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Preface

This book discusses in detail recent advances in nanomedicine, specifi-
cally dendrimer-based approaches to therapeutics. Nanomedicine is a new
and dynamic field and is defined as the application of engineered materi-
als of 100 nanometers or less in size for various medical uses. These struc-
tures come in many forms and are employed for different tasks, but are
able to perform unique activities over conventional medical treatments due
to their size. These materials approach the scale of biological materials,
allowing them to interact with cells and other biological structures in new
and unprecedented ways. This makes nanomaterials particularly effective
in the monitoring, repair, assembly, and control of biological systems,
molecules, and structures.

A wide variety of structures and materials are involved in
nanomedicine: nanoparticles, nanofibers, nanoporous membranes,
nanochips, nanotubes, nano-sensors, and many others. This book will
focus on a class of nanostructures known as poly(amidoamine) (PAMAM)
dendrimers and their use in medical applications. Dendrimers are a unique
class of macromolecules having highly branched, three-dimensional archi-
tectures with low polydispersity and high functionality (Figure 1).'? A typical
dendrimer is built upon an initiator core, with several branching interior lay-
ers composed of repeating units and multiple active primary amine groups at
its surface (Figure 2). This unique architecture and the functionality at this
scale make dendrimers excellent carrier molecules for use in nanoscale med-

ical applications® (for PAMAM dendrimers, the current possible range of
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Figure 1: Simplified architecture of four major classes of polymers (A, linear;

B, cross-linked; C, branched; D1, hyperbranched; D2, dendritic).

scale is a total diameter of between 1.5 and 14.5 nm). The branching archi-
tecture of PAMAM dendrimers resembles natural biomolecules (Figure 3).
Of the several varieties of dendrimers, Starburst™ poly(amidoamine)
(PAMAM) dendrimers have been commercialized by Dendritech (Midland,
MI, USA), leading to its widespread investigation.

Dendrimers have been explored as light-harvesting agents,* chemical
sensors,” catalysts® and cross-linking agents.” They also have been investi-
gated in the biomedical field for drug delivery®*'* and gene therapy''> and
as imaging contrast agents."? Several dendrimer-based products are under
development for the treatment and diagnosis of a variety of diseases.
VivaGel™ (Star-pharma) is a topical polylysindendrimer-based microbicide
designed to prevent the transmission of HIV and other sexually transmitted
diseases. SuperFect®, developed by Qiagen, is used for gene transfection in

a broad range of cell lines. The US Army Research Laboratory developed

vi
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Figure 2: Schematic theoretic structure of a G3.0 PAMAM dendrimer molecule

(generally, a commercial primary amine dendrimer).

Alert Ticket™ as a dendrimer-based diagnostic for anthrax detection.
Stratus® CS, which is a system for the rapid diagnosis of heart attacks, has
been commercialized by Dade Behring and is also based on dendrimers.
There have been over 1000 published patents relating to dendrimers
since the first dendrimer patent was issued to D. A. Tomalia in 1984, and

nearly 20 NIH-supported projects currently in progress involve dendrimers.
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Figure 3: Dendrimer size can be controlled through molecular engineering to
closely resemble antibodies, enzymes, and globular proteins in size. Poly(amido-
amine) (PAMAM) ammonia core dendrimer generations 3, 4, and 5 closely match
in size and shape insulin (30 A), cytochrome C (40 A), and hemoglobin (55 A)3
(Figure 4), respectively. Because of the close resemblance to these and other bio-

molecules, dendrimers are able to efficiently travel through the body.

The pharmaceutical and biomedical applications of dendrimers are
of great interest and have been extensively reviewed.> '*!7- 1
The major focus of this book is on the research and development

of dendrimers, especially PAMAM dendrimers, as drug-delivery agents.
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Figure 4. Scheme of a dendrimer-based multifunctional drug-delivery nanode-
vice, where wwwww\» are spacers, @® are imaging units, 4< are targeting

ligands, ©<@ are drug molecules, and €3 are apoptosis sensors.

The construction of a dendrimer-based nanodevice for the purpose of drug
delivery often involves the addition of the specific drug or of therapeutic
molecules to the surface of the polymer by a permanent/cleavable chemi-
cal bond. In many of the cases the drug may be encased within the struc-
ture of the dendrimer. The attachment of various moieties provides
targeting, tracing, and/or other properties to the molecules (Figure 4). The
final construct is an engineered nanoparticle, which has enhanced proper-
ties when compared to a free drug — ideally one which will deliver the
drug to a specific biological site. According to Langer,'® polymer drug-
delivery systems are expected to continuously maintain drug levels in
a therapeutically desirable range, to reduce harmful side effects, to
decrease the amounts of a drug needed for therapy, to decrease the number
of doses (and possibly allow for less invasive dosing and improve patient

compliance with the prescribed drug regimen), and to facilitate drug
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administration for pharmaceuticals with short in vivo half-lives (e.g., pro-
teins and peptides).

In this book we present the use of PAMAM dendrimer-based
nanoparticles for drug delivery through the focus of the many disciplines
involved — chemistry, biology, engineering, and genetics — along with
the associated in vivo and in vitro testing and computer modeling methods.
We hope research in this area will continue to push the boundaries of sci-
ence and develop new kinds of medical treatments for people in need and
that this book will help disseminate information about this work to foster

enthusiasm and further research for the benefit of all mankind.
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1.1 Introduction

The term “silver bullet” originates from folklore in which a silver
bullet was the only type of bullet for firearms effective against a
number of mystical foes. In modern vocabulary its use refers to a
simple fix for a complex or intractable problem. In search of such solu-
tions, the attention of investigators to pharmacologics which specifi-
cally target disease while leaving the host otherwise untouched has
evolved.

A medline search of “targeted therapy” or “targeted drug deliv-
ery” reveals two articles from 1902—-1978 with the first mention attributed
to the use of propanolol for essential hypertension by Lauro ef al.' In the
1980’s 53 articles were published with the concept of targeted approaches
which blossomed in the 1990’s to 261. Since that time significant expan-
sion in this field has occurred with 1429 articles for targeted approaches
from 2000 to 2006. While these references refer to a wide variety of dis-
eases the preponderance deals with potential solutions for the treatment of
cancers. This explosion of information in targeting is likely attributable to
our increasing knowledge of disease, in particular cellular mechanisms
and receptors, as well as the technological advances in vehicles for drug
delivery.

The purpose of this chapter is to provide the reader with a histori-
cal context of the fields of research which have contributed to this revolu-
tion while leaving the in depth discussion of devices, methodologies, and
current approaches to other chapters which specifically deal with these

subjects.
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1.2 Historical Perspective

The current state of targeted therapy technology takes root in collaborative
efforts from a number of physical, biological and medical disciplines
under the broad umbrella of nanotechnology. The birth of nanotechnology
is usually attributed to a talk given by physicist Richard Feynman in 1959,
“There’s Plenty of Room at the Bottom™ at the American Physical Society.
He suggested concepts such as small robots building smaller robots result-
ing in the creation of billions of tiny factories and a reduction in print type
size to permit the Encyclopedia Britannica to be fit to the size of a pin
head. The term nanotechnology was actually coined in 1974 by Professor
Noro Taniguchi of the Tokyo Science University. By strict definition, nan-
otechnology refers to molecular devices smaller than 1 micron and there-
fore on the “nano” scale. One nanometer is one billionth or 10~ of a meter.

Soon after mechanical and electrical approaches became feasible,
biologists began to explore opportunities for advancement. In 1996 the
first scientific conference entitled, “Biological Approaches and Novel
Applications for Molecular Nanotechnology” was held. The resulting con-
cept of nanomedicine has emerged as an offshoot of nanotechnology refer-
ring to highly specific medical intervention at the molecular scale for
curing disease or repairing damaged tissues, such as bone, muscle, or
nerve.” It combines the expertise of individuals in medicine, biology, math,
chemistry, engineering, and computer science for the creation of devices to
meet these needs. Institutes for nanomedicine sponsored by the national
institutes of health, universities, and the private sector have arisen as an

outcome of this direction.
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1.3 Targeted Drug Delivery

While all advances associated with targeted drug therapy are not strictly
bound to nanomedicine, most of the current progress is within this realm
and is the focus of this text. It should be recognized that targeted therapies
are different from “passive targeting”. Examples of passive targeting
included technologies such as “enhanced permeability and retention
(EPR)” and the products created by the Alza Corporation which seeks to
overcome the body’s natural barriers to drug entry and extend the time in
which drugs remain at their site of action. Nanomedicine targeted
approaches attempt to interact with the cell in a number of complex ways
to offer advantage over untargeted approaches which treat all cells the
same. It is important to recognize that for targeting to occur, some selec-
tive process must take place whereby normal host tissues are not affected
in similar ways to the tissues in which the desired effect is to take place.
While this introduction can in no form be exhaustive, some global

approaches to this problem have included:

1. Systemic delivery of agents with a selective advantage to cells
which abnormally express or overexpress a surface or intracellu-
lar receptor that is targeted.

2. Delivery of agents which replace disease rendering defective bio-
chemical processes with competent alternatives (gene therapy).

3. Delivery of agents or devices which inhibit specific cellular path-
ways in targeted cells.

4. Immune boosting for direct destruction of desired cells

(immunotherapy).
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Given the confines of this chapter as an overview and the fact
that the majority of targeted approaches are directed toward tumor biol-
ogy, the examples given will come from this realm. It is important for the
reader to realize that these concepts have been globalized to many other
disease processes. Also of importance is that few examples will be
offered in each realm which is representative of a large body of pre-clin-
ical and clinical evidence for which volumes could be dedicated to each

individual subject.

14 Systemic Delivery of Agents with a Selective Advantage
to Cells which Abnormally Express or Overexpress

a Surface Receptor that is Targeted

Advances in cancer research have resulted in significant understanding of
the cellular and molecular changes leading to malignancy. The concepts of
tumor progression were elaborated by Foulds in the 1950’s* which was
shortly followed by evidence from cytogenetics in the 1960’s. Molecular
techniques evolved and revealed that tumorogenesis results from a single
altered cell.* Ultimately a multi-step model with acquisition of various cel-
lular abnormalities was proposed.” While all of the steps involved at present
remain unknown, our understanding of the cancer cell and of the role of the
surrounding network of tissues is increasing.® Markers of pre-malignancy
and malignancy have been identified in some cases and targeted
approaches are being made to utilize these markers in treatment strategies.
In addition, other nontransforming markers which are overexpressed for a
variety of reasons may be targeted to offer some selective advantages in

treatment.
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A preclinical example of this process has evolved though the cre-
ation of targeted dendrimer therapy. Dendritic macromolecules, or den-
drimers, are uniformed spherical nano-structures ranging from 10 to 200
Angstroms in diameter. Dendrimers have been used as a backbone for the
attachment of several types of biological materials including folate. These
molecules can direct the dendrimers to locations where receptors are
expressed on tumor cell surfaces. Dendrimers can also be conjugated to
therapeutic molecules, such as methotrexate, allowing for efficacious
delivery and a higher dose load to tumor cells avoiding the systemic toxi-
city of current therapeutic strategies.’

Dendrimers with folate and methotrexate have been shown to bind
to KB cells expressing high levels of folate binding protein. In animal
model studies targeted chemotherapy with dendrimers showed ten times
the efficacy and decreased toxicity compared to standard chemotherapy
with free drug.® Phase I clinical trials for this therapy are planned.

Using this technology one can envision a multitude of devices
whereby both the targeted agent and the chemotherapeutic agent utilized
could be specifically modified to meet the need of the receptor char-
acteristics and physiological properties of an individual tumor. In sup-
port of this concept, additional dendrimers which target epidermal
growth factor receptor (EGFR), prostate specific membrane antigen
(PSMA), and RGD peptides have been fabricated and tested as well as
conjugates with Taxol as the therapeutic arm. In this scenario, patient
tumors could be screened for their cell surface receptor levels in order
to make decisions regarding which therapeutic would have greatest

potential.
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Another targeting approach for cellular receptors comes from the
work with monoclonal antibodies for targeting of receptors. EGFR which
is presently being targeted in colorectal cancer as well as head and neck
cancer (HNSCC) with a number of other tumors currently under study.
EGEFR is a very desirable target in HNSCC with mRNA overexpression
present in approximately 92% of specimens studied.” EGFR overexpres-
sion in HNSCC is the result of both decreased receptor down regulation
and increased mRNA synthesis.!” Following ligand binding, EGFR is
internalized and found in the intracellular compartment and ultimately the
nucleus. Targeted approaches for EGFR have been studied in clinical
trails where antibodies directed to EGFR have shown promise as an
adjunct to radiation therapy. Bonner et al. studied in a randomized
prospective multinational trial the effect of cetuximab (monoclonal anti-
body to EGFR) and radiation vs. radiation alone. With cetuximab, median
survival, progression free survival and local regional control of disease
were all increased.!’ Based in large part on these results, the FDA in 2006
approved cetuximab as the first new treatment in 45 years for head and

neck cancer.

1.5 Delivery of Agents which Replace Disease Rendering
Defective Biochemical Processes with Competent

Alternatives (Gene Therapy)

Our understanding of cellular processes associated with disease has made
possible the creation of therapeutics which has potential to enter all cells
but replace missing components in defective cells such that they only

exhibit their effect in this environment. An example of such a strategy

7
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includes the use of gene therapy in which viral and nonviral vectors trans-
fer genetic material to diseased cells.

Attempts at gene therapy have resulted in some success and many
challenges in need of further exploration to create an effective treatment.
Despite its current clinical limitations, a number of solid tumors including
pancreatic, breast, colon, lung, prostate and head and neck cancer have
been successfully treated in mouse models.'*'*

In clinical practice a recombinant adenovirus has been used to
deliver competent pS3 (TP53 gene) to cells which are p53 deficient. p53 is
a tumor suppressor gene which monitors DNA damage, inducing cell cycle
arrest for repair or apoptosis when necessary."” p53 inactivation has been
demonstrated in up to 50% of all human cancers.

Gene therapy has been attempted for cells with mutated p53
with the use of an adenoviral vector containing wild-type p53.'° In clinical
study, 33 patients had injection of Adenovirus-p53 (Ad-p53) intratumorally
without any evidence of toxicity. Seventeen non resectable patients could
be evaluated for clinical efficacy. Two patients demonstrated greater than
50% response and an additional six had stable disease for up to 3.5 months.
Nine patients had unabated progression of disease. An additional six
patients showed stable disease for up to 3.5 months. Nine patients had
unabated progression of disease.

Another growing area related to viral gene therapy includes the
use of oncolytic vectors for cancer cell destruction while leaving the nor-
mal cells in the body unaffected. A number of different viruses have been

studied for this purpose including vaccinia, adenovirus and herpes simplex



Targeted Drug Delivery in General, New Technology in Medicine |

virus. A number of animal trials using this technology have shown prom-
ising results.'”®

HSV-1 has been used with the production of two vectors G207 and
NV1020 in phase I and II clinical trials after success in vivo and animal
models.'”? ONYX-015, an adenovirus which can only replicate in cells
lacking functional p53. Khuri and Nemunaitis et al.*' reported on a non-
randomized phase II trial of 37 patients with multiple recurrent tumors
who received ONYX-015. Thirty patients could be evaluated for disease
response. Treatment with ONYX-015 caused tumors to shrink in 25 of the
30 cases with greater than 50% response in 63% of the patients. There
were 8 complete and 11 partial responses and in some patients with tumors

as large as 10 cm in diameter complete regression was noted. At six

months none of the responding tumors had progressed.

1.6 Delivery of Agents or Devices which Inhibit Specific
Cellular Pathways Present in Targeted Cells

Molecular targeted therapeutics in this category includes nucleic acid
drugs (antisense oligonucleotides and small inhibitory RNA) and small
molecule inhibitors. Antisense oligonucleotides are single stranded DNA
or RNA of approximately 20 nucleotides in length. RNA antisense
oligonucleotides are EXON regions of the desired mRNA to block riboso-
mal translation and therefore protein production.”? DNA antisense oligonu-
cleotides bind to complementary RNA creating a DNA/RNA hybrid which
is subsequently degraded. Both pathways have the potential for gene

silencing.
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Small interfering RNA’s (siRNA’s) are double stranded RNA mol-
ecules which also have the potential to block protein production. They can
be directly introduced into cells via virus or experimental manipulation.
Double stranded RNA in the cell is cleaved by the Dicer enzyme into
21-28 nucleotide sequences which form RNA-induced silencing com-
plexes through their association with DSRNA-binding protein R2D2.%

In pre-clinical models siRNA targets have been tested in a number
of cancers including breast, liver, esophagus, and melanoma.** As a recent
technology, reports of human clinical trials for this therapy have not yet
emerged.

Another example of pathway targeting comes from the
Philadelphia Chromosome in chronic myelogenous leukemia which was
discovered in the 1960’s. This chromosomal translocation between chro-
mosomes 9 and 22 leads to a fusion protein ber-abl which becomes a con-
tinuously active tyrosine kinase associated with the disease. Imatinib
(Gleevec®, Novartis) takes its mechanism of action by binding to ber-abl
at the ATP binding site thereby inhibiting the activity of the protein. While
the abl tyrosine kinase is also inhibited in other cells its effect is more pro-
found in CML due to its dependence on high levels of the abnormal pro-
tein. Although eradication of CML is not achievable, Imatinib limits the

growth of the tumorogenic cells and decreases the risk of blastic crisis.

1.7 Immune Boosting for Direct Destruction
of Desired Cells

Immunotherapy in general involves approaches to expand and activate

the immune system to target cancer cells for tumor control. To date,

10
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CD8+ cytolytic T lymphocytes (CTL) appear to play the key role in tumor
response which is supported by the CD4+ T helper cells. Both cells receive
information from antigen presenting cells for activation against potential
immunogenic peptides for tumor control. Augmenting this system through
exogenous antigen presentation and the boosting of cellular signals for
increased activation has been studied extensively and continues to show
promise in clinical application.

Current body sites for clinical trials for cancer immunotherapy
include prostate, pancreas, melanoma, and kidney. In melanoma, MDX-010
anti-CTLA-4 and IL-2 are used to augment and prolong T-cell antitumor
response in preclinical and clinical phase I/Il studies.”” An additional
approach has been combination therapy with anti-CTLA-4 and vaccine
therapy.”

Treatment for renal cell cancer highlights a number of approaches.
Greater than 20 years experience with high dose Interleukin-2 (IL-2) as an
immunomodulator has been conclusively shown to give complete regres-
sion in 5~7% of candidates for therapy.?’” Additional areas of research in this
arena include T-Cell transfer whereby T-cells for ex vivo expansion are har-
vested from and later delivered to the patient. Combination of this approach
with cloning of cells which recognize p53, NY-ESO-1, and other antigens

has shown promise.*

1.8 Conclusion and Future Direction in Research

and Technology

Advances in targeted drug delivery are likely to continue to change treat-

ment approaches in the near- and long-term future. As our understanding

11
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of the complex processes involved in the diseased cell increases, new
opportunities for targeting will emerge. Targets at present come from a
variety of sources including both normal and abnormal cellular receptors
and biochemical processes. When normal cellular processes are involved,
selective advantage is offered by an upregulation of these processes in the
tumor cell compared to normal tissue. This allows tumor cells to be more
highly affected than their normal counterparts. Abnormal receptors and
processes also offer an opportunity for targeting in that they do not have
counterparts within normal tissue.

