymers only a 6%. These values can be compared with the 35%

of these hybrid materials in the period 2014–18. Furthermore, checking the corresponding

individual relative growths per year, it is surprising to observe that the previous inorganic

nanoparticles showed a 26%, 7%, and 5% growth in 2016, 2017, and 2018 and organic

materials a 1%, 8%, and �1% in the last 3 years, respectively. One may speculate that these

decreases, even negatives, can be attributed to the presence of improved materials

surpassing them for drug delivery. This is a key evidence of how MOFs have strongly

erupted within the field of medicine, replacing these old-fashioned and limited materials by

better and improved polymers showing larger drug loading efficiencies and longer releases

in terms of time.

Coming back to the utility of MOFs in medicine, here it is even more complicated to establish a

clear barrier between each use than considering general applications. Although considered in a

separate manner, the concepts “cancer” and “therapy” totally overlap. For this reason, the

values given in Fig. 23.2B for therapy treatments include those manuscripts where MOFs are

used as labels or markers for specific targets excluding carcinogenic cells or related proteins

expressed by them. The trends in both areas (Fig. 23.2A) are similar, thus confirming the

intimate relationship between them. Similarly, “diagnosis” applications match other areas such

as point-of-care devices and sensors and are related to cancer and other diseases caused by

microbes, bacteria, or viruses, as some MOFs are used not only for the early detection, but also

for the treatment/therapy itself. Diagnosis represents here a wide definition, mainly including

imaging procedures using MOFs as contrast agents or fluorescent labels. Before moving

forward, a few words on the rest of applications should be mentioned.
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In 2007, Rieter et al. prepared a hybrid composite based on nanoscaled MOFs used as cores and

a silica coating as shell [58]. The support material consisted of lanthanide (Eu, Gd, Tb)

terephthalates prepared through reverse microemulsion polymerization in the form of

nanorods, being possible to modulate the aspect ratio by adding different amounts of

cetyltrimethylammonium bromide (CTAB) as surfactant and water during the synthesis.

Polymers were further functionalized with polyvinylpyrrolidone (PVP) and a sol-gel

methodology was finally applied to cover the PVP-functionalized nanoMOF rods with

controlled-thickness mesoporous silica layers. Importantly, this work was one of the first

demonstrations of how MOFs could be protected to avoid dissolution and thus limiting the

potential release of metal cations to the external media that, as will be discussed briefly, is a key

aspect for biomedical fields. This work constitutes a paradigmatic example of the use of MOFs

in multidisciplinary areas such as sensors, functionalizing the silica layer with a Tb complex for

the detection of bacterial spores as a consequence of its coordination ability to dipicolinic acid

present in these pathogens. But, in addition, authors proposed this material as a potential

candidate for future imaging. However, one of the first evidences of MOFs used for diagnosis

appeared the next year, when the group of Lin prepared a Gd-mellitic acid nanoMOF using a

similar surfactant-assisted method as described before, with potential use in magnetic

resonance imaging due to the paramagnetic nature of the metal ion [59]. Since then, the number

of publications of MOFs used for diagnosis, following both luminescent or contrast strategies,

increased considerably.

As expected, MOFs for cancer treatment started as drug delivery systems [60]. In 2010,

Horcajada et al. reported on the synthesis of the first biocompatible Fe-carboxylate MOFs for

the encapsulation of drugs typically used for cancer and HIV treatment, such as cidofovir,

busulfan, azidothimidine triphosphate, and doxorubicin, none of them previously encapsulated

in already available carriers with the exception of the last drug. The use of different organic

linkers, i.e., muconic acid, fumaric acid, trimesic acid, 2-aminoterephthalic acid, and

terephthalic acid, resulted in different structures like MIL-89, MIL-88A, MIL-100, MIL-101,

and MIL-53, respectively, in the nanometric range (<200 nm). In order to improve the

biocompatibility of these materials and avoid potential aggregation of the nanoparticles, they

were covered with different organic polymers such as PEG, dextran or chitosan, and proved that

the efficiency of these functionalized MOFs did not statistically differ from those

corresponding to the raw materials. Some of them showed limited stability during in vitro

experiments, likeMIL-88A, but this could be considered as an advantage due to the endogenous

nature of the structural components (Fe and fumarate ions). In vivo toxicity was also tested in

rats and no differences in several indicators were found compared to the control population,

lacking of immune or inflammatory reactions after administration, and being easily excreted.