Development of new and the expansion of currently available
strategies hold great promise in cancer and all diseases. Approaches for
targeting will continue to expand both as our knowledge of potential tar-
gets increases and as our ability to create targeted therapeutics continues to
expand. With accelerating speed it is likely that the trend towards increas-
ingly specific treatment will remain a desirable outcome long into the
future of nanomedicine. The limited number of strategies reviewed here
has provided only a small number of examples of an ever growing field of

science in targeted therapeutics for drug delivery.
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2.1 Introduction: The Trojan Horse

Drug carriers offer the promise to modern pharmaceuticals that the Trojan
Horse held out to the ancient Greeks: the hope that a smarter attack will
succeed where protracted brute force had previously failed. For the ancient
Greeks the Trojan Horse was a method for breaching the insurmountable
perimeter defenses of Troy; for modern pharmaceuticals the drug carrier
seeks to improve delivery of a drug and/or enhance its effectiveness as a
therapeutic. To this end, drug carriers perform three major tasks that pro-
vide a method to alter the therapeutic index of drugs by (1) prolonging and
improving the therapeutic activity, (2) decreasing drug metabolism, and
(3) reducing systemic toxicity. Drug carriers also serve the important role
of providing specificity, which is the focus of another chapter in this book.
The central point in understanding drug carrier function is a recognition
that the treatment of disease does not happen in a vacuum and that the
complexity of biological systems presents remarkable challenges to a ther-
apeutic approach. The ideal drug carrier imparts an “intelligence” to the
therapeutic compound that organic chemistry and biology alone cannot
provide. To again evoke the Trojan Horse analogy, the modern drug carrier
is, in a sense, an admission of our therapeutic failures akin to that of the
ancient Greeks, who sat for a decade on the beach ineffectively fighting the
deadly and efficient fortress of Troy. It was only when they plotted a

smarter toxic approach that they succeeded:

“Which like a steed of monstrous height appear’d:
The sides were plank’d with pine; they feign’d it made

For their return, and this the vow they paid.

18
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Thus they pretend, but in the hollow side
Selected numbers of their soldiers hide:
With inward arms the dire machine they load,

And iron bowels stuff the dark abode.”

Virgil, The Aeneid, Book 2

This chapter seeks to provide a general introduction to polymer
drug carriers, their derivatives, and respective formats. It should be recog-
nized that this chapter cannot be all-inclusive, and that a number of carrier
systems using proteins and liposomes are not described here but are in

development.

2.2 Polymers Introduction

Polymer chemistry is partly responsible for the introduction of the term of
art, “nano-device”. To some people, the term “nano-device” elicits images
of tiny robots that are controlled remotely; at present this is a reality of sci-
ence fiction alone. Science fact offers a radically less sophisticated
“device”: small (5—100 nm) polymer nano-devices are polymer backbones
with other useful molecules attached to them, such as a therapeutic, a con-
trast agent, and/or a targeting moiety. The composition of the polymer car-
rier, or polymer nano-device, depends on the utility that the polymer
carrier is meant to serve and is therefore modular in its approach and var-
ied in its definition.

Polymer chemistry as a methodology for carrying drugs is histor-
ically recognized as being born in 1955, when researchers first used the

water-soluble polymer PVP (polyvinyl pyrrolidone) as a drug depot for the
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biologically active primary amine mescaline. Since then, the field has
expanded dramatically beyond the depot effects; researchers have har-
nessed the power of conjugating multiple molecular subunits and have
examined a wide array of polymers, ligands and therapeutics which are
designed to enhance drug delivery and or effectiveness.

Polymers used as drug carriers have a dominant property of water
solubility, which is an obvious requirement for use in the aqueous envi-
ronment of living cells. The configuration of a polymer is crucial to its
function. Polymers may be linear, branched, or micelle in structure and,
given the current technologies available, include such structures as multi-
valent polymers, branched polymers, block copolymers, stars, dendrimers,
dendronized polymers, and hybrid glycol and peptide derivatives." Given
this complexity, a general classification has been devised for a description
of the polymeric drug carriers (Figure 1).

Based on this classification, there are several forms of polymer-

based drug carriers defined by their primary function.

a) Sequestrants Polymer sequestrants act to isolate compounds
systemically within an organism. An elegant example of the
sequestrants is the cholesterol-lowering bile acid sequestrant
(BAS) drug Colesevelam HCI or WelChol® (Daiichi Sankyo Inc.,
Parsippany NJ). This macro-molecule is an orally administered
compound with a polymer backbone and hydrophobic side-arms
that have a high avidity for glyocholic acid bile salts. The action
of binding the bile salts in the gastrointestinal tract and their ulti-

mate excretion causes the liver in turn to create more bile salts

20



General Carriers for Drug Delivery |
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Figure 1: Schematic representation of polymer therapeutics now in — or pro-
gressing toward — clinical development. (Used with permission: R. Duncan, The

dawning era of polymer therapeutics, Nature Rev. Drug Disc., 2, 347-360, 2003.)

requiring more cholesterol, which it derives from LDL-choles-
terol that circulates in the bloodstream.?

b) Polymer-protein Conjugates The proteins in this category include
peptides, antibodies, and proteins. The rationale for attaching pro-
teins to polymers in order to stabilize them from metabolism in
the blood stream, via the elicitation of an immune response, leads
to very low stability in the presence of plasma and low pharma-
cological half-lives due to the biological degradation of the kid-
ney and liver. Polymer-protein conjugation is optimized when

three conditions are met: (1) the polymer to which the protein will
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d)

be linked has only one functionalized end group so as to mitigate
the problem of protein cross-linking during conjugation; (2) the
stable and relevant linking chemistry between the protein and
polymer is itself biocompatible and does not illicit detrimental
immunogenic recognition; (3) an approach to the protein synthe-
sis that allows for reproducibility with regard to site-specific pro-
tein modification.?

Polyplex/Polymer-DNA Conjugates This type of polymer is
designed to compete with its viral counterpart, the adenovirus
vectors, as an efficient method of carrying not only DNA but also
dsRNA, also known as siRNA or RNAi. Polyplexes are formed
through electrostatic interactions between nucleic acid com-
pounds (DNA and RNA) and polymers. While adenovirus vectors
do an excellent job of delivering nucleic acids into cells, they
offer less-than-ideal protective features parenterally and limited
specificity with regard to cell types. Polyplexes, on the other
hand, can be engineered for specificity and possess excellent
biocompatibility.

Polymer-Drug Conjugates The polymer-drug conjugate is a
most elegant example of a “multifunctional” nano-device. In the
schematic representation above, there are four functions being
served by four discrete subunits: the drug acts as the therapeutic;
the linker reduces steric hindrance and acts as the bridge between
the drug and the polymer; the polymer provides biocompatibility
and a mechanism of entrée into the cell — or perhaps a time

release function; and the targeting moiety provides specificity
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that may either reduce systemic toxicity or increase local concen-
tration — or both. Thus, the polymer-drug conjugate is termed a
multifunctional device. The individual subunits used in polymer-
drug conjugates vary widely but have general limitations parallel
to those of polymer-protein conjugates.

e) Polymeric Micelles The polymeric micelle is a polymeric analog
of the liposome and carries its drug payload on the “inside” of its
hydrophobic-cored micelle. The micelle is formed spontaneously
when block polymers, so called because of their discrete amphi-
pathic ends, self-assemble to form micelles in the presence of a
solvent containing the drug to be encapsulated. Thus, polymeric
micelles act as mechanisms to deliver poorly water-soluble drugs.
Additionally, polymeric micelles can be targeted as carriers for

clinical use.

An important characteristic of a polymer-based drug carrier gen-
erally is the net electronic charge of the macro-molecule. The charge of a
carrier is measured in units called the zeta potential and, in the simplest of
terms, is a measurement of the combined effect of the molecular polarity
and ionic charge in an electric field. The modulation of a polymeric charge
can result in an altered compartmentalization profile of the carrier from the
cellular level with regard to passive or active macro-molecular uptake or
systemically, via a parenteral administration, with regard to organ and tis-
sue concentrations. Therefore, carrier specificity — and, conversely, non-
specificity — can be influenced by changing the charge of both polymeric

molecules and liposomes.

23



| Thomas H. Dunham, Brent B. Ward & James R. Baker Jr.

2.2.1 Synthetic polymers

A large number of synthetic polymers have been developed for drug deliv-
ery, including polyethylene glycol (PEG), polyvinylpyrrolidone (PVP),
polyethylenimine (PEI), PLGC, dendrons, and dendrimers, to name only a
few. Representative examples of this group are provided as a non-exhaus-

tive list of this ever-expanding field.

2.2.1.1 Polyethylene glycol (PEG)

PEG is a polymer of repeating subunits of identical structure [(H(OCH,
CH,) -OH (n > 3)]. PEGylation is the covalent coupling of a PEG structure
to another molecule and is a process which can be used for enhanced drug
characteristics. Examples of current pegylated drugs include Pegfilgrastim
for chemotherapy-induced neutropenia, and pegylated doxorubicin or
peginterferon alpha-2a for cancer therapy. Pegylation decreases renal
clearance, enzymatic degredation, and immune detection, which increases
drug half-life.* These characteristics allow less frequent and more patient
convenient dosing schedules in a number of therapeutics. In clinical prac-
tice, a once-weekly dosage of peginterferon alpha-2a was tested in a ran-
domized prospective trial with a dosage of interferon alpha-2a three times
per week. In a study population of 531 patients, peginterferon alpha-2a
was more effective as a single weekly dose than the standard tri-weekly

therapy with interferon alpha-2a.

2.2.1.2 Polyvinylpyrrolidone (PVP)

PVP is a polymer made from the carcinogenic monomer N-vinyl pyrroli-

done. The polymer has a track record for safety that extends to the first half
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of the 20th century, when it was used as a volume expander for trauma
patients. PVP has been used as a pure polymer and in combination with a
number of other combined polymers, including poly(vinyl alcohol) (PVA)
and chitosan. An interesting application of this technology is the reported
creation of a potential magnetic delivery-based system with PVP and PVA
hydrogels combined with iron oxide. Bleomycin crosslinked to this mag-
netic PVP demonstrated sustained release in vivo through passive drug
release.’ Other applications for PVP and PVP-combined polymers have
included delivery of nitric oxide,® pingyangmycin,” and Celecoxib, to

name only a few.®

2.2.1.3 Dendrimers

Dendrimers are repeatedly branched molecules first described by a num-
ber of authors in the late 1970s and early 1980s. Due to their unique
architecture and potential for drug delivery, the great amount of interest
in dendrimers has resulted in over 5000 scientific papers written on the
subject by the end of 2005. A dendrimer is a uniform, spherical nano-
structure ranging from 10 to 200 Angstroms in diameter. The surface of
a dendrimer is characterized by the presence of functional groups that
together can be utilized as a backbone for the attachment of several types
of biological materials. One advantage of a dendrimer is that a number
of different molecules can be conjugated to its surface through these
functional groups, and nanodevices for both drug delivery and diagnostic
purposes can be conjugated to a single carrier device. Functional attach-
ments have included iron oxide for targeted imaging; a phiphiluxG1D2

apoptosis sensor for monitoring; drugs, including methotrexate and
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Taxol chemotherapeutics; and folic acid, RGD peptides, and antibody
fragments for targeting. The exact structure, connection, and numbers of
targeting molecules and drugs are crucial to the function of these mole-
cules, thus the need for nanotechnology synthesis and analysis tools
is great.

Dealing only with drug delivery and using a cell line which over-
expresses the high-affinity folate receptor, in vitro and in vivo xenograft
mouse tumor models for targeted chemotherapy using methotrexate have
suggested that the increase in efficacy is 10- to 50-fold. In addition, given
the targeted nature of this approach, a decrease in systemic toxicity has
been demonstrated when compared to the use of a free drug.”'® Phase 1
clinical trials for this therapy are planned.

Expanding on this technology, it will be possible to create a mul-
titude of devices whereby both the targeted agent and the chemotherapeu-
tic agent utilized could be specifically modified, based on the receptor
characteristics and physiological properties of an individual tumor. To
date, additional targeting dendrimers have been fabricated, including tar-
geting to the epidermal growth factor receptor (EGFR), to RGD peptides,
and to prostate specific membrane antigen (PSMA)." Utilizing this treat-
ment modality, a patient’s tumor could be screened for its cell surface
receptor levels in order to make decisions regarding which targeting agent
would have the greatest potential for success.

Outside of cancer therapy, dendrimers have been utilized for a
number of potential medical applications, including drug delivery of glita-
zones for diabetes, ketoprofen for pain control, and DNA, as well as deliv-

ery of proteins for transfection and transduction.
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2.2.2  Naturally occurring polymers
2.2.2.1 Chitosans

Chitosans are linear polysaccharides composed of randomly distributed
B-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine. Chitosan is
produced commercially by deacetylation of chitin from the exoskeleton of
crustaceans. From a drug delivery standpoint, chitosan is an avid binder of
negatively charged surfaces, including mucosal membranes, and can serve
as a transport device for polar drugs and in viral gene delivery.

Chitosan microparticles that encapsulate the pigment epithelium-
derived factor (PEDF), a potent anti-angiogenic factor, have been studied
in a preclinical osteosarcoma model in vitro and in vivo using cell lines and
a nude mouse orthotopic model. In the results, both tumor volumes and
tumor weights were decreased by the therapy, and lesser evidence of bone
degredation and distant metastasis was observed.'? In another preclinical
study, chitosan was attached to paclitaxel for intraperitoneal delivery,
using a mouse xenograft model for ovarian cancer. The drug conjugate
increased the maximally tolerated dose, decreased toxicity, and improved
the therapeutic index, in comparison to results obtained using commercial
paclitaxel.” In non-cancer applications, chitosan has been studied for
transmucosal delivery of calcitonin, pituitary adenylate cyclase-activating

polypeptide, insulin, cefadroxil, and vaccines.'

2.2.2.2  Alginates

Alginates are linear, unbranched block polymers consisting of two

monomeric units, guluronic acid and manuronic acid, in a variety of
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configurations. Alginate microparticles have been studied as carriers for
the controlled release of drugs because of their biocompatibility and the
low cost of producing them. Alginates have excellent bioadhesive proper-
ties, especially in combination with chitosans. Alginate microparticles
have been investigated for drug delivery as well as DNA and proteins.
Alginate beads loaded with metronidazole have been shown to
deliver slow-release, systemic drug delivery using in vivo models."> Oral
administration for specific treatment of peptic ulcer disease has been stud-
ied in an attempt to eradicate Helicobacter pylori bacteria colonization of
the stomach. In one study, chitosan-treated alginate beads with metronida-
zole were used in a mouse model. H. pylori clearance was noted as 100%
with a dose of 15 mg/kg in the treatment arm, while doses of metronida-

zole in suspension delivered at 20 mg/kg gave only 33.33% clearance.'®

2.2.3 Combination therapeutics

As demonstrated by some of the examples above, the harnessing of multi-
ple platforms into single combination devices may pose possibilities to
enhance potential and limit toxicity. An additional preclinical example of
such an endeavor is the combination of chitosan chloride and PEG into a
thermosensitive hydrogel, which is under study as a potential nasal drug
delivery system. In this model the liquid at room temperature transitions to
a non-flowing hydrogel at 37°C. Using this model, insulin was entrapped
and delivered to rats, and blood glucose levels demonstrated effective
delivery in a slow-release system for over four hours after administration.'”
Other similar endeavors include combination of alginate/PEG'® and den-

drimer/PEG."
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23 Delivery of Drug Carriers

The mechanism for the delivery of drug carriers is dependent upon the
characteristics of the delivery vehicle and the desired compartment of the
body for application of the pharmacologic. Methods for delivery include
any mucosal surface of the body (primarily nasal, oral, vaginal, rectal),
intralesional injection, intramuscular or IV administration, and subcuta-
neous or intralesional implantation. Depending upon the application,
specific carrier characteristics become more or less desirable for the opti-
mal solution. For example, in mucosal membrane administration, chi-
tosan avidity to mucosal surfaces enhances the applicability of this
technology. For implantation strategies desiring the slow release of a
drug, slowly biodegradable polymers like PLGA with drug implantation
serve as a model. For targeted systemic therapy, dendrimers have the
capacity to localize to receptor-laden regions, including to a tumor, for

drug delivery.”

2.4 Future Directions and Conclusions

The future for drug delivery in a specific and sustained fashion holds great
promise for the treatment of disease. The continued development of this
technology will greatly enhance both the quantity and quality of life for
patients with acute and chronic illness. The prospect of daily, weekly,
monthly, or longer administration of a medication for the patient who now
doses medications three times per day will limit the incapacitation of a dis-
ease. In addition, the possibilities for painless mucosal administration of

medications which at present require injection seem imminent.
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It is likely that our knowledge of drug delivery agents and the
number of possible candidates will continue to progress in dramatic fash-
ion. In addition, our understanding of underlying disease processes will
continue to grow. Recognition of each delivery method’s strengths and
weaknesses, combined with comprehension of the pathophysiology of the
disease process, allows for the optimal in drug delivery design. It is the
integration of this knowledge with the ever-increasing availability of
potential drug carriers that will add to our ability to fight disease.

A variety of delivery methods have been described in this chapter,
which are available in various stages of development from basic science to
clinical application. These examples only serve to highlight the vast array
of carriers, techniques, and the global knowledge now available on this

subject.
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3.1 Introduction

Drug delivery by way of nanoparticles is a rapidly progressing area
of research which unites researchers from the fields of chemistry,
chemical engineering, biology, and medicine. Traditional drug therapies
are often hindered by the natural processes of biochemical regulation
within the body. The goal of nano-scale drug carriers is to mimic

naturally occurring biological molecules in order to limit such
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interferences as well as to enhance the productivity of therapeutic drug
treatments.

There are four main areas of concern when considering a drug car-
rier for use in a biological system: (1) drug resistance due to physiological
barriers, (2) cellular-level drug resistance, (3) distribution and possible
modification of the drug within the body, and (4) excretion of the drug
from the body.! Compared to traditional therapies, controlled drug deliv-
ery is usually a more effective, patient-friendly means of treatment.

Polymers are becoming the frontrunners in the race to find the
ideal carrier because of their versatility and their capabilities as both the
carrier and the controlled dispenser of drugs. As a result, many poly-
meric materials have been synthesized solely for this purpose. Table 1
classifies many of the polymers currently being researched as drug car-
riers. The first major separation is between natural and synthetic poly-
mers. Natural polymers are not engineered and are, therefore, difficult
to adapt to multiple applications. Synthetic polymers may be engineered
for a very specific use or for a broad range of applications. They can be
further broken down into biodegradable and non-biodegradable syn-
thetic polymers. The most promising of these synthetic polymers are the
dendrimers.

The divergent growth strategy, now widely used for dendrimer
synthesis, was discovered independently by Vogtle and by Tomalia in
1978-1979. The divergent methodology based on acrylate monomers was
discovered in 1979 and was developed in the Dow Chemical Laboratories
from 1979 to 1984. It was first reported at the 1st International Conference,

Japan Society of Polymer Science, in Kyoto (1984) and was published in
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Tab. 1. Polymer carriers commonly used for drug delivery today.

Polymer types

Examples

Natural
Protein-based

Polysaccharides

Synthetic
Biodegradable

Polyanhydrides

Polyesters

Polyamides

Non Biodegradable

Acrylic polymers
Silicones

Cellulose derivatives

Others

Dendrimers

Collagen, albumin, gelatin
Agarose, alginate, cyclodextrins, polysaccharide

hydrogel

Poly(sebacic acid), poly(adipic acid)
poly(terephthalic acid)

Poly(lactic acid), poly(glycolic acid),
poly(hydroxy butyrate), poly(dioxanones)

Polyamino acids, poly(imino carbonates)

Polymethacrylates, poly(methyl methacrylate),
poly(hydroxyethyl methacrylate)

Polydimethylsiloxane, colloidal silica

Cellulose acetate, hydroxypropyl methyl
cellulose, carboxymethyl cellulose, ethyl
cellulose

Polyvinyl pyrrolidone, ethyl vinyl acetate

Poly(amidoamine), poly(propyleneimine),

aromatic ester & ether-type dendrimers

1985.% This approach provided a high yield of poly(amidoamine)

(PAMAM) dendrimers with molecular weights ranging from several hun-

dred to over one million Daltons (i.e., Generations 1-12) and is presently
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the preferred commercial route to synthesizing Starburst® PAMAM den-
drimers. Several significant advantages offered by the divergent method

include the following:

1. Allows direct dendritic growth of dendrons from a wide variety
of atomic, molecular, and polymeric as well as physical objects as
cores. Does not require a second core anchoring step, which is
sterically limited via the convergent method.

2. Adaptable to large-volume scale-up (e.g., PAMAM is produced
in multi-kilogram quantities).

3. Low-cost, readily available commodity monomers (i.e., methyl
acrylates and ethylenediamine) may be used for synthesis.

4. May be used to prepared high generation (i.e., G = 0-12)
dendrimers that precede and exceed the “de Gennes dense

packed” state.

The procedures described are based on improved modifications from
the original publications.?® They focus on the divergent “excess reagent” syn-
theses of poly(amidoamines) using various alkylenediamine cores.

Many of these dendrimeric nanostructures have shown commer-
cial promise for gene transfection and as drug delivery agents, immunodi-
agnostics reagents, nanocatalysts, magnetic resonance imaging contrast
agents, nanoreactors, and nanocalibrators. Dendrimers are expected to play
a significant role in the systematic development of nanoscale chemistry
architecture and properties, both in the biological as well as the abiotic

areas of interest.
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3.2 Dendrimers as Unique Macromolecules

In the last 25 years, dendrimers have exploded onto the scientific scene.
They have made their way from being highly unknown, underappreciated
nanoparticles into becoming a medical wonder having immense possibili-
ties in the minds of researchers around the world. The increase in the
knowledge about and understanding of dendrimers is evidenced in the dra-
matic increase in patent literature regarding dendrimers since 1981. From
1981 to 1985, two patents were granted. Fifty-one were granted from 1991
to 1995, and over 1000 were granted from 2001 to 2005.” With increased
publicity about them, dendrimers are now becoming more widely known
outside of the scientific community as well.

However, as with many scientific advancements, it is important
that we do not ask too much of dendrimers. This could easily be done as
they possess many advantages over the nanoparticles described in earlier
literature. One tremendous advantage is that the chemical structure of den-
drimers is almost limitless. Also, dendrimers have been synthesized with
incredible uniformity, which is quite unique in the production of nanopar-
ticles. The true nano-scale size of these molecules lends itself to great pre-
cision among their many uses. However, their size also poses some
limitations among uses (as drug carriers, for example). Examples of cur-
rent dendrimer use include VivaGelk, created by Starpharma, which is an
intra-vaginal product used against HIV and other sexually transmitted dis-
eases. The dendrimer used here is an intrinsically active substance.®
Another use can be found in the therapeutic application of dendrimers,’

such as the anionic, poly(amidoamine) conjugates of d(+)-glucosamine
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and (d)(+)-glucosamine-6-sulfate with immunomodulatory and antiangio-
genic properties. '

Part of the bright future foreseen for dendrimers rises from the
incredible systematic control of many of their properties. The control over
certain dendrimer characteristics such as size, shape, branch length/den-
sity, and surface functionality allows for their customization for use in
many fields." The control over the size of dendrimers leads to a wide range
of uses as MRI contrast agents. Small changes in the size of these contrast
agents can result in differences in their pharmacokinetics, such as their per-
meability and excretion. Dendrimers of differing sizes have been found to
be potential renal, blood pool, liver, lymphatic, and tumor contrast
agents.'” The defined architecture and the high multivalent surface
moieties-to-volume ratio of the dendrimers make them intriguing candi-
dates for synthetic vectors for therapeutic nucleic acids. Development of
these vectors would require a link between the structures of dendrimers and
the respective nucleic acid complexes as well as the biological viability
would require of such systems.'? The ability to specify the size of den-
drimers allows for their use in the creation of multiple secondary structures
like vesicles, tubules, fibers, and micellular structures. The creation of sec-
ondary dendrimer structures broadens the range of dendrimer use for drug
and gene delivery. However, there first needs to be a better understanding
of the mechanisms for the creation of such structures as well as increased
concentration on the method of synthesis for dendrimers associated with
more complex structures.'* The future of dendrimers relies on such novel
uses as well as on continued research on dendrimer activity within a bio-

logical environment.'?

40



Poly(amidoamine) Dendrimer Synthesis and Characterization |

One of the most intriguing applications for dendrimers currently
under study is using them as a means of transport in the body for drugs,
genes or vaccines. The use of dendrimers through complexation with drugs
ranges from targeted drug delivery to controlled release of drugs within the
body.'® Drug delivery through dendrimers may be accomplished two dif-
ferent ways: by complexation of a drug within the hydrophobic interior of
the dendrimer or by way of covalently coupling the drug to the den-
drimer’s surface. Complexation of a hydrophobic drug allows it to become
water soluble yet still maintain its natural properties once released.
Targeted drug delivery can be achieved through covalent conjugation of
both a targeting agent (like folic acid in the case of cancer cells) and the
desired drug."”

Before there can be extensive use of dendrimers, however, a
greater understanding of their activity and possible safety hazards must
be achieved. Specifically, there is a pressing need to analyze the safety
of nanoparticles in a biological system. Current usage of nanoparticles
can provide a guide for the safe production and use of dendrimers.
However, safety designations will have to be applied to each specific
application, not to dendrimers as a whole. As of yet, this cannot be ade-
quately accomplished because there is a lack of clinical experience with
dendrimers.'® Some basic knowledge concerning these topics may be
ascertained from other areas. Dendrimers, of course, may be studied
using molecular chemistry analytical techniques. However, because of
their intrinsic polymeric nature, analytical techniques already in use in
the field of polymers may give further insight into the biological activity

and toxicity of dendrimers."
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33 Dendrimer Synthesis

The two main methods of synthesis for dendrimers are the divergent and
convergent methods. The work done by Tomalia’> and Newkome® in the
early 1980s was built around the divergent method of synthesis.*** For
example, in an ethylene diamine (EDA)-cored PAMAM dendrimer, an
EDA core is alkylated with methyl acrylate through Michael addition. This
step results in a half-generation molecule with ester terminal groups. This
is followed by amidation of the resultant ester terminal groups with excess
EDA to create a full-generation, amine-terminated molecule. This reaction
sequence is shown in Figure 1.

The drawback to the divergent method is that many reactions are
required to occur simultaneously as one reaches higher-generation den-

drimers. This results in imperfect samples and side reactions which make

HoN

o OCH,3 NH
A o © jj)\ ~_NH, o O o
OCH HN NH,
N e I W e e
-CH;0H H
EDA core (0] o
H;CO HN
1: Michael addition . 2: Amidation .
Generation: -0.5 " Generation: 0
2

5 Generations: 0.5-1; 1.5-2;

Generation: 0 —" 2.5-3; 3.5-4; 4.5-5

—

Figure 1: PAMAM dendrimer synthesis: D. A. Tomalia and I. Majoros: Supra-
molecular polymers; dendrimeric supramolecular and supramacromolecular
assemblies, in Supramolecular Chemistry, ed. Alberto Ciferri, Marcel Dekker, Inc.

New York, 2000.
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purification of these dendrimers quite difficult. As a result, the convergent
method was created in order to minimize this problem during dendrimer

synthesis. This method, developed by Frechet,

is somewhat similar
except that the separate dendron arms are created and then added to the
desired core. This reduces the number of simultaneous reactions needed
and allows for intermediate purification, resulting in a near-perfect den-
drimer structure. The divergent method and convergent method are com-
pared in Figure 2 and Figure 3.

No matter which type of synthesis is used, purification is a cru-
cial part of the process. Excess methyl acrylate must be removed from
half-generation PAMAM dendrimer solutions after Michael addition in
order to prevent the creation of lower-generation dendrimers during the
following amidation step. This may be done using a rotary evaporator

and through the bubbling of dry nitrogen through a neat dendrimer solu-

tion. Also, after the synthesis of full generation dendrimers, the large

ce
Initiator core

Branchmg unit

)y ——» )//4 —»
Branchmg unit

Imtlator core

Figure 3: Convergent method for the synthesis of tetra dendron arm star macro-

molecule (called dendrimers).
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excess of EDA must be removed in order to prevent the creation of
lower-generation dendrimers during the next Michael addition step. This
may be done using a rotary evaporator, wiped film still, and/or tangential
flow ultrafiltration.

Various dendrimer structures may be obtained by altering the ini-
tiator core, repeat units, and the surface groups. The method of synthesis
can also be altered, as many new methods have been developed in order to
obtain a high yield and reduce the number of purification steps needed.
Although many factors of the synthesis or structure may be varied, the de
Gennes dense-packing effect will be a factor. As the generation is
increased, the surface groups will become more densely packed and will
eventually reach an upper limit.*? In the case of EDA-cored PAMAM den-

drimers, this upper limit is generation 10.

34 Mathematical Description of Theoretical

Dendrimer Structure

As described earlier, dendrimer synthesis is a reiterative process which
adds to the structure through reaction at the end groups. Because of the
branched nature of their structure, dendrimers are often compared to
tree-like electro-mechanical circuits® (Figure 4). Through each cycle
of the reaction sequence, new generations are formed in a highly con-
trolled manner. As a result, there is also great control over the
molecular weights of dendrimers, providing a narrow molecular weight
distribution.

For any polymer, the molecular weight can be described as

the molecular weight of the repeating units multiplied by the degree of

44



Poly(amidoamine) Dendrimer Synthesis and Characterization |

Site Dendron e
% -“<5

MA + EDA - MeOH —
—v<:

D> AP -C2§§
P ANAY =

NH; core  EDA core -
2 4 8 16 32
+2° +2! +2° +2° +2¢ +2°

Figure 4: Dendron as a tree-circuit analog and dendrimer as dendron-arm star
macromolecules (for ammonia and EDA cores). (Reprinted with permission from
1. J. Majoros, C. B. Mehta, and J. R. Baker Jr., J. Comput. Theor. Nanosci.,
1, 193-198 (2004). Copyright © American Scientific Publishers.)

polymerization (the number of repeating units making up the polymer). In
the case of dendrimers, the molecular weight of the core must also be

added on. The degree of a dendrimer is given by®:

EST 1
C { ol ]
where F, is the core functionality (4 for EDA cores and 3 for NH, cores),
Fis the multiplicity of the repeating units, and g is the generation number.
Using this equation, the general notation for the molecular weight of den-
drimers is given by":

g+1 _1

MW =MW . +(Molecular weight of monometers) F, [FF—I] @

r

45



| Istvan J. Majoros & Daniel E. Carter
When evaluating the molecular weight for a PAMAM dendrimer
with an EDA core and repeating units of methyl acrylate (MA) and EDA,
one must remember that methanol is a side product of the amidation reac-

tion in PAMAM synthesis. The molecular weight is then given by*:

28t
MW:EDA+(MA+EDA—Me0H)*22£ T ] (3)

where EDA, MA, and MeOH are the molecular weights of EDA, MA, and
methanol, respectively. Note that the molecular weights of EDA and MA
used must be those of their original forms, not their reacted forms in the
dendrimer structure.

The number of terminal groups can also be determined using the

equation®?*:
Number of terminal groups: Z =F, - F$ “4)

The number of tertiary amines of a dendrimer structure can also be

determined using the equation®:

F? -1
Number of tertiary amines: 7, + F, ( I; 1 ] (5)
" —

where T is the number of tertiary amines in the core (EDA core has two
tertiary amines). The equations given provide the theoretical structure of
dendrimers. It must be noted that there are many deviations from the the-

oretical values which will be discussed further in the following section.
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3.5 Structural Deviations in Poly(amidoamine)

Dendrimers

The synthesis of poly(amidoamine) (PAMAM) dendrimers is quite a pre-
cise process, as described earlier, especially when compared to other poly-
mer synthesis. However, it is by no means a perfect process. PAMAM
dendrimer synthesis always results in structural defects.** The major struc-
tural defects include incomplete Michael addition, fragmentation, and
intramolecular cyclization.”

The primary cause of PAMAM dendrimer structural deviations is
incomplete Michael addition, resulting in asymmetrical dendrimer struc-
tures (Figure 5(a)). This is a result of the natural tendency of reactions not
to go all the way to completion. Incomplete Michael addition is minimized

by using an excess of methyl acrylate.

Oy 0CH,

/j Missing repeat unit (a) lj’

\ . Intramolecular
/_)\-OCH: cyclization (b) /\’(JV”
" . -N o) )
‘ai!p \\*O \)k NH

OCH:
: Intermolecular

4

A

coupling (c)
H \I_AN
o () N~
Ester _N/\f; NH —/_”N'D(\/
hydrolysis M
NH,
2 o
yon Deadarm (d) o
\’MOCHx —> _N\JL
(-n\'-\_'\_H2
v

Ompin~ N Retro-Michael reaction (e ) H
» Ry + 2N am,
-N R » \*XO o
\"( HN.~ NH,

HN”NH,

Figure 5: Concurrent reactions in PAMAM dendrimer synthesis.”
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Fragmentation of dendrimers is caused by the retro-Michael side
reaction. Fragmentation creates asymmetrical structures similar to those
created by incomplete Michael addition (Figure 5(e)). These defects are a
product of the existence of an equilibrium between the Michael reaction
and retro-Michael reaction. This side reaction is especially relevant at
higher temperatures as the equilibrium is greatly shifted towards the retro-
Michael reaction, but even at room temperature significant effects have
been noticed.? This emphasizes the need for temperature control during
dendrimer synthesis.

Other defects can be caused by interactions within dendrimers
as well as among dendrimers. Intramolecular dendrimer reaction result-
ing in cyclization can occur during the amidation step of dendrimer syn-
thesis (Figure 5(b)). A wide variety of cyclic products may be formed in
higher generations as a result of the many identical esters on the surface
of the half-generations.”® Also during amidation, intermolecular inter-
actions resulting in intermolecular coupling are possible?’ (Figure 5(c)).
The best way to prevent this defect is to ensure that a great enough
excess of EDA is used during this step of the synthesis. In order to
achieve a 95% monodisperse dendrimeric product (with an ammonia
core), the excess needed ranges from 15-234 molar excess for genera-
tions 1-5, respectively.” Intramolecular cyclization and intermolecular
coupling can be minimized if a methanol solution of the half-generation
dendrimer is added to this large excess of EDA under dry nitrogen and
proper stirring. These defects, again, are more prominent with higher

temperatures.
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Another key to preventing structural defects is avoiding dendrimer
contact with water. Half-generation ester-terminated dendrimers readily
undergo hydrolysis in the presence of water to form carboxylic acid
groups.” These carboxylic acid groups will not amidate under normal reac-

tion conditions, creating a “dead” arm (Figure 5(d)).

3.6 Characterization

The most widely used methods of characterization for dendrimers are most
likely proton and carbon NMR."” NMR provides a relatively simple
method for the structural analysis of dendrimers. Routine spectra taken
during the synthesis of dendrimers can reveal the chemical transformations
occurring at the terminal groups. This is an incredibly useful method of
monitoring the purity of dendrimer production, even at high generations.
NMR may also be used to identify possible structural defects in the den-
drimer. Other types of spectroscopy, though not as widely used, may also
be used for these purposes, including IR, UV-vis,”? and fluorescence™
spectroscopy.

Another method of characterizing a highly purified dendrimer
structure, mainly its terminal group functionality, is potentiometric titra-
tion. This is crucial to designing any type of further reactions using the
dendrimer. Titration of PAMAM dendrimers using HCI followed by back-
titration using NaOH can be used to determine the number of primary and
tertiary amines, as shown in Figure 6.

The molecular weight of the dendrimer is often characterized using

Size Exclusion Chromatography (SEC) (Gel Permeation Chromatography,
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Potentiometric Titration of G5 PAMAM Dendrimer

12 - Primary amines NaOH.

0:\HWHHHHWHHHHHHHHH\HH\\HH\HH\HHHHHH
o 1 2 3 4 5 6 7 8 9 10 11 12 13

Volumetric solution, ml

Figure 6: Potentiometric titration of a single PAMAM G5 dendrimer batch in
0.1 M NaCl solution (# of primary amines: 110; # of tertiary amines: 108 were

calculated).

GPC). This, again, is crucial for designing further reactions using the den-
drimer and requires a highly purified sample. The SEC is commonly used
to determine the molecular weight, molecular weight distribution, and root
mean square radius. Molecular weight analysis by GPC and supported by
MALDI-TOF MS for the same G5 dendrimer batch as above is shown in
Figure 7. The retention times found in SEC can also be utilized to quantify
the structural defects which were described earlier.* Polyacrylamide gel
electrophoresis (PAGE) can be used to check the purity and homogeneity
of PAMAM dendrimers.! PAGE separates molecules based on their
charge-mass ratio. Therefore, if the synthesis produced a monodisperse
dendrimer product with respect to molecular weight and structure, the
PAGE analysis should show only a single band. The resultant band(s) can
also be compared to standards as another method of determining the size

of the dendrimer molecules.
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Figure 7: Determination of molecular weight by MALDI-TOF MS and GPC.

HPLC analysis is used to determine the purity of a dendrimer sam-
ple as well as some of its structural characteristics. A narrow peak is
desired, as this suggests uniformity of the dendrimer. A wider peak is a
result of structural inhomogeneity created by structural defects. When
compared to the elution graphs of known standards, HPLC can also be
used to determine the functional groups present in a dendrimer solution.*

There are two main types of microscopy used for visual analysis
of dendrimers, atomic force microscopy (AFM)* and near-field scanning
optical microscopy (NSOM).* These types of microscopy give a measured
topography which can be used to find particle volume. Knowing the
volumes of individual species can then tell you the species composition.