Seventy-five percent of pediatric cancer patients were cured upon the administration these

materials, demonstrating the real applicability of MOFs in medicine. Furthermore, they

successfully tested the Fe-MOFs as contrast agents in imaging.
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Later, in 2014, Lu et al. reported the first work concerning the use of MOFs in

photodynamic therapy [61]. They prepared a Hf-porphyrin MOF and used it as an effective

photosensitizer for the treatment of resistant neck and head cancers. The UiO-like structure

avoided aggregation of photosensitizer units and potential self-quenching, enhanced the

generation of reactive oxygen species such as singlet oxygen, and facilitated their diffusion out

of the nanoMOF in contact with cancer cells. The stability of the material was proven after

its incubation in physiological media, followed by in vitro experiments in carcinogenic human

cells, demonstrating a fast incorporation of the nanoMOFs inside them and finally tested

in vivo inmice, showing tumor shrinking even after the first treatment day and, more relevantly,

no damage was observed in tissues or skin after the photodynamic therapy treatment,

being able to totally remove 50% of treated tumors after only 8 days.

The potential use of MOF for the treatment of other issues includes, for example, the

encapsulation of procainamide as an antiarrhythmic drug [62]. Here, authors prepare the bio-

MOF-1 consisting of Zn-adeninate units capable to maintain its crystalline structure even after

several weeks in biological buffers. Moreover, this article represents the importance of the use

of biocompatible organic linkers in the preparation of such polymers to improve the

biocompatibility of MOFs, as even if the material is decomposed and degraded inside patients,

components can be easily excreted or incorporated as exogenous components. The drug

selected for this study shows a lack of stability in vivo, thus requiring be administrated every

3–4 h to patients. Using this material, procainamide is released during 72 h, triggered by the

presence of buffer cations, and showing the largest releasing profile within the first 20 h in

biological media.

Recently, MOFs have been proposed and used in osteogenic implants [63]. Chen et al. prepared

ZIF-8 nano- and microMOF films, consisting of Zn-imidazolate arranged units, on porous

titanium showing excellent cell adhesion. The later polymer films showed a lower proliferation

of MG63 human osteosarcoma cells compared to blanks and the former material. The

biodegradation study demonstrated that Zn ions were slowly released without a significant

burst-release effect and a relevant in vitro antibacterial activity was found compared to raw

titanium, the MOF being responsible for the partial decomposition of bacterial membranes. All

these aspects studied in this work have contributed to the successful preparation of such

composites for osteogenic implants in bones (Fig. 23.3) and, more recently, in teeth [64].

This book covers, reunited for the first time, all the vast aspects concerning the use of MOFs

in (bio)medicine, from the synthesis to the application in a thorough manner. However,

several critical reviews and book chapters have been published to date which should be

considered by the reader in order to check in detail the evolution of the MOF technology as

it is briefly showed in this chapter. The first review reporting these aspects appeared in

2010 [65] and, as could not be otherwise, Horcajada published in 2012 the most cited review