Once this information is known, it is then possible to determine the num-

ber of dendrimers in a cluster.
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3.7 Physicochemical Properties

Following synthesis, dendrimers can be isolated as pale amorphous syrups
which can be dissolved using most organic solvents. One distinct property
of the half-generation dendrimers as compared to the full-generation den-
drimers is the display of surface active properties shown in water, which
creates a foamy solution. Also, the half-generation dendrimers show a
lower intrinsic viscosity than the corresponding full-generation dendrimers
(Figure 8). This difference in viscosity is a result of increased aggregation
of the amine-terminated full-generation dendrimers by way of intermolec-
ular hydrogen bonding.?

An important property of PAMAM dendrimers is their tendency to
form cationic structures under physiologic conditions (pH = 7.4). Under
these conditions, the primary amines on the surface of the dendrimer read-
ily protonate. This creates a polycationic dendrimer with ammonium ter-

minal groups, which leads to a more basic solution.*

0.07 -
w=-0.0004:F + 0.0036:2 - 0,001+ 0.03
R?=0005

0.06

005
0.04 -
0.03
0.02 4

Intrinsic Viscosity, dl/g

¥ =0.00072 - 0.0072 + 0.0259z- 0.0054
R*=0.9013
1] —+—t+—+—t+—+—t+—t+t+—t+—+—+—+—++—++—++—+—++—++——+—+—+—+
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Figure 8: Intrinsic viscosity of PAMAM dendrimers.
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The absorbance spectrum of the dendrimers is often used to deter-

mine properties such as dendrimer concentration in solution. The predom-

inant factor of the spectrum of a PAMAM dendrimer is the lack of UV

absorbance above a wavelength of 210 nm.
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4.1 Introduction

Dendrimers have attracted much attention recently owing to their unique
molecular architectures. In contrast to linear organic polymers, dendrimers
are a novel class of macromolecules possessing a highly branched three-
dimensional architecture, and well-controlled size and shape. The large
number of end groups of a dendrimer can be chemically modified to asso-
ciate different functionalities with them. In addition, dendrimers generally
have a size on the order of a few nanometers, allowing some critical appli-
cations that require a compact multifunctional device on the nanometer
scale. For example (Figure 1), a dendrimer-based multifunctional nano-
device has been developed for targeted drug delivery to a specific tumor
site, which has a targeting agent for specific binding to cancer cells, a flu-
orescent biomarker for monitoring the drug uptake, and anticancer drugs
to cause apoptosis.' This nano-device has been tested for its ability to tar-
get cancer cells in vitro and in vivo. The experimental binding characteris-
tics were in conformance with predictions from molecular modeling. It has
been demonstrated that it is essential to have the multifunctional conju-
gates on the nanometer scale for controllable cellular internalization. This
dendrimer-based drug delivery system shows enhanced therapeutic effects

as compared to free drugs, while having reduced side effects.*?
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Methotrexate
(therapeutic agent)

Folic Acid Fluorescein
(targeting agent) (detecting agent)
G5-polyamidoamine
(dendrimer platform)

Figure 1: 3-D model of G5-dendrimer nano-device conjugated with fluorescein
and folic acid through amide linkage, and methotrexate through ester-linkage. The
model was generated using Molecular Dynamics simulations that would allow
prediction of branch aggregation and 3-D locations of the functional groups. The
derived model predicts surface exposure of all the three added functions.'
(Reprinted with permission from J. Med. Chem., 48(11), 3729-3735, 2006.
Copyright (2006) American Chemical Society.)

In addition to targeted drug delivery, the unique physical and
chemical properties of dendrimers also result in many other applications,
including tissue repair,*® biosensing,”” and photonic devices.'*"> While
much effort has been devoted to synthesizing a variety of dendrimers with
various functionalities, as discussed in the other chapters of this book, we
focus on several optical properties and biomedical applications of den-

drimer conjugates in this chapter.

4.2 Linear Optical Properties of Dendrimers

and Their Conjugates

Dendrimers have unique linear and nonlinear optical properties depending

on their molecular architectures. Here we will discuss both the linear and
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nonlinear optical response of dendrimers and their conjugates, and will
illustrate several novel applications of dendrimer-based materials.
Applications based on dendrimer’s linear optical response have been
reported for light-emitting diodes, light harvesters, and fluorescent bio-

markers, etc.

4.2.1 Dendrimer light-harvesters and light-emitting diodes

Dendrimers have been recently investigated by several groups for applica-
tions as light-harvesting systems, owing to their unique molecular archi-

12716 T natural

tectures that mimic a natural light-harvesting system.
photosynthetic systems, a large array of chlorophyll molecules surrounds
a single reaction center.'® The intricate chlorophyll assembly acts as an
efficient light-harvesting antenna that captures photons from the sun and
transfers their energy rapidly to the reaction center where it is utilized to
form ATP."” Similarly, the synthetic dendrimer has a highly branched struc-
ture that radiates out from a central core and is well suited to efficiently
funnel energy to its center point. In addition, the high density of sites at the
periphery can be functionalized with chromophore groups, acting as an
efficient light-absorbing molecular antenna. The absorbed energy at the
periphery rapidly transfers from the dendritic branches to the core, result-
ing in a light-harvesting action.

Fréchet and co-workers used a flexible poly(arylether) dendrimer
that is functionalized with dye molecules at the periphery as a molecular
antenna, while the core is functionalized with a suitable dye molecule
that serves as the energy acceptor.'>'® The energy absorbed at the periph-

ery is funneled to a central fluorescent core primarily by a through-space
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Forster-type mechanism, and energy transfer quantum yields greater than
90% have been measured for dendrimer sizes up to the fourth generation.
In addition, instead of varying the chemical nature of dendrimer subunits
and linker groups for efficient energy transfer, it has been reported that
energy gradients can be formed in dendrimers to funnel the energy from
periphery to the core more efficiently.''® In this case, the entire dendrimer
framework serves both as the light-absorbing antenna and as an energy
transport medium. The energy gradient in phenylacetylene (PA) monoden-
drons leads to rapid and directional energy transport, and results in an
energy transfer quantum yield that approaches unity.'?

As dendrimers are being used more and more widely as new build-
ing materials for photonic devices, an understanding of the fundamental
physics and chemistry behind the novel dendritic macromolecular architec-
tures is helpful to improve the design for fabricating new dendrimer-based
optical devices with high efficiency. Kopelman and colleagues discovered
that the localization of excitation energy can be markedly different in dif-
ferent types of dendrimers.” For compact dendrimers, excitations are
localized at the nodes of the Cayley trees of the molecular structure and the
energy of lowest transition was not affected by an increase in dendrimer
generation. In contrast, in extended dendrimers the excitations become less
localized, with a hierarchy of localization lengths. The excitation energy
transfer between dendrimer subunits has also been investigated extensively
to understand the mechanism of this process and to help one improve the
efficiency of using dendrimers as an artificially synthesized light-har-
vester.?>*> For example, it has been discovered that energy can be funneled

to the dendrimer core more efficiently for molecular structures with
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designed energy gradients.">**** Several mechanisms for the excitation
energy transfer from the dendrons to the core have been proposed.”
It was demonstrated that the energy transfer can be attributed to the
Coulombic dipole—dipole interactions in several organic dendrimer sys-
tems.'>*?° The dynamics of the energy transfer process in a carbonyl-
terminated phenylacetylene dendrimer has been studied using both steady-
state and time-resolved optical spectroscopy.'? The intersite energy trans-
fer time was calculated to be 6 ps, consistent with the experimentally
measured value of 5-17 ps. It was also observed that the overall light-
harvesting efficiency depends on the dendrimer size. The overall den-
drimer quenching rate was found to decrease exponentially with dendrimer
size over the first four generations.

Recently dendrimers have also attracted considerable attention as
novel materials for organic light-emitting diodes (OLEDs).'*!"*32 OLEDs
are of great interest for making less expensive full-color flat-pannel dis-
plays. Polymer based OLEDs can be fabricated through a solution process,
such as spin-coating and inkjet printing, which has a much lower cost than
high vacuum deposition process. Dendrimer is a solution-processible pho-
toactive and electroactive material with the desired solubility and elec-
tronic and luminescence properties. The large dendrons surrounding the
luminescent core of a dendrimer prevent concentration quenching by iso-
lating the core, thus increasing the luminous efficiency of an OLED.
Markhan et al. observed very high-efficiency green phosphorescence from a
single-layer dendrimer organic light-emitting diode formed by spin-coating.*
A first generation fac-tris(2-phenylpyridine) iridium cored dendrimer

doped into a wide-gap 4,4-bis(N-carbazole) biphenyl host displayed a peak
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external quantum efficiency of 8.1%. This exceptionally high quantum
efficiency for a single-layer device was attributed to the excellent film
forming properties and high photoluminescence quantum yield of the
dendrimer blend and efficient injection of charge into the emissive layer.
In addition, wide range tunability of the emission spectrum of an OLED is
required in many applications. It has been recently demonstrated that color
tuning from green to red can be obtained by adjusting the relative amounts
of red and green emitting dendrimers in a blend.** With a simple two-layer
structure this solution-processed OLED has achieved very high efficien-

cies across the whole color tuning range.

4.2.2  Real-time biosensing with dendrimer fluorescent

biomarkers

The development of analytical methods for in vivo measurements to iden-
tify cancer signatures, monitor drug delivery and evaluate drug-induced

t.>* As an

effects in tumors has been a goal for enhancing cancer treatmen
important approach for in vivo tumor analysis, the use of fluorescent
probes® has the advantage of being more biocompatible than radiation or
chemical analysis, and builds on the wide base of technology developed
for in vitro analysis using flow cytometry and histochemical staining.
Dendrimers offer an ideal platform for integration of fluorescent markers,
drugs, and targeting agents on a nanometer scale. The synthesis of multi-
functional dendrimer-based nano-devices, with covalently linked tumor-
targeting molecules such as folic acid (FA) or HER2-antibody, a sensing

fluorescent molecule, and a chemotherapeutic drug such as methotrexate

or taxol, has been recently reported."® It has been shown that this new
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material can be purified to a very high degree and the final product is free
of individual starting components, and has a well controlled 3D architec-
ture with mono-dispersed stoichiometric numbers of added components.
This multifunctional nano-device has been tested for its ability to target
cancer cells in vitro and in vivo monitored by fluorescence measurements.

Our group performed initial demonstrations of the targeting capa-
bility to tumors using KB cell line (a sub-line derived from the cervical
carcinoma HeLa cell line) as a model system. The binding of G5-FI-FA
[poly(amidoamine) dendrimers generation-5 (PAMAM, GS5) conjugated
with fluorescein isothiocyanate (FI) and folic acid (FA)], and control
G5-FI dendrimer to KB cells was investigated.” The details about the syn-
thesis of this dendrimer conjugate can be found in Ref. 36. The FA enables
the dendrimers to be selectively taken up by FA-receptor-positive KB
cells. Confocal microscopic analysis provided evidence of cellular inter-
nalization ex vivo (Figure 2).

The challenge for characterizing targeting in live animal models,
and ultimately people, is considerable. Fluorescent probes for tumor analy-
sis in vivo is promising, but faces a number of hurdles. The most notable
issue is due to the nature of tissues, which are highly light scattering and
absorbing, thus making it difficult to perform non-invasive fluorescence
analysis.”~ A two-photon optical fiber fluorescence probe (TPOFF) has
been developed recently to quantitatively characterize the local concentra-

tion of biomarkers in vivo,?

which bypasses the tissue scattering and
absorption. Basically, in a TPOFF system femtosecond laser pulses are
delivered through a single-mode optical fiber, and the two-photon excited

fluorescence from samples is collected back through the same fiber.
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Figure 2: Confocal microscopic evidence of the uptake of fluorescent dendrimers
in KB cells. KB cells were incubated with 250 nM of the non-targeted control den-
drimer G5-FI (a) or the targeted dendrimer G5-FI-FA (b) for 48 hours at 37°C, and
confocal images were taken in a Carl Zeiss microscope using an argon laser exci-
tation beam. The left and right panels represent fluorescent and light images of the
same observation field.! (Reprinted with permission from J. Med. Chem., 48,

3729-3735, 2005. Copyright (2005) American Chemical Society.)

In contrast to normal right angle fluorescence detection configuration, the
use of a single optical fiber for both fluorescence excitation and collection
allows one to construct a practical system for in vivo biosensing. The fluo-

rescence signal collected through the fiber is separated from the excitation
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beam with a dichroic mirror, and further filtered with a short-pass filter and
a spectrometer, then detected with a photon-counting photomultiplier tube.
The excitation volume is localized due to the nonlinearity of the two-
photon absorption, ensuring the measurement of a specific site with small
excitation volume in close proximity to the fiber tip. Since the wavelength
of the emitted fluorescence light is significantly shorter than the excitation
wavelength, the emission can be easily filtered and separated from the
excitation light to obtain a high signal-to-noise ratio. In addition, the
TPOFF probe employs near-IR light for excitation, which minimizes tis-
sue damage, absorption, and photobleaching. Finally, this TPOFF method
also allows one to use a single laser source to excite a wide variety of flu-
orophores owing to the wide two-photon excitation spectrum.

The uptake of the FA-targeted dendrimer nano-device in the KB
cell tumor model has been measured in vitro and in vivo using the TPOFF
method. The two-photon fluorescence (TPF) intensity from standard solu-
tions of G5-FI and GS5-FI-FA with concentrations ranging from 10
nanomolar to 100 micromolar is shown in Figure 3.

Although the TPF signals from both samples have a linear con-
centration dependence, the signal from G5-FI-FA is slightly lower than
that from G5-FI. Since the absorption spectra of these two solutions are
similar, the difference in the fluorescence signal indicates there is a small
quenching effect due to adding the FA to the dendrimer conjugate.
Cultured KB cell pellets treated with different concentrations of the den-
drimer conjugates were then measured with the TPOFF probe. The KB
cells treated with the targeted nano-device G5-FI-FA were found to give

significantly higher fluorescence than those treated with the control G5-FI
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Figure 3: TPF power as functions of the concentrations of G5-FI and G5-FI-FA.
The fluorescence quantum yield of G5-FI-FA is slightly lower due to partially
quenching effect by FA.? (Reprinted with permission from “Engineered particles,”

OFE Magazine, SPIE, 2003.)

(Figure 4(a)). This finding indicated that the dendrimer conjugated with a
targeting agent can be used to enhance the binding affinity to cancer cells.
The saturation of G5-FI-FA binding was observed, which confirmed that
the targeting is through specific binding to the high affinity folate recep-
tors. At saturation, the level of G5-FI-FA bound was calculated to be
2 pmols per10° cells, which is in agreement with the flow cytometry result,
as shown in Figure 4(b).

Other fluorophores have also been conjugated to dendrimers
for fluorescence detection of drug delivery ex vivo and in vivo.
6-carboxytetramethylrhodamine succinimidyl ester (6T) was used to syn-
thesize dendrimer conjugates with fluorescence emission wavelength dif-
ferent from fluorescein dendrimer conjugates and for better photostability.®
G5 dendrimer in a buffer solution was mixed with 6T, and the mixture

was dialyzed in PBS and water, ultrafiltered and lyophilized to obtain the
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Figure 4: Dose-response curves for the binding of G5-FI and G5-FI-FA on KB
cells determined respectively by TPF (a) and flow cytometry (b).* (Reprinted with

permission from “Engineered particles,” OF Magazine, SPIE, 2003.)

product of G5-6T. To conjugate the targeting agent FA with G5-6T, FA was
initially activated and mixed with the G5-6T, then dialyzed. The remaining
surface NH, groups of G5-6T and G5-6T-FA were acetylated by reacting
in one reaction step with acetic anhydride in the presence of triethylamine.
The product was analyzed by '"H-NMR and UV-visible spectroscopy and
the results indicated that the respective numbers of 6T and FA molecules
per dendrimer were 3 and 4, respectively. Two-photon fluorescence emis-
sions from both the dendrimer conjugates G5-6T and G5-6T-FA showed a
maximum emission at 560 nm, similar to free 6T.

In vivo studies further demonstrated that the targeted delivery of
G5-6T-FA can be achieved in a live animal. KB cell tumors in SCID mice
were selected as a model system, which over express the high affinity
FA-receptor (FAR).® Control tumors were developed by using the
MCAZ207 cell line, because in vitro binding studies showed that MCA207
cells have little binding with FA-conjugated dendrimers. G5-6T-FA and
G5-6T were injected into the tail veins of mice bearing KB-cell and

MCA207 xenograft tumors. A TPOFF probe was used to analyze the
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binding of the dendrimer conjugates in these two kinds of tumors.
Significant enhancement of targeted delivery of FA-conjugated den-
drimers to KB cell tumors was observed. Figure 5 shows there was a
6-fold increase in TPOFF readings in KB cell tumors of mice receiving
G5-6T-FA as compared to the non-targeted G5-6T dendrimer. There was
a 3-fold increase in the fluorescence of G5-6T-FA dendrimers in FAR-
positive KB cell tumors as compared to the FAR-negative MCA207
tumors. In the FAR-positive KB cells, the concentration of G5-6T-FA
reached average levels of about 2 uM. Because there are 3 to 4 FA per
dendrimer, the result indicates that the average intracellular FA equivalent
is 68 UM. This value is in good agreement with that obtained from

radioactive FA binding studies. These studies demonstrate that dendrimers
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Figure 5: TPF measurement in KB cell tumors in mice injected with G5-6T or
G5-6T-FA. Five million KB cells were injected subcutaneously into mice to form
tumors that were allowed to grow for two weeks. The mice were injected with the
dendrimers, and after 14 h, the tumors were surgically removed and TPF counts
were taken. (a) The traces represent mean of two different tumors from two dif-
ferent mice taken in five different internal regions of each tumor. (b) The mean

value of all counts corrected for the PBS background fluorescence.
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can be functionalized for targeted drug delivery and for sensitive in vivo

fluorescence biosensing.

4.2.3  Multicolor two-photon flow cytometry using targeted

dendrimer conjugates

Besides using dendrimer conjugates as biomarkers for single color fluores-
cence detections, targeted dendrimer conjugates can further allow ratiometric
measurements based on multi-color correlated fluorescence detection.
Multicolor fluorescence detection is often preferred, because information
of different processes in a biological system may be revealed all at once by
using multiple biomarkers. In some particular situations, correlation of flu-
orescence from multiple biomarkers is required for ratiometric measure-
ments in order to sensitively monitor some biological changes in a
complicated system. As demonstrated in the following two-photon flow
cytometry measurement, dendrimer fluorescent conjugates act well as
multicolor biomarkers owing to their unique molecular architecture.*’

In a conventional (one-photon excitation) flow cytometer, single
cell detection is achieved by injecting a cell sample into the center of a
sheath flow, which hydrodynamically focuses the cell and delivers cells
one by one to the point of excitation with an accuracy of £1 wm or better."!
On the other hand, two-photon flow cytometry utilizes the nonlinear prop-
erty of multi-photon excitation process to selectively detect single cells.*
One major advantage of two-photon flow cytometry over conventional
flow cytometry is that it allows analyzing circulating cells in vivo, where

there is no controlled sheath flow. However, it is challenging to obtain
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quantitative results in two-photon flow cytometry, because the two-photon
excitation volume is small and the cells flow through the excitation region
in random positions with different velocities and paths, thus being excited
unevenly. Figure 6(a) shows the two-photon excited fluorescence signal ver-
sus time (bin number) from stained cells. Due to the uneven excitation in the
system, the intensity distribution of the fluorescent peaks (Figure 6(b))
spreads out from just above background to its maximum possible signal
level, which corresponds to cells that flow directly through the center of
the excitation volume and have the highest fluorophore concentration. Thus,
the fluorescence signal level alone cannot be used as a parameter to differ-
entiate cell populations, unlike that in the conventional flow cytometry.

In order to realize quantitative measurements in two-photon flow
cytometry, multiple fluorescence-collecting channels at different wave-
lengths have been used. The ratio of fluorescence signals in these channels

was used as a parameter to reflect the biological properties of the cells.
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Figure 6: (a) Typical single channel raw data from two-photon flow cytometry;
each peak corresponds to a labeled cell passing through the laser focus;

(b) Histogram of the intensity distribution of peaks in a single channel.
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However, normal fluorescence dye staining may not provide correlated
fluorescence emissions as needed in the two-photon flow cytometry and a
well defined fluorescence ratio cannot be obtained. As an example, mouse
peripheral mononuclear blood cells (PMBC) stained with two dyes: CFSE
and DeepRed, were investigated. CFSE is a biocompatible dye used here
as a “trigger”, i.e., as an indicator to count cells passing through the exci-
tation volume. DeepRed, serving as a “reporter” dye, is a cell-permeating
probe that binds to the outer membrane of mitochondria. The ratio of
reporter over trigger fluorescence signal would indicate the viability of a
cell. However, a wide distribution in a two-channel dot plot of the trigger
versus reporter fluorescence photocounts was observed, as shown in
Figure 7(a). The wide distribution indicates the signals in the two fluores-

cence channels are not correlated and rendered it difficult to distinguish
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Figure 7: (a) Two-channel dot plot of mouse peripheral mononuclear blood cells
(PMBC) stained with CFSE and DeepRed. The two-photon excited fluorescent
signals from CFSE and DeepRed go to S-channel and L-channel, respectively.
(b) Confocal microscopy image of mouse peripheral mononuclear blood cells

(PMBC) stained with CFSE (green) and DeepRed (red).
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viable from non-viable cells. The reason why correlated fluorescence sig-
nals were not obtained was attributed to the different spatial distributions
of the two dyes within each cell. Because two-photon fluorescence has a
small localized excitation volume, the fluorescence intensity reflects the
local concentration of different fluorescence biomarkers within a cell.
Confocal microscopy image (Figure 7(b)) shows that CFSE is distributed
within the nuclei of the cells, while DeepRed stains only the outer
cytoplasm surrounding the nucleus. This confirms the inhomogeneous
localization of these two dyes in a cell. In order to make ratiometric meas-
urements, it is essential to have the fluorescence intensity of the trigger and
reporter biomarkers correlated in order to obtain a well defined parameter
to sensitively reflect biological changes in cells.

Targeted dendrimer fluorescent conjugates were used as biomark-
ers in order to correlate the signals from the trigger and reporter dyes.* Two
different dyes were conjugated to dendrimers having the same targeting
agent, respectively. By competing for binding to the same receptors on a
cell, the concentrations of the two conjugates in the cell become correlated.
KB cells were treated with the dendrimer-FITC-folic acid conjugate (G5-
FI-FA) and dendrimer-DeepRed-folic acid conjugate (G5-DR-FA) at differ-
ent concentrations (Table 1). As the ratio of the concentrations of the
dendrimer conjugates varies, the fluorescence signals from the KB cell sam-
ples measured in the two-photon flow cytometer are in well separated clus-
ters in a two-parameter (S-channel vs. L-channel) dot plot (Figures 8(a),
(c), (e), (g)). The angular distributions of the ratio of the fluorescence inten-
sity in the S- and L-channels peak at different values (Figures 8(b), (d), (f),

(h)). The average angular distribution of these samples (samples 1 to 8 in
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Tab. 1. Concentration of dendrimer dye conjugates used to incubate KB cell
samples and their mean channel fluorescence measured with a conventional single

photon flow cytometer.

Mean Channel
Fluorescence
Sample No. | G5-FI-FA | G5-DR-FA | G5-FI | G5-DR | FITU | DeepRed
(nM) (nM) (nM) (nM) (a.u.) (a.u.)
1 200 0 0 0 95.8 53
2 180 20 0 0 77.8 352.2
3 150 50 0 0 60.8 837.8
4 120 80 0 0 44.7 1138.3
5 80 120 0 0 42.7 2518.3
6 50 150 0 0 20.4 2141.3
7 20 180 0 0 9.7 2372.3
8 0 200 0 0 3.5 2365.8
9 0 0 0 0 2.86 5.86
10 0 0 200 0 34 5.1
11 0 0 0 200 2.9 12.2

Table 1) increases as the concentration ratio of G5-FI-FA to G5-DR-FA
decreases. For unstained KB cell sample (sample 9) or KB cell samples
stained with non-targeted dendrimer-dye conjugates (samples 10 and 11), the
number of cells detected is three orders of magnitude lower compared to KB
cell samples stained with dendrimer-dye-folic acid conjugates, and their
angular distribution is random. This demonstrated that dendrimer dye conju-
gates can be used as biomarkers for multi-color correlated fluorescence detec-

tion, owing to the specific targeting capability of the dendrimer conjugates.
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Figure 8: Two-channel dot plot and angular distribution of KB cell samples
stained with G5-FI-FA and G5-DR-FA at different concentrations. (a) and (b) are
the two-channel dot plot and angular distribution histogram from sample 1;
(c) and (d) are from sample 2; (e) and (f) are from sample 3; (g) and (h) are from
sample 8; (i) and (j) are from the mixture of sample 1 and sample 8§ at volume ratio
of 1:1; The average angle of KB cells stained with G5-FI-FA and G5-DR-FA at
certain concentration ratio fits linear to the ideal average angle of free G5-FI-FA
and G5-DR-FA solutions used to incubate the KB cells.”® The concentration of dye
conjugates used to incubate the KB cell samples are listed in Table 1. (Reprinted
with permission from “Two-photon flow cytometry,” Proceedings of the SPIE,

Vol. 5700, 78-79, 2005.)
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Figure 8: (Continued).

4.3 Nonlinear Optical Properties of Dendrimers

and Their Conjugates
4.3.1 Dendrimer-based nonlinear electro-optical devices

Besides the linear optical response of dendrimers, nonlinear optical proper-
ties of dendrimers have also been investigated recently by several research
groups. It was found that dendrimers containing multi-chromophores
can be used to enhance nonlinear optical effects. Nonlinear optical chro-
mophores having large quadratic hyperpolarizability are commonly incor-
porated into optically transparent polymers in order to develop organic
electro-optical (E-O) devices with large high order E-O response. However,
in a linear polymer host, the intermolecular interactions between densely

doped chromophores tend to form aggregation, which limits the nonlinear
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E-O effects.” In contrast to linear-chain polymers, dendrimers having
three-dimensional architecture can effectively reduce the intermolecular
interactions and prevent the aggregation formation, thus enhancing the non-
linear E-O response. Yokoyama et al. demonstrated that using a rod-shaped
chromophore as the branching unit enabled dendrons to be assembled into
Langmuir-Blodgett monolayer films, which exhibited a large second-order
susceptibility.**** They also found that an asymmetric dendrimer with 15
nonlinear azobenzenes noncentrosymmetrically arranged along the mole-
cule axis can be used to coherently enhance the second-order NLO effect.*
Drobizhev et al. observed that dendrimers comprising 29 repeat units of
4.4’ -bis(diphenylamino)stilbene chromophore have enhanced two-photon
absorption cross section compared to its linear analog. The cross section has
been measured for three consecutive dendrimer generations, and the result
showed that the cross section increases faster than the total number of stil-
bene chromophores, suggesting that even larger cross sections can be

obtained in higher generations of this type of dendrimer.®

4.3.2  Characterization of Dendrimer metal Nanoparticle
Composite (DNC) enhanced Laser-Induced Optical
Breakdown (LIOB) using Third Harmonic Generation

(THG) measurements

In addition to enhancing nonlinear E-O response by taking advantage
of the unique molecular structure of a dendrimer, dendrimers have also
been used as an excellent template to form hybrid nanocomposites based
on their 3D architecture and controllable size and shape. Dendrimer metal

nanoparticle composites (DNC) display unique physical and chemical
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properties as a consequence of the atomic/molecular level dispersion of the
inorganic guest(s) with respect to the organic dendrimer host.****

Laser-induced optical breakdown (LIOB) in DNCs has been
investigated recently in our group. LIOB has attracted much attention
recently because it has been proven to be a unique technology that can be
used in many fields including laser surgery, micromachining, three-dimen-
sional optical data storage, etc.*=>' In order to realize those applications, it
is important to obtain an in-depth understanding of the breakdown mech-
anism and find an approach to achieve LIOB in a controllable way. Many
attempts to control LIOB have been focused on selecting different laser
parameters.”> The breakdown threshold, on the other hand, is also deter-
mined by the nature of the material itself. It has been demonstrated that
one can notably alter the LIOB threshold of a material by incorporating
metal nanoparticles, which significantly enhance the electric field local-
ized at their immediate surroundings.*® The significant threshold reduction
achieved with DNC particles opens up the possibility for a range of appli-
cations that take advantage of low threshold breakdown.”’~>

A model system, a gold/dendrimer nanocomposite (DNC), was
chosen for femtosecond laser-induced breakdown experiments to demon-
strate the possibility to reduce the LIOB threshold by encapsulated metal
nano-domains.’® A generation-5 poly(amidoamine) (PAMAM) with ethyl-
enediamine (EDA) core was used as a template to form a hybrid nanocom-
posite. A 4.0 x 10~ M methanol solution of {Au(0) ,-PAMAM_E5.NH,},
which denotes a DNC composed of 14 zero-valent gold atoms per an eth-
ylenediamine core generation-5 PAMAM dendrimer, was held in a quartz

cuvette. Figure 9 shows the absorption spectra of the pure PAMAM
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Figure 9: Absorption spectra of pure PAMAM and DNC in methanol together
with laser spectrum.”® (Reprinted with permission from J. Y. Ye, L. Balogh and T.
B. Norris, “Enhancement of laser-induced optical breakdown using metal/den-
drimer nanocomposites,” Applied Physics Letters, 80(10), 1713-1715, 2002.
Copyright (2002) American Institute of Physics.)

dendrimer and DNC methanol solutions. In contrast to the pure PAMAM
dendrimer, the DNC has an absorption maximum around 272 nm, which
results from the plasmon resonance of the incorporated gold nanodomains.
Third-harmonic generation (THG) measurements have been employed as
a sensitive way for monitoring the LIOB in sifu and in real time. The laser
used for the THG is from a regeneratively amplified Ti: Sapphire laser
with pulse duration of 100 fs and wavelength of 793 nm. The laser spec-
trum is shown in Figure 9. It can be seen that the DNC absorption peak is
close to the one third of the laser wavelength, while there is no absorption
in the wavelength regime of fundamental laser light.

The laser beam was focused using an f:1 off-axis (60°) parabola

at the front interface between the quartz cuvette and the DNC solution
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rather than the rear interface in order to avoid the complications of spatial
and temporal distortion of the laser pulses caused by some nonlinear opti-
cal effects. The THG from the DNC and quartz interface was directed to a
Brewster quartz prism to spatially separate it from the fundamental trans-
mitted laser light, then further filtered with two UV interference band pass
filters with center wavelength of 265 nm before detected with a photon
counting system. The experimental setup is shown in Figure 10.

The intensity of the THG from the interface of DNC methanol
solution and quartz surface follows a cubic power dependence before LIOB
occurs. However, when the laser power was above a certain level, a sudden
drop of the THG signal was observed. This change in THG signal results
from the LIOB in the DNC solution. Because the intensity of THG is
related to the material properties, i.e., the difference of the refractive index
or third-order nonlinear susceptibility of the materials on both sides
of a laser focus spot at an interface, the measurement of THG signal pro-

vided a sensitive way to monitor the LIOB in situ and in real time.®*®'

- .- Regenerative
Ti:Sapphire[ Amplifier
100 fs
800 nm
Photon Counting Cver

Cuvette

PMT
Transmitted Light

Figure 10: Experimental setup of using THG measurements to characterize the

LIOB in DNC solution.
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In addition, because THG is generated only from an interface, one could
focus the study on the DNCs adsorbed on or in the vicinity of a surface.
Since gold/PAMAM nanocomposites bind to a quartz surface effectively,*
this system may also serve as a model for DNCs bound to a cell.

Figure 11(a) shows several examples of the breakdown events under
irradiation power of 9 mW in the DNC solution. The rise of the THG signal
occurs when a shutter in the laser beam is opened, while the sudden drop of
THG indicates the breakdown. In contrast, the THG signal from the interface
of the quartz and the pure template PAMAM dendrimer remains unchanged
even under much higher irradiation power (Figure 11(b)). The breakdown
threshold of the DNC was determined to be as low as 0.9 mW (9.5 mJ/cm?),
which is 113-fold lower than that of the pure dendrimer sample. The break-
down threshold of the DNC is also two orders of magnitude lower than
the typical breakdown threshold of a tissue.® The LIOB in the DNCs was
due to the high peak power of ultrashort laser pulses, which causes nonlinear
multiphoton ionization in the sample. This is why the LIOB occurred even
though there is no linear absorption at the laser wavelength (Figure 9).

The remarkable reduction of breakdown threshold of DNC com-
pared with that of pure PAMAM dendrimer was attributed to the enhance-
ment of the local electric field by the gold nanodomains in the DNCs due
to strong optical extinction by resonantly driven electron plasma oscilla-
tions.®% Local field enhancement by the encapsulated metal nanoparticles
has also been observed by measuring the third-order nonlinear optical
response in DNCs and DNCs incorporated thin films.%

A long waiting time for the breakdown in DNCs was observed,

although it becomes shorter with increasing the laser power, as shown in
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Figure 11: (a) The change of THG signals during LIOB in DNCs for eight events
under laser irradiation of 9 mW.*® (b) The THG signal from the pure PAMAM-quartz
under irradiation of 90 mW. There is no LIOB observed. (c) Eight LIOB events in
DNCs under laser irradiation of 44 mW. The waiting time is shorter comparing with
that under irradiation power of 9 mW as shown in (a). (Reprinted with permission
from J. Y. Ye, L. Balogh and T. B. Norris, “Enhancement of laser-induced optical
breakdown using metal/dendrimer nanocomposites,” Applied Physics Letters, 80(10),
17131715, 2002. Copyright (2002) American Institute of Physics.)
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Figure 11(c). Such long waiting time (on the order of seconds) suggests
that large intermolecular interactions occurred before the breakdown hap-
pened. It has been proposed that a laser-driven aggregation of the DNCs
occurred, which causes cluster formation and shifts the plasmon resonance
to the laser frequency.**>® In addition, the waiting time was found to fluc-
tuate in a wide range even under the same irradiation conditions. This sta-
tistical behavior of the waiting time and their average values are shown as
functions of laser power and fluence in Figures 12(a) and (b), respectively.
The fluctuation of the waiting time reflects the statistical behavior of the
aggregation process.

A number of potential application taking the advantage of the
unique features of the DNCs have been suggested,*® including optically
triggering release of encapsulated therapeutics in DNCs while avoiding
unwanted damage to surrounding tissues due to the local reduction of
threshold by DNCs, photo therapeutics through the highly enhanced local
field in DNCs, and high-density optical data storage.

4.3.3  Dendrimer metal Nanoparticle Composite (DNC) enhanced

microbubble generation for ultrasound imaging

In addition to the third harmonic generation from DNC solutions, other
nonlinear optical properties of DNCs have also been investigated by
several groups. For example, a large optical limiting effect in external type
silver nanocomposites has been obtained, while a saturation absorption
behavior was observed in internal Ag nanocomposites.®’ The optical limiting
was assumed to be due to the formation of microbubbles by the LIOB in

the aqueous solution upon absorbing energy from the irradiating laser. It is
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Figure 12: The laser power and fluence dependence of the waiting time for break-
down of DNC, (a) statistical behavior of the waiting time, and (b) average waiting
time. The breakdown thresholds for DNCs and tissues are marked by solid arrows.*
(Reprinted with permission from J. Y. Ye, L. Balogh and T. B. Norris, “Enhancement
of laser-induced optical breakdown using metal/dendrimer nanocomposites,” Applied
Physics Letters, 80(10), 1713-1715, 2002. Copyright (2002) American Institute
of Physics.)
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of great interest to study the dynamics of the microbubble generation in
LIOB utilizing ultrasonic detection,”” because a bubble is an excellent
ultrasonic reflector and can be sensitively detected with high-frequency
ultrasound.” A unique approach may be developed for targeted therapy and
high resolution ultrasound imaging by taking advantage of the precise pho-
todisruption and molecular therapeutics caused by ultrafast laser-induced
DNC-enhanced optical breakdown in combination with high-frequency
ultrasonic detections.

LIOB with focused femtosecond laser pulses has been widely uti-
lized in medical and biological systems to produce highly refined cell and
tissue effects while minimizing thermal and mechanical damage to sur-
rounding materials.®*> Unlike thermal damage, optical breakdown with
ultrafast laser occurs in transparent materials, i.e., materials that do not
absorb low intensity light at a particular wavelength. However, when the
laser intensity exceeds a critical value at the same wavelength, nonlinear
absorption becomes strong enough in linearly transparent media, which
causes optical breakdown in the material, i.e., photodisruption. During
photodisruption a microbubble forms, resulting in a high velocity shock-
wave that propagates spherically outward from the effective point source.
After traveling a few wavelengths from the source, this wave can be con-
sidered a broadband pressure wave, i.e., an acoustic emission, which can
be detected with an ultrasound transducer. On the other hand, as discussed
previously dendrimers have proven to exhibit specific molecular target-
ing.”*™ Recent studies using metal-dendrimer nanocomposites have
demonstrated the potential for biochemically targeted photodisruption to

locally manipulate LIOB threshold fluences in specific tissues and
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cells.”*” The microbubbles created in the LIOB process are controllable
by carefully selecting a set of different laser parameters relevant to a par-
ticular medium.*® Subsequent laser pulses of variable number, intensity,
and repetition period may be varied to modify bubble size and lifetime by
controlling a dynamic environment, due to gas and thermal diffusion and
the generation of additional microbubbles, which helps to stabilize the
LIOB bubble, regardless of its size. Consequently, the controllable LIOB
increases the utility of microbubbles for site-activated ultrasound contrast
agents of selectable size, lifetime, destructive capability, and dissolution
dynamics.”