[66], with 2108 citations in August 2019, discussing the most relevant and key aspects
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Fig. 23.3
Osteogenic medical implants based on Mg/Zn-MOF74 layers over titanium pieces, inserted after
femur drilling in mice (A), showing a remarkable antibacterial activity compared to the titanium
support (Ti) or the alkali-heat-treated titanium (AT) after implantation for 3 days with bacterial

infection (B). Reproduced with permission from X. Shen, Y. Zhang, P. Ma, L. Sutrisno, Z. Luo, Y. Hu, Y. Yu, B.
Tao, C. Li, K. Cai, Fabrication of magnesium/zinc-metal organic framework on titanium implants to inhibit bacterial

infection and promote bone regeneration, Biomaterials 212 (2019) 1–16.
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that should be observed in MOF development to enhance their biocompatibility, focusing on

the composition, the formulation, and the most relevant real-life medical applications to

date, including at that time mainly drug delivery and storage and delivery of gasotransmitter

gases. A deep discussion on the main drawbacks of using these polymers in biomedicine

was presented in terms of toxicity and biodegradability. Since then, and considering the

exponential growth of publications in this field, new and updated works have appeared

summarizing the most relevant advances, broadening the application scope according to the

new technologies, fabrication methodologies, and the on-demand design of new structures to

circumvent the most relevant issues finding new fascinating properties. The reader is

referred to the literature for further information [67–72]. Among these general revisions,

interesting overviews on the use of MOFs in drug delivery [73–76], photodynamic therapy

[77–79], or in vivo imaging and diagnosis [80–82] can be found in the literature. The amount

of reviews considering the first application surpasses considerably the others, highlighting

the fact that drug delivery has been the most exploited area within the last years. Remarkably,

any review concerning the use of MOFs in medical implants has been released to date as a

consequence of the lower scientific production compared to other medical applications,

but considering the recent bloom in this field, it is expected that such publications appear

during 2020–21.
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23.2 Toward the golden age of MOF technology in medicine

Scientific community working on MOFs has agreed about relevant aspects and requirements

that should be observed for their use in medical applications. Compared to other well-known

and defined materials, such as biopolymers, inorganic nanoparticles, or biological elements

used in medicine, which can be considered as mature technologies, MOFs are still in diapers.

Regarding purely inorganic nanoparticles, which usually require organic coatings to avoid

aggregation, MOFs show an inherent ability to avoid this issue in biological fluids due to their

hybrid nature [83]. Parak et al. presented a very interesting review where they compare MOFs

with other widely applied nanomaterials in biomedicine such as mesoporous silica

nanoparticles and dendrimers [74]. Hybrid polymers exploit both their inner and outer surface

properties in contrast with those classic materials, showing some other interesting advantages

and challenging limitations that will be commented in this section for each particular

application and from a general point of view.

Since the very beginning, it was clear that the “size” requirement is the barrier established in

nanoMOFs of <200 nm to allow a free circulation even in the smallest capillaries [66].

Nanoparticles not only show remarkable and different properties and larger surface areas

compared to their bulk counterparts, but also show higher biocompatibility for in vivo

applications. Their ease of functionalization to include different specific moieties,

biomolecules, or biocompatible polymers, among others, for binding specific targets and

enhance their selectivity emphasizes on the idea that every material should be specifically

designed for each application depending on the desired activity and properties. Particle size

determines the biodistribution, translocation, cellular uptake, and excretion [84]. On the other

hand, each administration method needs its own formulation. In that sense, the size matters not

only to avoid tissue damage, but also to prepare stable, reproducible, and convenient

administration formats, such as aerosols, tablets, pellets, etc. [66]

Independently on the application, nowadays, the major concerns of MOFs in biomedicine

are nanosafety and toxicity. Materials based on both biocompatible metals and organic

linkers, those known as bioMOFs [85], can still be toxic due to the nature of the final particle

itself or, in other words, the high reactivity of the atoms in the surface of nanoMOFs as a

consequence of the large surface-to-volume ratio allows them to penetrate in healthy cells or

attack undesired targets regardless the original components. In contrast, mesoporous silica

nanoparticles and organic polymers are known to be extremely biocompatible and their effects

in vivo have been well-established. Initial in vitro studies have demonstrated the low

cytotoxicity of different MOF formulations [84, 86]. The first systematic in vitro study of the

effect of a battery of Zr, Fe, Cr-MOFs in both healthy and damaged cells was performed in

2017 for their potential use as drug carriers and medical implants [87]. However, although

several MOFs have been proven to be useful for in vivo applications, some improvements

are still required. Serre et al. published in 2018 a relevant review highlighting these
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challenges [88], such as the scarce data availability for in vivo human toxicity of organic

ligands, criticizing that the vast majority of in vivo examples are only applied to cancer instead

of healthy cell lines to certainly prove the lack of toxicity of the MOF.

On the other hand, MOFs are, in general, less stable than their pure inorganic or organic

counterparts. Although this could be considered as an advantage, as the structural components

may be excreted easily from living organisms, termed as biodegradability, the rapid dissolution

of some of them under physiological conditions and different pH values and ionic strengths may

lead to uncontrolled releases of the guest, in the case of drug delivery, or disintegration before

reaching and labeling abnormal cells/tissues, in imaging [89]. Nevertheless, bioMOFs are an

interesting alternative to avoid this limitation due to the easy excretion of the constituent

components, showing a high-efficient releasing effect while degrading even if the material

shows a poor porosity [65]. Apart from that, also the potential accumulation of metals in target

tissues or organs, such as the liver, may lead to new diseases and toxic effects. Nowadays,

efforts are focused on the development of new high-stable and biocompatible nanoMOFs, using

pharmaceutical compounds as organic linkers, or by coating the surface with polymers already

used for medical purposes, among others [90].

Some other relevant but not less important issues that MOF technology has still to confront

include their regulation, selectivity, and economics. In other words, MOFs have to demonstrate

their potential use during in vivo experiments lacking of toxicity. As concluded elsewhere [87],

practically each target will require not only the study of a MOF system for different healthy and

damaged cells, but also successfully surpass the severe and strict medical legislations that

depend on each country. Ethical issues may arise if, for example, a MOF-based treatment is

approved, but demonstrates that, with time, it may lead to another disease [91]. On the

other hand, not only the administration formula and location matter, but also the ability to

reach the specific target discriminate between different physiological environments [72].

Finally, scale-up could be a major concern as MOF formulations have to be prepared in a

reproducible manner [92], showing similar properties and/or loading capacities per synthesized

batch, and integrated into the specific administration form.

Focusing on individual applications, other advantages and limitations should be taken into

account. For drug delivery, MOFs should be able to specifically target damaged tissues,

irregular cells, or stranger pathogens showing a lack of fragmentation, degradation, and/or

aggregation. A desirable control of dosage and spatial and temporal release of the drug based on

stimuli-triggered mechanisms is needed [76]. Thus, biodegradability, bioavailability, and

toxicity are the major concerns in drug delivery. In that sense, size, shape, and composition rule

the physicochemical properties of MOF materials. But other aspects should be taken into

account, such as the fabrication of these materials that should be performed following

reproducible straightforward methodologies and enabling industrial scaling-up procedures

[65]. Further, MOFs allow for noncovalent encapsulation of drugs inside the cages, showing

higher loading capacities than other mesoporousmaterials, although some limitations regarding
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the pore aperture should be considered [72]. Nevertheless, new findings in MOF technology,

such as the isoreticular expansion commented before or the use of polymers showing the

so-called “breathing” capacity, have partially circumvented this critical issue [66]. In addition,

biomolecules such as DNA, enzymes, or other proteins are able to mineralizeMOFs and control

their size, activity, morphology, and crystallinity upon encapsulation [93]. The large loading

capacity and the long-term temporal release of the drugs, in part as a consequence of the

window aperture, compensate by large the use of MOFs over old-fashioned materials such as

mesoporous silica nanoparticles. Moreover, these hybrid polymers can be both externally and

internally functionalized to improve the biocompatibility and allow hydrophilic and

hydrophobic environments inside the pores for the encapsulation of different drugs on demand,

respectively [70]. Different drug loading approaches have been successfully applied for the

preparation of active MOFs, including those based on simple electrostatic interactions or

hydrogen bonds, prefunctionalization of organic ligands, postsynthetic modifications, and

ligand exchange or metal metathesis [69]. This broad variety of possibilities, together with their

loading and releasing efficiencies, have confirmedMOFs as a superior opponent due to the poor

postfunctionalization chemistry involving silica, practically based on silanol chemistry, or the

low adsorption showed by conventional organic polymers [68].