Figure 13 shows an integrated setup of a real-time acoustic detec-
tion of microbubbles generated from LIOB in DNC solutions.’” Femtosec-
ond laser pulses from a 250-kHz regeneratively amplified Ti: Sapphire
laser (A =793 nm), were focused at the bottom of a small cylindrical tank
with DNC solution. The focus of a single-element ultrasonic transducer
(center frequency 50 MHz, 4.1 mm focal depth, 3 mm diameter) was
aligned axially and laterally with the laser focal point. Ultrasonic pulses
were launched to probe the microbubble formation and its dynamic evolu-
tion in the vicinity of the laser focus. When a bubble forms, the ultrasonic
pulse echo signal has a component reflected from the top surface of the
bubble in addition to a pulse from the tank bottom. By viewing acoustic
shifts in consecutive pulse-echoes (i.e., wave-field plots), bubble forma-
tion and subsequent behavior can be visualized.

Aqueous solutions of a carboxyl terminated, ethylenediamine

core, generation five poly(amidoamine) (PAMAM) dendrimer were
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Figure 13: Schematic of integrated optical and acoustic experimental set-up for

the detection of microbubble generation in DNC samples.

measured in comparison to a silver dendrimer nanocomposite, { Ag(0)97-
PAMAM_E5.5COOH}, ({Ag(0)}E: for short).”” Wave-field plots of con-
secutive pulse-echo recordings were recorded, which illustrated the LIOB
bubble formation and behavior directly.

Figure 14(a) is a wave-field plot illustrating a bubble’s formation
in the pure dendrimer solution, while Figure 14(b) shows the result for
{Ag(0)}E. A range of laser powers was tested for each aqueous solution.
The optical threshold at which significant acoustic power is reflected from
a microbubble was found to be 50 mW (260 mJ/cm? per pulse) for the pure
dendrimer aqueous solution. In contrast, the LIOB threshold determined
acoustically for the {Ag(0)}E solution is 4 mW (21 mJ/cm? per pulse),
over an order of magnitude lower than the threshold of the pure dendrimer

solution.
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Figure 14: (a) Wave-field plot of dendrimer solution irradiated with 50 mW laser
pulses (260 mJ/cm? per pulse). When the laser is unblocked (time origin approxi-
mates shutter opening), a bubble forms, adheres to the tank bottom, and grows.
(b) Wave-field plot of {Ag(0)}E solution irradiated with 4 mW laser pulses
(21 mJ/cm? per pulse). When the laser is unblocked, a bubble forms and floats
upward toward the transducer. Around 0.6 seconds, a second bubble forms and
also travels upward.’’ (Reprinted with permission from S. M. Milas et al.,
“Acoustic detection of microbubble formation induced by enhanced optical break-
down of silver/dendrimer nanocomposites,” Applied Physics Letters, 82(6),

994-996, 2003. Copyright (2003) American Institute of Physics.)
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This finding indicates that it is possible to manipulate LIOB
threshold values based on the solution’s molecular attributes. This opens
up a wide range of potential applications. For instance, in biomedical sys-
tems, DNC particles can be biochemically targeted to sites where localized
photodisruption can be induced, either releasing encapsulated therapeutics
or ablating aberrant cells (such as cancer cells or tissue). In addition, bub-
bles resulting from photodisruption can be manipulated with either
acoustic or optical sources for enhanced therapeutic effects,” and probed

with high frequency ultrasound to validate therapeutic efficacy.

4.4 Conclusions

Owing to their unique molecular architectures, dendrimers possess many
novel physical properties that are not available in linear organic polymers.
Different functionalities have been associated with a variety of dendrimer
conjugates, such as targeting capability for drug delivery, specific biomarkers
for biomedical imaging and sensing, efficient energy transfer for light har-
vesting and tunable light emitting diodes, etc. In addition, using dendrimers
as a template, hybrid organic and inorganic nanoparticle composites can be
synthesized, which creates a new dimension to modify material properties

and opens up a range of promising applications in optics and biophotonics.
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5.0 Introduction

The field of chemotherapy is a special interface between chemistry and
medicine, where improvement in treatment requires new innovation in
chemistry. Current chemotherapy, now a term used almost exclusively to
describe the treatment of cancer, involves the use of substances that target
and destroy fast-growing cells. Cancer cells are killed by the treatment, but
healthy cells of the body are destroyed along with them. This is a limiting
factor for the efficacy of the treatment, as dosage must be cautious in order
to avoid the severest side effects.

One long-standing idea for a way to improve the efficacy of
chemotherapy in cancer treatment is to deliver the chemotherapeutic

directly to the cancer cells, protecting healthy cells. This concept is known

104



Dendrimer Conjugates for Cancer Treatment |

as targeted delivery. A very promising method of targeted delivery under
investigation involves the use of dendrimer conjugates.

An individual dendrimer conjugate begins with one dendrimer,
having an approximately spherical shape, with many functional groups at
its surface. Other molecules are then attached to these functional groups,
and each molecule attached gives the conjugate new functionality.
Generally a chemotherapeutic drug molecule is attached, along with some
molecule which will help to target the specific cancer being treated (more
on this later). Additionally, other molecules may be attached to give help-
ful functionality, such as a fluorescent tracer to help trace the path of the
drug through the body.

The end result is something quite new, a drug which expands the
idea of just what a drug is. It does many things, not just one. It is capable
of destroying cancer cells while leaving healthy cells alone. Beyond that,
it can be traced to prove that it has accumulated in the tumor under treat-
ment. All of this is made possible by innovations in chemistry.

Molecular engineering on a nano-scale level has slowly become
the wave of the future toward the realization of novel plateaus in a variety
of scientific frontiers. The incorporation of nanotechnology into the design
of novel materials has spread to encompass a host of disciplines, interre-
lating a diverse range of fields never previously thought to have the abil-
ity to work with one another. The emergence of this technology has come
at a time when scientific knowledge has grown vast enough to at least
allow us a slight glimpse into the capabilities nano-scale molecular engi-
neering possesses. The recent research and development in the past decade

regarding molecular engineering on the nano-scale level, specifically
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within the field of drug delivery, has become of great importance to the
disciplines of biomedical engineering, medicine, chemical engineering,
and the like. A prime example of the importance of molecular engineering
can be seen upon direct examination of the uses of synthetically fabricated
macromolecules for application within biological systems. Engineered
molecules such as these are under prominent investigation for use in
chemotherapeutic drug design and delivery systems.

The use of nano-scale molecular engineering in the field of drug
delivery has a number of advantages over the chemotherapeutic technolo-
gies currently used today. These advantages stem primarily from carrier
composition and delivery and release methods, which in combination,
allow for controlled drug release, resulting in fewer side effects and less
toxicity to the body in comparison to conventional drug therapies.
Secondary advantages of the use of this technology are the result of an
increase in drug efficacy with the use of lower concentrations. With
increased drug efficacy, industrial/pharmaceutical companies will synthe-
size smaller drug batches, which in turn produce less bio-hazardous chem-
ical waste, therefore making this technology more environmentally
friendly than commercial conventional drug syntheses.

Drug delivery techniques have undergone a vast expansion
in research and methodology related to carrier systems and release
methods. Over the past few decades we have been fortunate enough to
undergo a great revision in the ideologies and in the research approaches
related to drug carrier systems and their ability to be delivered or
incorporated into biological systems. By revision and refinement of cur-

rent working knowledge related to nano-scale molecular engineering,
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scientists, engineers and medical researchers alike have been able to
devise devices utilizing our technological capabilities to the fullest. By
utilization of nano-scale molecular engineering techniques to produce
and alter macromolecules which closely imitate the size and shape of
biomolecules commonly found within human and animal systems, we
possess the ability to engineer delivery of chemotherapeutic (as well as
other) drugs into biological systems without the levels of toxicity and
rejection by the body that result from the use of current cancer drug ther-
apies on the market today.

The intentions of this chapter are to educate the reader on current
strategies and methods used in the pursuit of the synthesis of an ideal
chemotherapeutic drug delivery system. Each subtopic (imaging, target-
ing, and drug delivery) provides the synthesis, production, and characteri-
zation of our own multifunctional drug delivery devices. The chapter as an
entirety provides an objective view of the application of nano-scale molec-
ular engineering toward the production of a multifunctional drug delivery
device jointly possessing all of the functions (imaging, targeting, and drug
delivery/release) mentioned within. It also serves to express the complex-
ity associated with device synthesis, quality control during production, and
characterization. The culmination of this research has resulted in the syn-
thesis of a well-defined device capable of fulfilling multiple functions
simultaneously.

Nanotechnology in drug delivery represents one of the most rap-
idly advancing areas of interdisciplinary science in which the chemist,
chemical engineer, biologist, and physician contribute to human health care.

Because of the complexity of the biochemical events and homeostatic
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regulation processes occurring within the cell, a variety of cellular mecha-

nisms often prevent traditional drug therapies from working effectively.

Many of these preventative mechanisms inhibit the activation or distribu-

tion of drug molecules to cancerous sites within the body. Nano-scale drug

carriers, on the other hand, closely mimic the size and shape of biomole-

cules already present in the body and have the ability to suppress many of

the preventative mechanisms activated during use of conventional cancer

drug treatments.

1y

2)

There are basically three methods known for delivery of therapeutics:

The first is physical inclusion and delivery. Physical inclusion of
bioactive agents, based on hydrophobic-hydrophilic interaction
or coordination-chelation, in general does not alter the physico-
chemical properties of a drug. The vehicle for delivery in this
case can be the use of a micro/nano emulsion or the use of appro-
priately chosen macromolecules. Simplicity is the advantage of
this method. The disadvantages are a diffusion-controlled drug
release and the formulation of the therapeutic delivery system
itself.

The second method is one in which the vehicle (in our case,
a macromolecule with primary amino groups on its surface)
and the therapeutics (in our case, methotrexate and taxol) are
covalently bonded. The result is a dendrimer-drug conjugate,
which can be delivered into the cell, where the drug will be
cleaved by enzyme catalyzed hydrolysis. This type of hydroly-

sis may take place if there is no significant steric hindrance and
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if the appropriate enzyme is present. Simplicity is the advan-
tage of this method also. The disadvantage is that the drug
release is hydrolysis-controlled.

3) In the third method the vehicle (a dendritic macromolecule with
primary amino groups on the outer part of the compound) and the
drug are coupled through what is called a photocleavable linker.
Simplicity and controlled drug release are the advantages of this
method. The disadvantage is the formulation of the therapeutic

delivery system itself.

Controlled drug delivery systems offer numerous advantages com-
pared to conventional treatment forms, including improved efficacy,
reduced toxicity (side effects), and improved patient compliance and

convenience.

5.1 Dendrimer Conjugates for Cancer Treatment

Dendrimers are composed of polymer materials ranging in molecular
weight and terminal reactive groups. The most commonly researched den-
drimers for drug delivery are poly(amidoamine) (PAMAM), “starburst”,
modified poly(propylene-imine) (POPAM), and aromatic ether-type
dendrimers.

The use of molecular engineering techniques during the synthesis
of a mono- or multifunctional dendritic drug carrier results in a product
possessing a strikingly precise structure, a necessity for attachment of var-
ious secondary devices for visualization, cancer cell detection and target-

ing, and malignant cell destruction.
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The reactive terminal groups can be used to attach chemothera-
peutic drugs — targeting ligands that attach to over-expressed receptors
present on the cancer cell surfaces and to fluorophores for visualization
of the location of the dendrimer within a system, as demonstrated by
Figure 1. Which terminal group is more likely to react is dependent on
steric hindrance, hydrophobic interactions, and hydrogen bonding, as
well as other factors. These carriers can be directed to cancer site loca-
tions if targeting agents are attached to the terminal groups of the
dendrimer.

Other studies have also shown that dendrimer terminal groups can
be conjugated to fluorochromes and enter cells, acting as an apparatus to
sense physiological changes within the cell.! Enzymatic cleavage of the
bond between the carrier and a fluorophore is also used to visualize carrier
location and enzyme activation.

Dendrimers can be synthesized purely as drug carriers or as a vari-
ety of other single-function devices, which is discussed elsewhere in this
chapter. In the past, researchers have conjugated each of these units to

dendritic carriers separately, but much research is currently focusing on

110



Dendrimer Conjugates for Cancer Treatment |

developing a dendritic carrier with a therapeutic drug, a targeting unit,
a fluorophore, and an apoptotic sensor attached. Conjugation of all of these
units to one carrier creates a multifunctional device capable of simultane-
ously delivering medication to a patient in targeted locations, sensing the
location of the device in the body, and dispersing and activating the drug
that was delivered.>*° The fact that these dendrimers have the ability to
be used for a variety of functions simultaneously sets these polymers apart
from other carrier systems as one of the most complex drug delivery sys-
tems available for use today.

While the numerous benefits of using dendrimers as drug carriers
far outweigh the negative aspects, it is necessary to note the concentration
and sometimes generation-dependent (for PAMAM dendrimers) haemoly-
sis present with use of dendrimers terminated with -NH, groups. Testing
on cell lines in vitro has determined that dendrimers terminated by car-
boxyl, hydroxyl, and acetyl groups, however, do not exhibit haemolytic or
cytotoxic properties.” Accumulation of dendrimers (generation-dependent)
in areas of the body involved in excretion (the liver and kidneys) has
also somewhat slowed clinical trials for these carriers. Areas in the body
associated with filtration and excretory functions — more specifically, the
kidneys and liver — are also affected by use of these carriers, as den-
drimers can build up in either of these locations, depending on the gener-
ation (size) used. Continued research in this field will certainly speed the
process toward the modification and approval of these carriers for clinical
use in the near future.

Because of the tertiary amino groups present in the interior of

the structure and the primary amino groups present on the surface,
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PAMAM dendrimers are pH-responsive and have been used as non-
specifically targeted controlled drug delivery systems triggered at low
pH.>?!32 Partial acetylation, however, can be used to neutralize the den-
drimer surface, preventing side reactions and nonspecific targeting from
occurring during delivery while also increasing the solubility of the den-
drimer in the specific reaction (Figure 2). The remaining nonacetylated
primary amino groups can then be used for the attachment of various
functional molecules including targeting agents, imaging agents, and

therapeutic drugs.
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Figure 2: (a) The acetylation reaction (in MeOH in the presence of Et;N, r.t.
overnight), (b) the proton trap (salt formation), and (c) the competition reaction to

(b). A computer model of non acetylated and 80% acetylated G5 dendrimer.
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52 Partial Acetylation

Theoretically, G5 dendrimer has 128 primary amine groups on its surface.
Potentiometric titration revealed 110 primary amines of the dendrimer (for
the determined batch) used for acetyl derivatization. The measured molec-
ular weight by GPC of the G5 dendrimer, 26,380 g/mol, is somewhat lower
than the theoretical one, 28,826 g/mol. An example of this can be seen in
Figure 3. Since these dendrimers are synthesized by batch technology, the
number of actual primary and tertiary amines and the molecular weight
vary slightly between batches. These results indicate a slight deviation
from the theoretical structure. In an attempt to correlate the structure of the
dendrimer for experimental data, a model can be assumed with 18 “miss-
ing arms,” mostly from a fifth-generation level, corresponding to the 18

missing primary amine groups.

LY

g ] 4 &1\
51 $
5 .}‘/}AJS,(,

S

G5 128 28,826 G5 110 26,380

Figure 3: The theoretical (left) and defective (right) structure of G5 PAMAM
dendrimer. Each is labeled with its respective generation, number of primary

amine groups, and molecular weight (g/mol). The arrows represent missing arms.
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The acetylation reactions are usually carried out in anhydrous
methanol solution at room temperature for 24 hours. The volume of a
dendrimer decreases with increasing molecular weight (an increasing
degree of acetylation). (In the pH = 2.74 of the GPC mobile phase all pri-
mary and tertiary amines are protonated.) That is, the size of the acety-
lated dendrimers is smaller despite their increasing molecular weight
(Figure 4). The GPC data indicate that the acetylated dendrimer mole-
cules do not follow the behavior of the conventional polymer molecules,
most probably because of their spherical shape, increasing hydrophobic-
ity, and polycationic nature. Therefore, the conventional molecular
weight determination method based on calibration cannot be used in such
cases. Determination of molecular mass (absolute molecular mass) of
such molecules can be established by GPC when the system is equipped
with a concentration detector (such as a Refractive Index (RI) detector)

and a Multi Angle Laser Light Scattering (MALLS). Additionally, this

8,
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Figure 4: GPC data of acetylated G5 dendrimers: Relation of molecule volumes

and number of acetylated amino groups.
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setup allows determination of the molecular weight distribution and the
root-mean square radius.

The GPC data of the acetylated dendrimers shown in Table 1
indicate that the molecular weight increases during acetylation. The
molecular weight distribution (MWD) of all acetylated dendrimers
remains very narrow, similar to the MWD of the nonacetylated den-
drimer (Tab. 1). The calculated root-mean-square radius decreases dur-
ing acetylation. The decreasing radius and the increasing elution volume
with an increasing degree of acetylation indicate a more compact struc-
ture for the acetylated molecules. The increasingly compact structure is
due to the decreasing number of available primary amines for protona-
tion, resulting in less repulsion by charges, which expand the volume

(size) of the dendrimer. 'H NMR spectra of the acetyl-derivatized

Tab. 1. M , M ,/M_, Root-Mean-Square Radius, and M, theoretically determined

by GPC and calculated based on the result of potentiometric titration.

Molecular Weight
Sample Theoretical® Measured MWD rms radius, (A)
G5 0Ac® 27914 27 250 1.037 25.3
G5 20Ac 28 754 28 530 1.032 24.7
G5 40Ac 29 594 29 470 1.035 24.4
G5 60Ac 30434 30 360 1.041 23.4
G5 80Ac 31274 31030 1.038 22.9
G5 fully Ac 32 954 32710 1.054 223

*Number stands for number of acetylated primary amines.
" Molecular weight was calculated assuming eight missing arms from generation 5 level.
¢Root-mean-square radius.
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dendrimers show the peak at 1.87 ppm is related to the -CH, protons of
the acetyl group.™

The acetylation reaction product is a mixture of different partially
acetylated dendrimers. The number of acetyl groups is represented by a
mean value (or number-average number of acetyl groups) and can be cal-

culated by the following formula.

(This formula is analogous to the formula of number-average molecular
weight in polymer chemistry.)

The acetic acid, which is a side product of the acetylation, may
also react with the amines (Et;N and free -NH, compete in forming the
alkylammonium acetate salt). The unexpected peak at 1.81 ppm in each
spectrum is related to the protons of the -CH, group in the salt. In a model
reaction, salt formation between the dendrimer and the acetic acid was
simulated. The peak at 1.81 ppm in the '"H NMR spectra was assigned to
the protons of the methyl groups in the salt. On the other hand, the methyl
proton peak of the acetic acid is at 2.1 ppm (from the NMR handbook of
Aldrich). Thus, it can be safely stated that the peak at 1.81 ppm represents
the methyl protons of the salt generated by the side reaction.®® As experi-
ence shows, this salt can be removed by careful dialysis under appropriate
conditions (or membrane filtration using PBS and DI water) (Figure 5(a)).