In terms of imaging, MOFs themselves can be used as biomarkers, for example in magnetic

resonance imaging [94], due to the presence of paramagnetic meta ions. However, when desired

structures cannot be obtained or are not suitable for such imaging modalities, postsynthetic

modifications enable the possibility of introducing fluorescent labels or contrast agents within

the polymeric network [95]. Thus, a dual behavior is shown: not only drug delivery can be

achieved, but also the in vivo localization of the nanocarrier and the evaluation of the efficiency

of the therapeutic process, enabling the use of MOFs in the field of theranostics. It is worth to

mention that this second approach is not as usual as the former, mainly because (1) larger and

time-consuming synthetic steps are required, and (2) if the final application combines both

imaging and drug delivery, then the drug loading efficiency decreases to allow the label be

incorporated. MOFs show relevant advantages in this field, such as a high rate of margination to

escape from the blood flow through vessel walls, can be surface-functionalized to show a strong

affinity for damaged or carcinogenic instead of healthy cells, and can easily and rapidly

penetrate cells and tissues [96].

Regarding the photodynamic therapy, due to their incredible loading efficiencies, MOFs have

risen as candidates to encapsulate photosensitizers, usually showing poor stability and high

cytotoxicity while using other carriers [72]. Furthermore, their encapsulation within the

framework minimizes the aggregation of the photosensitizers, improving the solubility and

increasing the cellular uptake, and enabling their combination with other treatments [77].

Porphyrinic-based MOFs have proven to be an optimal platform for this application as the

matrix allows the free diffusion of both triple and singlet oxygen throughout the polymer

network, and they were the first MOFs tested [67]. Some other relevant examples concern the

use of MOFs from the fourth generation [78].
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23.3 Future trends and conclusions

We are currently knocking the fifth generation’s door ofMOFs and two new tendencies seem to

support this transition: surface modifications through polymer coatings or surface grafting,

using biomolecules like lipids, enzymes, or proteins, and the use of composite materials in the

form of core-shell nanoparticles in order to improve the selectivity and the biostability [65, 67].

It is particularly interesting to note the efforts made during the last years on the fabrication of

composite-based MOFs where synergetic effects are expected upon the combination of

different materials, conferring MOFs new properties they use to lack, such as magnetism

using ferromagnetic nanoparticles or luminescence coming from quantum dots or, more

interestingly, upconversion nanoparticles in nonlinear optical processes for imaging, among

others [20]. In addition, a recent and a promising technique based on pore-space partitioning

MOFs has been published which may allow for the encapsulation of different drugs

simultaneously for broader scopes and improved treatments according to the differentiation

between pores [97]. The comprehension of all the available possibilities is essential for

unraveling the future advances and discoveries, not only in medicine but also in other relevant

fields such as catalysis or energy. New fabrication methodologies and the application of

different procedures adapted from the plastic and metal industries seem to be crucial and

constitute the straightforward steps toward a practically infinite palette of possibilities. The use

of nanoMOFs is important not only because of their extraordinary chemical reactivity,

which can be exploited to functionalize them with a multitude of molecules, but also due to the

lower melting points compared to larger micron-sized particles [98]. In that sense, liquid

MOFs have been already proposed as potential candidates for medical applications [99],

and amorphous MOFs have already demonstrated their applicability in drug delivery [100],

although no further evidences can still be found in other biomedical areas.

Relevant examples of the aspects commented before can be recently found in the literature,

constituting a full evidence of the importance of using both biological coatings and core-shell

technology. For instance, the field of theranostics is rapidly awakening as new core-shell MOF-

based composites are now well-understood and being studied in a deep detail to avoid synthetic

reproducibility issues. Lanthanide-doped upconversion nanoparticles in combination with

porphyrinic PCN-222 MOFs in a Janus-like morphology have been used elsewhere [101].

A F€orster resonance energy transfer (FRET)-based mechanism was followed upon near infrared

light irradiation to produce singlet oxygen and, although the penetration and the absorption

of these wavelengths throughout the tissues are limited, this nanoMOF has demonstrated

excellent properties to efficiently absorb this light avoiding the typical use of intense UV or

visible radiations that can seriously damage healthy cells. They successfully tested the

cytotoxicity of the material, being able to suppress breast tumors in mice while loading the MOF

with doxorubicin by combining chemotherapy and photodynamic therapies. A combination of

both photodynamic and photothermal therapies has been demonstrated by Zeng et al., based
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Fig. 23.4
PCN-222-covered gold nanorods (AuNRs@PCN-222) used as multifunctional theranostic system for cancer combined therapy by

loading the drug camptothecin. (A) Schematic structure of the composite. (B) Combined photodynamic/photothermal/chemotherapy
of tumor. Transmission electron microscopy images of: (C) as-synthesized AuNRs, (D) PEG-functionalized AuNRs, and

(E) AuNRs@PCN-222, (F) The in vivo fluorescence images of the mice after intravenous injection of the composite, (G) The in vivo
thermal images of the mice after intravenous injection of PBS as a control (left) and the composite (right) with 808 nm laser irradiation,
and (H) temperature change curve of tumor tissues as a function of irradiation time. Reproduced with permission from J.-Y. Zeng, M.-K.
Zhang, M.-Y. Peng, D. Gong, X.-Z. Zhang, Porphyrinic metal–organic frameworks coated gold nanorods as a versatile nanoplatform for combined

photodynamic/photothermal/chemotherapy of tumor, Adv. Funct. Mater. 28(8) (2018) 1705451.
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on gold nanorods as cores, showing a relevant absorption of the infrared light due to their

localized surface plasmon resonance properties, and PCN-222 as shell for singlet oxygen

generation [102] (Fig. 23.4). In this case, camptothecin is encapsulated within the MOF and the

system, after in vitro and in vivo experiments showing the lack of toxicity, was used to image the

tumors, release the drug in a triggered fashion upon infrared radiation, and increase the localized

temperature of the tumor killing unhealthy cells. More recently, Liu et al. have demonstrated the

use of MIL-101(Fe)-NH2-coated black phosphorus photosensitizers for the tandem catalysis of

H2O2 generated intracellularly in excess to O2 and its further conversion into reactive oxygen

species [103]. This hybrid composite, showing two differentiated and confined zones,

demonstrated a 8.7-fold higher efficiency for photodynamic therapy than other previously

reported materials, and subcutaneous HeLa tumors in mice were successfully removed after

14 days due to the efficiency of singlet oxygen generation and the hyperthermia. Some other

relevant advances have been made in radiotherapy, using Hf-based porphyrinic MOFs [104] and

immunotherapy, by decorating their surface with specific antibodies [105].

Chedid and Yassin proposed in a review from 2018 the use of MOFs as potential antidotes for

humanmetal-poisoning according to their coordination ability and their widespread application

in different fields for the similar goal such as water and environmental remediation [72].

However, to date, this hypothesis has not been further developed from an experimental point of

view. In the later application, MOFs are generally embedded within hydrophilic polymeric

matrices or membranes. One should envision how to reproduce similar performances in a

biocompatible manner, trapping the desired metals, ensuring a full integrity of the nanoMOFs

circulating through capillaries and avoiding the leaching of the already captured metal

ions close to another organs and tissues that might result in lethal consequences. If the idea is to

excrete those nanoparticles out of the organism, then smaller particle sizes than 200 nm

and extremely hydrophilic materials are required to avoid their collapse and aggregation within

the urinary system, particularly in kidneys, and facilitating their diffusion through different

barriers to be efficiently removed. Another nontested but interesting and promising application

is the use of nanoMOFs as nerve guidance tube substituents for medical implants in

order to bridge peripheral nerves in reconstruction surgeries [87] (Fig. 23.5). Although not used

yet, authors demonstrate the potential applicability of Zr-fumarate MOFs for that purpose

without significant in vitro toxicity when using adult Schwann cells in a low dose range, being a

convenient formulation for coating nerves. An interesting new kind of MOF-based composites

consisting of magnetic helical microstructures, called artificial bacterial flagella, covered by