Converting all primary amines to acetyl derivatives alters the
structure of the dendrimer. The peaks of the protons related to the two

-CH,- groups next to the primary amine at 3.16 and 2.63 ppm disappear.
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Figure 5: (a) '"H NMR spectra of acetylated (after dialysis) and nonacetylated

dendrimers. (b) '*C NMR spectra of acetylated (after dialysis) and nonacetylated

dendrimers. (Reprinted with permission form Macromolecules 36, 5526-5529,

2003 Copyright (2003) American Chemical Society.)
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On the other hand, there is an increase in the intensity of the peak due to
the -CH,- (the “a” type of proton in Figure 5(a)) adjacent to the amide
group at 3.20 ppm.

The *C NMR spectra show that the peak at 22.4 ppm corresponds
to the -CH, carbon of the acetyl group (Figure 5(b)). The *C NMR spec-
trum also shows a new peak at 174.4 ppm that is due to the dCO of the
acetyl group.

The comparison of the intensity of the peak at 1.87 ppm, repre-
senting the protons of the -CH, of the acetyl groups to X(-CH,-), may be
used to determine the level of primary amino group acetylation of the den-
drimer surface. The measured -CH./2Z(-CH,-) ratios represent 21, 44, 66,
85, and 114 acetylated primary amino groups and are in good agreement
with the calculated values for the acetylation of the 20, 40, 60, 80, and 120
(all) primary amine groups (Figure 6). During the acetylation, the acetic
anhydride reacts with the primary amino groups; however, the generated
acetic acid can also react in a competing side reaction with the amines, pro-
ducing acetate salt.

The rate of amide formation is apparently lower than the rate of
amine consumption because of the acetate salt formation in a competing
reaction. The acetate formation also competes with the triethylamine
acetate salt formation (a designed reaction to eliminate free acetic acid

from the system).

53 Imaging

In vitro and in vivo imaging tools utilizing non-invasive techniques have

been rapidly increasing in quality as the technology progresses. These
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Figure 6: The number of the proton ratio of -CH, in the acetyl groups and all
-CH,- groups in the dendrimer structure vs. the number of primary amine groups
acetylated: (O) the ratio of the number of protons in the methyl groups generated
by acetylation (theoretical reaction) vs. the number of protons in the methylene
groups in the interior of the dendrimer (-CH,/-CH,-); (#) the ratio of the number
of protons in the methyl groups generated by acetylation (actual reaction) vs. the
number of protons in the methylene groups in the interior of the dendrimer
(-CH,/-CH,-,
Macromolecules 36, 5526-5529, 2003 Copyright (2003) American Chemical

calculated from NMR data). (Reprinted with permission form

Society.)

tools can be used to detect and monitor tumor growth and other cancer-
related physiological events. Imaging can also be used to detect molecular
markers specific to the presence of tumors. The majority of imaging tech-

niques rely on energy’s interacting with tissues in the body.** Magnetic
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resonance imaging (MRI, see Chapter 8) is one of these techniques. Other
methods, however, rely on utilization of molecular probes for imaging.
The strength of these chemical sensors lies in their minimal interference
with the cells or sample in question.* The latest imaging techniques have
included the use of dendrimer nanocomposites or nanoparticles as contrast

agents (see Chapter 11).

5.3.1 Dye-based imaging

Optical imaging makes use of the variance in optical properties possessed
by different tissues and fluids within the body. Optical imaging allows for
physiological and molecular imaging of mounted/prepared cells and tissue
samples and in vivo imaging of biological systems.

To optimally observe fluorescence through the use of optical imag-
ing, fluorochromes in the near infrared range (NIR) of 650-900 nm must be
used.*® These wavelengths provide the best imaging capabilities because light
in this range can cross through tissue very efficiently and absorption of these
waves is very low in hemoglobin and water, therefore allowing for clear visu-
alization of fluorophores in tissues. Little absorption of these wavelengths by

hemoglobin and water also prevents background (auto) fluorescence.

5.3.2  Fluorescein isothiocyanate

Fluorescein isothiocyanate (FITC) is a commonly used marker for optical
imaging. The conjugation of FITC to proteins is relatively easy and does
not destroy the biological activity of the labeled substances.*” FITC can be
attached to the surface of a dendrimer to serve as a fluorescent marker for

visualizing tumors.
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Figure 7: Confocal and fluorescence microscopic images of cells treated with
G5-Ac-FITC-FA. Each panel shows corresponding light (left) and fluorescent
(right) images of the same slide. The upper two panels demonstrate the binding
and uptake of folic acid dendrimer conjugates into KB cells at (a) 30 minutes and
(b) 24 hours. As a control, (c) KB cells were incubated with fluorescent G5-Ac-
FITC not conjugated to folic acid. The top two panels clearly demonstrate the

binding and internalization of the nanodevice over 24 hours.

The KB cell line is a human epidermoid carcinoma that over-
expresses folate receptors. Using this imaging technique, it has been found

that uptake of the acetamide and hydroxyl nanodevices occurs in these KB
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cells, but no uptake occurs in cells that lack a FA receptor. The acetamide-
capped G5-Ac-FITC-FA material appears to internalize over a period of
24 hours (Figure 7(b)). The control dendritic device (without FA) failed to
bind to the cells (Figure 7(c)). The use of FITC and the resultant fluores-
cent images allow researchers to track the location of their nanodevice.
FITC is attached to the dendrimer through a thiourea bond (Figure 8).

To synthesize G5-Ac-FITC, G5-Ac partially acetylated PAMAM
dendrimer in absolute DMSO is allowed to react with FITC under nitrogen

overnight. After intensive dialysis in DI water and lyophilization, the final

fluorescein

Figure 8: Synthesis of a mono-functional device (G5-Ac-FITC) in dimethyl sul-
foxide overnight at room temperature. The 3D structures (left) represent the fluo-

rescein molecules attached to the surface of the dendrimer.
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Figure 9: G5 dendrimer is reacted with 6-TAMRA (6T) to yield G5-Ac-6T.
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product is isolated. Further purification can be achieved by membrane fil-

tration, which uses PBS buffer and DI water.

5.3.3 6-TAMRA

Dendrimer nanoparticles targeted by folic acid using 6-TAMRA (67T) as a
fluorescent probe have also been used to label KB cell tumors in vivo. An
advantage of 6T is that, compared to FITC, it is less susceptible to photo-
bleaching. Through a simple reaction (Figure 9), 6-TAMRA can be conju-
gated to G5 PAMAM dendrimers. G5 dendrimer is dissolved in DI water
and 1M NaHCO, solution. A DMSO solution of 6T is slowly added to this
solution at a reduced temperature, and the solution is stirred for 24 hours.
Next, the mixture is dialyzed first in PBS then in water, is unfiltered, and

is then lyophilized to obtain the product G5-Ac-6T.

5.3.4  AlexaFluor®

Alexa Fluor® 488 (AF488) is a green fluorescent dye that can be used simi-

larly to FITC and 6T to label dendrimers and help visualize tumors. Figure 10

123



| Istvan J. Majoros et al.

(Acyzo (Ac)zo (1?‘0)105.9
Alexa Fluor 488 Acetylation
DMSO, 24 hrs (AP (AP
(NHp)g9 (NHy)ao
=} S S = =
<| = <|= <|= <l = <=
2|8 2|3 Z|s Z| S EI
<|O <|O <|Q <| O <|Q
= 2’” =2 ﬁ <=2 ﬁ =9 2’” <=2 2’”
(A‘«)m (A‘«)m (Ac)m (1\ 70 (AC)m
(FAY Q(Al-m (FA); QWM (FA)m‘Q*(Al‘)u (FA).ITQ(AM | (M)IFQ*(AI-)M
(NHp)33.3 (NHp)31.2 (NHp)as.7 (NHp)os.4 (NHp)222
o = f=] o =]
S ] 2 = =1
= = = = =
) ol = ) )
3 54 54 o1 3
< < < < <
(AC)loz 3 (AC)IOI 2 (AC)og7 (?@94,4 (/l\c)oz.z

(FA%TO*(AFM i (FA)40(AF>H (FA>/0(AFM (FA).Q(AF)H (FA)IFGMF)M

Figure 10: Synthetic scheme for G5 PAMAM dendrimer-based nanodevices with

AF ¢ and different numbers of FA molecules (the device is fully acetylated).

shows how AF488 and FA are conjugated to the dendrimer and a complete
nanodevice is synthesized.*®

To fluorescently label the dendrimers, AF 488 dissolved in
DMSO is added to the dendrimer/H,O solution at a molar ratio of
5:1 (AF488:dendrimer) in the presence of 1M NaHCO, and the reaction
mixture is stirred at room temperature for 48 hours. The resulting mix-
ture of the dendrimer conjugate (G5-Ac,,-AF488) is then dialyzed in
water for two days followed by 10 cycles of ultracentrifugation with
water and PBS (w/ Ca** and Mg?"), using a 10,000 molecular weight cut-
off membrane at 21°C, 5000 rpm for 30 minutes each, and lyophilized

for two days.*
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5.3.5 Metal nanocomposite imaging. Dendrimer-assisted
synthesis of inorganic nanoparticles for biomedical

imaging

Dendrimers are a class of highly branched, monodispersed, synthetic
macromolecules with well-defined composition and structure. The unique
properties of dendrimers as well as their excellent biocompatibility and
non-immunogenicity lead to the synthesis of various dendrimer/inorganic
composite nanoparticles for a range of biomedical imaging applications.
The major advantage of using dendrimers to synthesize nanoparticles is
their tunable surface chemistry, providing many opportunities for the func-
tionalization of nanoparticle surfaces. Dendrimers can be conjugated with
both biological ligands (e.g., folic acid and proteins) and chelates for com-
plexation with gadolinium to develop targeted magnetic resonance (MR)
imaging contrast agents. Iron oxide nanoparticles can be synthesized and
stabilized with the aid of poly(amidoamine) dendrimer carboxylates for
both microscopic and MR imaging of biological systems in vitro and
in vivo. Noble metal nanoparticles (e.g., Au and Ag) can be encapsulated
within single dendrimer molecules or stabilized by multiple dendrimer
molecules for cellular labeling and imaging studies (Figure 11). Detailed

information can be found in the following respective Chapter 11.

54 Targeting

Drug targeting is critical for effective cancer chemotherapy. Targeted
delivery enhances the chemotherapeutic effect and spares normal tissues

from the toxic side effects of these powerful drugs.* Recent advances in

125



| Istvan J. Majoros et al.

Metal ions Metal nanoparticles

Figure 11: Schematic representation of hybrid metal/dendrimer nanocomposite par-
ticles for biomedical imaging. Left: dendrimer chelated with metal ions; middle: den-

drimer-stabilized metal nanoparticles; right: dendrimer-entrapped metal nanoparticles.

the development of biocompatible polymers, combined with the identifi-
cation of cancer-specific molecular targets, have allowed the application of
polymers as agents for the specific targeting of cancer cells.*** The tar-
geting agent guides the polymer to the tumor site. The four following sub-
sections (5.4.1-5.4.4) discuss targeting molecules that are being utilized

for this application.

5.4.1 Folic Acid (FA) targeting

The vitamin folic acid (FA) serves as a one-carbon source for synthesis of
several intermediary metabolites, most importantly for the synthesis of
nucleotides required for DNA synthesis and cell growth. FA is taken up
into a cell either through a low-affinity reduced folate carrier (RFC) or
through a high affinity FA-receptor (FAR). The RFC is expressed ubiqui-
tously in all cells and carries the naturally occurring reduced folates. FAR

is expressed in low levels in normal cells and preferentially carries the
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oxidized FA into cells. Because of its high affinity and cancer cell speci-
ficity, FA is a more suitable targeting agent than the reduced folates. There
are three types of FAR — the o, 3, and 7y isoforms. The o and 3 isoforms
are glycosylphosphatidylinositol (GPI)-anchored membrane proteins, and
the v isoform is a soluble protein. The o and P isoforms are membrane
receptors respectively identified in epithelial and non-epithelial cells.
The o isoform is over-expressed in several human carcinomas, even up to
a hundred-fold** containing FA. This provides striking selectivity for tar-
geting carcinomas using drug conjugates containing FA.

In addition to the tumor specificity of FAR-o. in human carcino-
mas, there are other advantages for the selection of FA as a targeting agent.
Expression of FAR in transformed epithelial cells is relatively enhanced on
the basolateral surface (“blood side”) of cancer cells, in comparison to
the predominant apical (“tissue side”) expression in normal cells, which
complements the cancer cell specificity of FA.® The small molecular
size of FA allows easy tumor penetration and favorable pharmacokinet-
ics. FA is easily available and is inexpensive, and the chemical conjuga-
tion of FA to a polymer such as a dendrimer and the purification of the
FA-conjugate complex is relatively simple. FA binds to its receptor with
high affinity (K, = 0.1 to 1 nM) and is largely non-immunogenic. The
tumor cell density of FA receptors tends to be elevated during tumor pro-
gression, providing increased therapeutic potential during later stages of
the cancer. Because of these advantages, FA has been widely studied for
the targeting of bioactive agents such as protein toxins, oligonucleotides,
plasmids, liposome-entrapped drugs, radiopharmaceutical agents, and

MRI agents.*'-62
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FA is internalized into cells through the three-pronged process of
the receptor-mediated endocytosis of the FA-FAR complex into endo-
somes, the trafficking and releasing of FA into the cytosolic compartments,
and the recycling part of the endocytosed FAR back into the plasma mem-
brane.®* FA can be conjugated at its y and o carboxyl group without
losing the ability to bind to a FA receptor and to internalize into cells.®
A variety of folate conjugates have been synthesized and shown to be
endocytosed into FA-receptor expressing cells.* """ Although the traf-
ficking pathway of FA has been investigated in multiple studies, a precise
mechanism has not been elucidated. Trafficking through both clathrin-
coated pits and caveolae has been reported. The trafficking mechanisms of
any of the FA-drug conjugates and the releasing of folate and other moi-
eties from the conjugates are not known. Nevertheless, FA-drug conjugates
have been used for in vivo targeting.

Through conjugation of the functional molecule folic acid and par-
tial or full acetylation of the dendrimer, site-specific targeted drug delivery
by the dendritic device can be achieved.”'"

PAMAM dendrimers with well defined and highly branched struc-
tures contain multiple surface primary amino groups ideal for conjugation
of several molecules of FA (Figure 12) and multiple other functions onto
the surface amino groups of the dendrimer. FA-conjugated PAMAM den-
drimers bind and internalize into FA-receptor-expressing KB cells.
Competition assay with free FA shows that the PAMAM dendrimer device
has a similar affinity for the folate receptor when compared to free FA.
Therefore, the affinity of FA is not lost by conjugation with PAMAM den-

drimer. The binding of the dendrimer device is relatively acid-resistant,
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Figure 12: Synthesis of a bi-functional device (by using EDC in DMF/DMSO,

one hour in DI water, two days). The 3D structure (left) represents the fluorescein

and folic acid molecules attached to the surface of the dendrimer, respectively.

compared to the binding of free FA. This is probably due to the increased
avidity caused by multiple anchoring of the device to two or more adjacent
receptor binding sites. Multivalent interactions of FA moieties have also
been demonstrated in FA linked to PEGylated cyanoacrylate nanoparti-
cles.” Multiple anchoring does not seem to influence internalization of the
dendrimer, as confocal microscopic analysis indicated it has cytosolic and
nuclear localization.®*'*

FA-mediated targeting systems have great clinical potential
because of the overexpression of FAR in a multitude of human cancers,

and FA-based nanoparticles serve as beneficial agents for diagnosis and

treatment of cancer. Researchers can synthesize a variety of generation 5
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Figure 13: Schematic representation of the synthetic approaches used to synthe-
size mono- and multi-functional dendrimer nanodevices (FA: Folic Acid; MTX:

Methotrexate; FITC: Fluorescein).

(G5) PAMAM dendrimer-based functional nanodevices using two syn-

thetic approaches (Figure 13):

Approach 1

Synthesis from amine-terminated G5.NH, dendrimers. The syn-
thesized materials include monofunctional G5-FA conjugates (ter-
minated with amine, acetamide, and hydroxyl groups) and
bifunctional G5-FA-OH-MTX (MTX denotes methotrexate) con-

jugates terminated with hydroxyl groups.

Approach 2
Synthesis from partially acetylated G5 dendrimers. The synthesized

materials include a set of mono- and multi-functional G5-Ac-FA,
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G5-Ac-FITC-FA, G5-Ac-FA-OH-MTX, and GS5-Ac-FITC-FA-

OH-MTX nanodevices (FITC denotes fluorescein isocyanate).

For Approach 2, the conjugation of glycidol to the acetylated
bifunctional device is a necessary precursory step in order to attach MTX
via an ester linkage and eliminate the remaining NH, groups to avoid any
unwanted nonspecific targeting within the biological system. Conjugation
of glycidol to the G5-Ac-FITC-FA converts all the remaining primary
amino groups to alcohol groups, producing G5-Ac-FITC-FA-OH. SEC is
often used to evaluate the molecular weights of these dendrimer nanode-
vices, while UV-Vis spectrometry is employed to detect the functional
moieties upon dendrimer surface modification. NMR techniques are also
utilized to confirm the dendrimer surface functionalization and to estimate
the average number of surface functional moieties. In addition, CE is
used to evaluate the molecular distribution and quality control of these
dendrimer-based nanodevices, since the charge distribution and elec-
trophoretic mobility often change upon dendrimer surface conjugation.
CE analysis provides a unique way to evaluate the molecular distribution
and heterogeneity of the dendrimer-based nanodevices for targeted cancer
therapy.

It has been shown that the uptake of these nanodevices can be
blocked by the simultaneous presence of free FA. The acetamide and the
hydroxyl nanodevices have an approximately similar affinity for the folate
receptor. However, the binding affinity of these nanodevices is greater than
that of free FA, possibly because of the multiple binding sites on the

nanodevices.
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5.4.2 Arg-Gly-Asp (RGD) targeting

The identification of molecular markers that can differentiate newly
formed capillaries from their mature counterparts can be utilized for tar-
geted delivery of cytotoxic agents to the tumor vasculature.”*"® The o3,
integrin is one of the most specific of such unique markers. The o, 3, inte-
grin is found on the luminal surface of the endothelial cells only during
angiogenesis. Therefore, this marker can be recognized by targeting agents
that are restricted to the vascular space during angiogenesis.”””® High-
affinity o3, selective ligands, Arg—Gly—Asp (RGD), have been identified
by phage display studies.” The doubly cyclized peptide (RGD4C, con-
taining two disulfide linkages via four cysteine residues) and a conforma-
tionally restrained RGD bind to a3, more avidly than peptides with a
single disulfide bridge or linear peptides. There has been growing interest
in the synthesis of polymer-RGD conjugates for gene delivery,* tumor
targeting®' and imaging applications.®

The G5-Ac-AF-RGD conjugate is synthesized as shown in
Figure 14. As discussed previously, amine terminated dendrimers are reported
to bind to the cells in a non-specific manner, owing to positive charge on the
surface. In order to improve targeting efficacy and reduce the non specific
interactions, amine terminated G5 dendrimers are partially surface-modified
with acetic anhydride (75% X molar excess) in the presence of triethylamine
as the base.”® The conjugate is purified by dialysis against PBS buffer ini-
tially and then against water. The use of a 75-molar excess of acetic anhy-
dride leaves some amine groups for further modification and prevents
problems arising out of aggregation, intermolecular interaction, and decreased
solubility. For detection of conjugates by flow cytometry or confocal
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Figure 14: The synthesis of the G5-Ac-AF-RGD conjugate: (a) Ac,O, EtN;
(b) AF-NHS ester; (¢) RGD4C, EDC, HOBt. (R. Shukla and T. P. Thomas
Chemical Communications, 46, 5739-5741, 2005. Reproduced by permission of
The Royal Society of Chemistry.)

microscopy, a detectable fluorescent probe is needed. Alexa Fluor 488 (AF)
has been used as a fluorescent label because it is significantly brighter than
fluorescein conjugates and is also much more photostable. The partially
acetylated dendrimer is reacted with a 5-molar excess of an Alexa Fluor-
NHS ester dissolved in anhydrous DMSO to give the fluorescently labeled
conjugate (G5-Ac-AF). This conjugate is purified by gel filtration and sub-
sequent dialysis. The conjugate shows an absorption peak at Amax 498 nm.