Zn-imidazolate ZIF-8 layers has been proposed for single-cell targeting and the pH-triggered

drug release in a precise manner through a complex microfluidic channel network [106] (Fig.

23.6). Authors gave them the name of MOFBOTS and it is the first evidence of providing

artificial locomotion to these polymers that can be guided under weak rotational magnetic fields

in contrast with other reported magnetic MOFs, which require higher magnetic fields. The

material described herein has successfully circumvented the selectivity issue, being able to



Fig. 23.5
Different possible applications of nanoMOF for diagnosis (left), therapy (right), and for the creation
of smart surfaces (bottom). Particularly, Wutke et al. proposed the use of these polymers as nerve

guidance tube substituents, probing for the first time their biocompatibility in vitro in a
systematic manner. Reproduced with permission from S. Wuttke, A. Zimpel, T. Bein, S. Braig, K.

Stoiber, A. Vollmar, D. M€uller, K. Haastert-Talini, J. Schaeske, M. Stiesch, G. Zahn, A. Mohmeyer, P. Behrens, O.
Eickelberg, D.A. B€ol€ukbas, S. Meiners, Validating metal-organic framework nanoparticles for their nanosafety

in diverse biomedical applications, Adv. Healthc. Mater. 6(2) (2017) 1600818.
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target the desired tumor in a motion-controlled fashion. To date, this system has been only used

to deliver rhodamine B as a drug model, merely applied to in vitro experiments and some

aspects, such as the controlled directionality, and should be addressed prior to perform in vivo

assays. Nevertheless, it is expected that these drawbacks may be overcome soon and the use of

MOFBOTS would be extended in the near future for real-life applications.

On the other hand, although it is not the main focus of this book, reproducible syntheses at

the large-scale and commercialization of MOFs require special attention as their contribution to

the field of biomedicine should be considered as the last relevant steps, after in vivo experiments

had shown a lack of toxicity of MOFs for humans and safe regulations had been overcome,



Fig. 23.6
(A) Scanning electron microscopy images of magnetic helical artificial flagella covered with ZIF-8
crystals, as-synthesized and after being treated at different pH and buffered media. The material

showed stability at physiological pH, but degradation at pH 6 that could be used as an advantage for
controlled drug delivery due to the acidic environment of cancer cells. (B) Fluorescence image of one
MOFBOT after being loaded with rhodamine B. (C) Microscopy image showing the movement of one

rhodamine B-loaded MOFBOT structure along a complex trajectory, targeting a single cell.
Reproduced with permission from X.Wang, X.-Z. Chen, C.C.J. Alcântara, S. Sevim, M. Hoop, A. Terzopoulou, C.
de Marco, C. Hu, A.J. de Mello, P. Falcaro, S. Furukawa, B.J. Nelson, J. Puigmartı́-Luis, S. Pan�e, MOFBOTS:

metal–organic-framework-based biomedical microrobots, Adv. Mater. 31 (27) (2019) 1901592.
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throughout the complex route to successful real applications. BASF was the first company

commercializing these materials in different formats as pellets and extrudates upon the use of

binders in small volumes [66, 107–109], and Merck has recently included in his catalog an

interesting tool, the metal-organic framework constructor, to identify potential organic

linkers, metal precursors, and a broad variety of secondary building units for commercial

purchasing [110]. In 2016, the first company dedicated entirely to large-scale MOF production

appeared, MOF Technologies, as a spin-off of Queen’s University (Belfast) [111]. The

company is able to prepare 10 MOFs at production runs of up to 100 kg and 15 in the range mg-g

following solvent-free, scalable, and continuous processes [112]. The reader is referred to the

literature for further information [113–115]. Interestingly, in 2018, the University of St Andrews’
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spin-out MOFgen Ltd. pioneered the fabrication of these polymers for biomedical applications at

industrial level, emphasizing on MOF-based drug delivery systems, novel antimicrobial

formulations, infection control, and preventing vasoconstriction and thrombus [116].

Are MOFs the most suitable candidates for medical applications in the future? Attending the

trends commented in this chapter and regarding other materials, the amount of publications, and

the relative growths of each, one may expect an affirmative answer. The use of nanoMOFs in

biomedicine regarding the works published within 2008–18 has shown the largest relative

increase compared to other well-stablished areas such as catalysis, gas storage, or separation in

the same period. Drug delivery has been the most extended application, but the use of new

strategies, such as coating with biological elements and the fabrication of core-shell composite

materials surpassing the fascinating but limited properties of the first MOF generations, and the

practically infinity of synthetic methodologies resulting in materials showing breathing

capacities and tunable pore sizes through approaches like isoreticular expansion, have paved

the way for their application in different medical fields. In addition, MOFs have emerged

as promising carriers for encapsulating photosensitizers in photodynamic/thermal therapies for

cancer treatment. Remarkably, the synergy of usingMOFs for simultaneous purposes such as drug

delivery/imaging, drug delivery/photodynamic therapy, among other combinations, has made

complicated to establish a solid barrier between each individual application, if not senseless.

Preliminary poorly characterized in vitro cytotoxic experiments have been continuously

supported by new in vivo biocompatibility studies, demonstrating the suitability of these

materials in biomedicine, and that every developed system must be designed and tested

according to the final target and purpose, being harmless for healthy patients and organisms/

tissues/cells. Still some aspects should be solved, particularly those concerning legislations,

regulations, and ethical considerations, before they can be fully and safely applied in some of

these new potential applications, but, although related, these issues can be considered out of the

scope of the MOF technology itself. Pharmaceutical formulations have been considerably

improved, enabling the possibility of large-scale productions in different formats, even in the kg

range, in a reproducible manner, and new companies have emerged according to the interest of

this field to satisfy the on-growing demand.

In summary, the privilege position of MOFs in medicine arises from their hybrid nature,

structural diversity, porosity and, more importantly, because of their tunability. They show the

largest pore volumes described to date for this purpose and can undergo almost infinite

chemical modifications. Although classical inorganic and organic materials show larger

stability, MOFs surpass them in every other aspect such as loading efficiencies or low

cytotoxicity in vitro and, furthermore, different synthetic strategies can be followed to improve

the previous drawback, their biocompatibility, enabling even the most challenging drugs to be

encapsulated playing with the hydrophilic/hydrophobic behavior of the pores, and the

possibility of using endogenous components to improve the biodegradability. Stimuli-triggered
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nanoMOFs resulting from the new fabrication methodologies have enabled a precise control

over the kinetic delivery profiles, allowing a persistent action of the drugs even after weeks of

administration, thus lacking of the “burst effect” showed by the pure organic and inorganic

counterparts. Every approach discussed herein yields hybrid materials with significant

pharmacological effects, a careful control over kinetic release profiles upon modulating host-

guest interactions and reproducible loading capacities with potential scaling-up features in the

pharmaceutical industry.

This book is entirely dedicated to the importance of MOFs in (bio)medicine and every single

application described within this field until august 2019. We hope that, as the first full book

published in this area, it will be considered as a guide for the researchers in the near future.

Undoubtedly, and somehow hopefully, it will be old-fashioned soon due to the new upcoming

MOF generation based on the abovementioned strategies to address the current limitations.

After all, this is the consequence of continuous and constant efforts to improve the novel

on-demand technologies.
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