In "H NMR spectroscopy, broad peaks belonging to aromatic pro-
tons can be seen. Integrating the total number of aromatic protons versus
dendrimer peaks gives an average number of dye molecules attached to the
dendrimer. The number of dye molecules is estimated to be about three
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per dendrimer by "H NMR and UV-vis spectroscopy, as described in the
manufacturer’s protocol (Molecular Probes).

The RGD peptide used (RGD4C) has a conformationally
restrained RGD sequence that binds specifically with high affinity to o, j3,.
The RGD binding site in the heterodimeric o3, integrin is located in a
cleft between the two subunits. In order to keep the binding portion of the
peptide exposed to the target site, an €-Aca (acylhexanoic acid) spacer is
used to conjugate the peptide to the dendrimer. A protonated NH, terminus
of the RGD4C peptide is not essential for biological activity; therefore,
the NH, terminus is partially capped with an acetyl group.*® An active ester
of the peptide is prepared by using EDC in a DMF/DMSO solvent mixture
in the presence of HOBt, and then this is added dropwise to the aqueous
solution of the G5-Ac-AF. The reaction times are 2 and 24 hours, respec-
tively. The amidation occurs predominantly on the acylhexanoic acid
linker carboxylate group. The partially acetylated PAMAM dendrimer
conjugated with Alexa Fluor and RGD peptide, G5-Ac-AF-RGD, is puri-
fied by membrane filtration and dialysis. The '"H NMR of the conjugate
shows overlapping signals in the aromatic region for both the Alexa Fluor
and the phenyl ring of the peptide, apart from the expected aliphatic sig-
nals for the dendrimer. The number of peptides is calculated to be 2—3 pep-

tides per dendrimer, based on MALDI-TOF mass spectroscopy.
5.4.3 Drug delivery through the epidermal growth
factor receptor

Several human carcinomas, including the cancers of the head and neck,

breast, colon, ovary, lung, prostate and liver, overexpress the Epidermal
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Growth Factor Receptor (EGFR).**3* Several cancer-specific biological
end points such as tumor invasiveness, resistance to chemo- and radiation
therapy and lower patient survival rate have all been well correlated with
the degree of tumor EGFR expression.®#*% Because of the potential
role of abnormal EGF regulation in the tumor cell growth, several
EGFR-targeted therapeutic strategies such as the delivery of apoptosis-
inducing agents, tyrosine kinase inhibitors, antisense nucleotides, and
siRNAS have been attempted.®’-*

EGFR-targeting macromolecules have been synthesized in which a
PAMAM dendrimer (G5) was used as the carrier molecule, mouse EGF was
used as the targeting agent, and FITC was used as the fluorescence-detect-
ing agent.”® These G5-FI-EGF conjugates bind and internalize into the
EGFR-expressing A431 epidermoid carcinoma cell line (Figure 15). The
receptor-specific binding of the conjugates is demonstrated by the lack of
binding of the control conjugate G5-FI and the blocking of the G5-FI-EGF
binding by pre-incubation with excess free EGF (Figure 15). In addition to
internalizing into the A431 cell line, the conjugates internalize into several
cell lines of squamous cell carcinomas of the head and neck but not into the
EGFR-negative MCF 7 cell line.”® Dendrimer-based EGFR-targeting will

be highly suitable for imaging and targeted drug delivery in several cancers.
5.4.4  Human epidermal growth factor receptor
(HER-2) targeting

The human epidermal growth factor receptor (HER-2), a receptor tyrosine
kinase, has been detected in several solid tumor malignancies.”*’ The ele-

vated levels of HER-2 detected in many breast tumors (up to 100-fold
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PBS

Figure 15: Internalization of G5-FI-EGF into A431 cells. The A431 cell line
grown on coverslips was incubated with 300 nM each of G5-FI-EGF or the control
conjugate G5-FI, at 37°C for 1 hour. Some cells were pre-incubated with 6 UM free
EGF for 30 minutes prior to adding the conjugate (bottom right panel). The green

and blue stains show FI-fluorescence and nuclei stained with DAPI, respectively.

higher than in normal mammary tissue) and the accessibility of the recep-
tor from the extracellular space makes HER-2 a suitable candidate for the
development of targeted therapies.”® In order to target tumor cells via
HER-2, Herceptin, the humanized recombinant monoclonal antibody against

HER-2, is conjugated to the surface of a dendrimer-based nanodevice.
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Figure 16: The modification of the dendrimer terminal group: (a) Ac,0, Et;N,
MeOH, room temperature, 24 hours; (b) Sulfo-LC-SPDP, PBS, room temperature,
3 hours; (¢) AF-NHS ester, DMSO/PBS, 24 hours; (d) DTT, PBS-EDTA, 2 hours.
(Reprinted with permission from Bioconjugate Chemistry, Volume 17(5),
1109-1115, 2006 Copyright (2006) American Chemical Society.)

The dendrimer terminal group modification is accomplished as
shown in Figure 16. The partially acetylated G5 dendrimer (G5-Ac, 1) is
purified by repeated dialysis, initially using pH 7.4 PBS and subsequently
using water. The purity of Compound 1 and the extent of acetylation is
measured and monitored by '"H NMR. The degree of acetylation is meas-
ured by comparing the ratio of NHCOCH, protons with the sum of all
methylene protons in the dendrimer to a calibration curve. In order to

introduce a disulfide group on the dendrimer, the heterobifunctional
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Figure 17: Pyridine 2-thione assay for determining the number of SPDP linkers

on the dendrimer surface.

cross-linking agent sulfo-SPDP is conjugated to the partially acetylated
dendrimer (G5-Ac, 1) to provide a protected thiol in the form of a disul-
fide (G5-Ac-SPDP, 2). The extent of disulfide modification can be moni-
tored by UV spectroscopy, using the pyridine-2-thione assay (Figure 17).
Briefly, DTT is added to a measured quantity of dendrimer and absorbance
of the released 2-thiopyridine at 343 nm is recorded. On the basis of this
measurement, an average of three disulfide groups per dendrimer in
Compound 2 were calculated, which is in agreement with values obtained
by 'H NMR by comparing the integral values of the heteroaromatic signals
of the pyridine and the aliphatic signals of the dendrimer.

Compound 2 is reacted with a 5-molar excess of Alexa Fluor
NHS ester to give Alexa Fluor-labeled Conjugate 3. The 'H NMR of the

conjugate shows overlapping signals in the aromatic region for both the
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Alexa Fluor and the pyridine ring from the disulfide linker, apart from
the expected aliphatic signals for the dendrimer.

The number of dye molecules is calculated to be about three, based
on UV-vis spectroscopy. The reduction of disulfide bonds on dendrimer
Conjugate 3 can be carried out using dithiothreatol, DTT in PBS-EDTA
buffer. The resultant dendrimer thiol, Conjugate 4 (Figure 16), is carefully
purified under an inert atmosphere in degassed PBS-EDTA buffer.

Herceptin is conjugated to thiol-modified dendrimer as shown in
Figure 18. Briefly, a thiol reactive maleimide group is introduced on the anti-
body, Conjugate 5, with water-soluble sulfo-SMCC, using standard proto-
cols, and the resulting Conjugate 6 is purified by gel filtration. To minimize
the free antibody, a 10-fold molar excess of dendrimer conjugate is used in
the antibody-dendrimer coupling reaction; the un-reacted thiols are quenched

with N-ethylmaleimide to minimize the dimer formation due to cross-linking
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Figure 18: Herceptin is conjugated to thiol-modified dendrimer. (Reprinted with
permission from Bioconjugate Chemistry, Volume 17(5), 1109-1115, 2006
Copyright (2006) American Chemical Society.)
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of dendrimer to dendrimer. Free un-reacted dendrimer is removed by filtra-
tion with a 100 K MWCO microcon. The resultant, Conjugate 7, is analyzed
using PAGE, which shows a band above the antibody band that confirms the
conjugation and an absence of a band for the free dendrimer. The fluores-
cence of the conjugates gives an indirect proof of conjugation, as the fluores-
cent label is attached to the dendrimer. From HPLC analysis the conjugate is
shown to be very homogeneous. It is assumed that because of the steric hin-
drance posed by the relatively larger size of the antibody, there is negligible

crosslinking under the reaction conditions.

5.5 Drugs

Current treatments for cancer include the administration of chemothera-
peutic drugs which target fast-replicating cells, including hair, stomach lin-
ing, and bone marrow. Degeneration of these non-cancerous cells and
tissues can be extremely harmful to the patient. Also, these drugs in the
smallest dose that is able to kill cancer cells damage normal cells (non-
fast-replicating cells). By conjugating these drugs to a dendrimer-based
nanodevice, we are able to localize the effects of the drug to only cancer
cells. Non-cancer cells, fast-replicating or not, are unharmed by this form
of treatment. Therefore, the side effects of cancer treatment are eliminated.
In addition, the amount of drug needed for these treatments will be a small

fraction of the previous levels, resulting in less risk and decreased cost.

5.5.1 Methotrexate (MTX)

The FA analogue methotrexate (MTX) is a widely used chemotherapeutic

drug for the treatment of a variety of malignancies.”” Methotrexate inhibits
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the cytosolic enzyme dihydrofolate reductase (DHFR), resulting in the
depletion of the reduced folic acid that is required for nucleotide synthesis
through one-carbon transfer, thus leading to the inhibition of DNA repli-
cation and subsequent cell death.'®

In order to conjugate the drug methotrexate to the device, the
remaining amino groups on the surface must be glycidylated, as previously
mentioned. The partially acetylated G5-Ac-FITC-FA dendrimer conjugate
in DI water is reacted with glycidol for 3 hours to yield G5-Ac-FITC-FA-
OH. This reaction also helps prevent non-specific uptake into cells. MTX
is reacted with EDC in a mixture of dry DMF and dry DMSO under nitro-
gen atmosphere for 1 hour. This organic reaction mixture is then added
dropwise to the DI water solution containing the glycidylated dendrimer
conjugate (Figure 19). The solution is vigorously stirred for three days to
yield the final product, G5-Ac-FITC-FA-OH-MTX® (superscript “e”
denotes attachment via an ester bond).'"!

As the last step of the synthesis, the remaining terminal amine
groups were fully acetylated to prevent non-specific electrostatic interac-
tions.*192193 This last step is particularly important because the remaining
amine termini in the dendrimers protonate at physiological pH and cause
non-specific binding and uptake in vitro and in vivo.

Unlike in conventional drug delivery, when using a drug-den-
drimer nanodevice, the concentration gradient of the drug is undefined
(Figure 20). Since the drug — in this case MTX — is conjugated to
the surface of the dendrimer, the concentration in the space between

nanodevices is zero. The concentration jumps from zero to a positive value

every time a nanodevice is present, causing the concentration gradient to
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Figure 19: (a) The final step in the synthesis of a tri-functional nanodevice uti-
lizing FITC (detecting agent), FA (targeting agent), and MTX (therapeutic agent)
(by using EDC coupling chemistry in DMF/DMSO, one hour; DI water, three
days, at room temperature). (b) Computer model of a trifunctional nanodevice

(G5-Ac-FITC-FA-OH-MTX®).

be undefined. This phenomenon has never before been encountered in

drug delivery technology.

5.5.2  Paclitaxel (Taxol)

Paclitaxel (Taxol) is a novel anticancer drug which induces apoptosis by

binding to microtubules within a dividing cell during mitosis, causing
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Figure 20: The difference in concentration profiles for (a) conventional and

(b) nanomedicine drug delivery techniques.

kinetic stabilization and thereby preventing cell division through mitotic
arrest.'”'% Taxol inhibits microtubule depolymerization, thus encouraging
tubulin assembly into stable aggregate structures.'” So far, microtubule
damage has been the only recognized means of cellular activity by Taxol
that has currently been identified, and this is not specific for cancer cells.
It has been indicated by other researchers, however, that there may be other
methods of Taxol-induced apoptosis.'™ A variety of conjugates have been
synthesized with the goal of increasing the specificity of Taxol to cancer
cells. Multifunctional polymer-Taxol drug delivery systems are also being
widely evaluated, as their ability to target overexpressed genes or receptors
found on some cancerous cells helps greatly to lessen or eliminate unde-

sirable side effects to the rest of the body.''® The chemical structure of
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G5 —> G5-Ac —> G5-Ac-FITC — G5-Ac-FITC-FA
— G5-Ac-FITC-FA-OH — G5-Ac-FITC-FA-OH-Taxol
Figure 21: Synthetic strategy for production of functional dendrimer conjugates
with imaging (FITC, fluorescein isothiocyanate), targeting (FA, folic acid), and

cytotoxic drug (Taxol, paclitaxel) units [G5, poly(amidoamine) dendrimer gener-

ation 5; Ac, acetamide; OH, hydroxyl].

Taxol (Figure 22) shows the active 2’ position -OH group (arrows) where
attachment to the dendrimer is proposed to occur.

The synthetic strategy for production of dendrimer conjugates pre-
sented in Figure 21 details the method used for production of the multi-
functional engineered dendrimer conjugate utilizing Taxol as the
chemotherapeutic drug.'”

The G5-Ac-FITC-FA-OH conjugates are synthesized similarly to
those described previously in this chapter (5.4.1). However, unlike the
conjugation of MTX to the dendrimers, the conjugation of Taxol to these
dendrimers requires multiple steps.

First, Taxol-2’-hemisuccinate is synthesized by adding dry pyri-
dine to a stirred solution of Taxol and succinic anhydride in CH,CI, at
room temperature. The reaction mixture is stirred for 3 days at room tem-
perature and then concentrated in vacuum. The residue is dissolved in
CH,Cl,, and the Taxol-2’-hemisuccinate is purified on silica gel (and
washed with hexane, followed with ethyl acetate) to give the final
product."” Figure 22 presents the synthesis of Taxol-2’-hemisuccinate.

N-hydroxysuccinimido diphenyl phosphate was synthesized as

described by Ogura et al. (Figure 23(a)).""" The procedure for synthesis of
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Figure 22: Synthesis of Taxol-2’-hemisuccinate (in CH,Cl,, in the presence of

Pyridine, at room temperature for three days).
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Figure 23: (a) N-Hydroxysuccinimido diphenyl phosphate formation. (Et;N,
CH,Cl,, room temperature, 30 minutes.) (b) Synthesis of the Taxol-hemisuccinate-
N-succinimidyl ester (in acetonitrile, in the presence of Et,N at room temperature
for six hours). (Reprinted with permission from Biomacromolecules, 7, 572-579,

2006 Copyright (2006) American Chemical Society.)

a Taxol-NHS ester was followed as described by Luo er al.'"’ Triethylamine
is added to a solution of Taxol-hemisuccinate and a 50% molar excess of
SDPP in acetonitrile. The reaction is stirred for six hours at room tempera-

ture, than concentrated under vacuum. The residue is dissolved in ethyl
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acetate and hexane and purified on silica gel. The purified Taxol-NHS ester
is then dried for 24 hours in vacuum at room temperature to yield the final
product. Figure 23(b) presents the synthesis of the Taxol-NHS ester.

The final reaction yields the dendrimer conjugate G5-Ac-FITC-
FA-OH-Taxol°. In a DMF and DMSO solvent mixture, Taxol-NHS and
1-[3-(dimethylamino)-propyl]-3-ethylcarbodiimide hydrochloride (EDC)
are dissolved, kept at room temperature, and stirred for two hours under
nitrogen. This solution is added dropwise to a DI water solution containing
the bifunctional dendritic carrier G5-Ac-FITC-FA-OH. This reaction mix-
ture is stirred at room temperature for three days. After membrane filtration
using PBS and DI water, and lyophilization, the trifunctional nanodevice is

yielded. Figure 24 presents a graphical representation of this conjugation.

5.6 Characterization

Characterization and quality control of the G5 PAMAM dendrimer-based
conjugates described above, including the molecular weight and number of
primary amine groups, has been determined by multiple analytical meth-
ods such as high performance liquid chromatography (HPLC), gel perme-
ation chromatography (GPC), UV spectroscopy, nuclear magnetic
resonance spectroscopy (NMR), and capillary electrophoresis (CE). These

methods of quality assurance will now be discussed in detail.

5.6.1 High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC) is a widely accepted
method for the separation and purification of small molecules and is

widely used in chemical laboratories. HPLC is often used to perform
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Figure 24: The final step in the synthesis of a tri-functional nanodevice utilizing
FITC (detecting agent), FA (targeting agent), and Taxol (therapeutic agent) (by
using EDC coupling chemistry in DMF/DMSO, 1 hour; DI water, three days, at
room temperature) to produce (G5-Ac-FITC-FA-OH-Taxol®).

extensive characterization of FITC-, FA- and MTX-conjugated G5 den-
drimers with various surface functionalities.'> Methods have been devel-
oped to determine a common gradient that can be used to detect small
functional molecules (FITC, FA and FITC) and all the mono-, bi- and
tri-functional conjugates. The use of a common gradient allows
researchers to determine the purity of the conjugates (i.e., whether any
small molecular impurities are present), and additionally tells them about
the stability of all compounds under experimental conditions. Since

elution of analytes occurs as a result of counter-ion binding and surface
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Figure 25: FElution profiles of FA- and FITC-conjugated dendrimers.

interaction between the conjugates and the stationary phase, a great deal
of information regarding the surface properties of conjugates can be
obtained.

It is evident from Figure 25 (as an example) that the FITC-
conjugated G5-NH,-Ac-FITC and G5-NH,-Ac-FITC-FA devices exhibit
broader elution profiles as opposed to the samples that do not contain any
FITC molecules. This is due to the fact that FITC is most hydrophobic
among the functional molecules. Out of a total number of 110 terminal
groups of G5-NH,-Ac, the functional molecules (FITC, FA, MTX) are
attached to only three to five sites. Hence, it can be assumed that in terms
of numbers and positions, the functional molecules are statistically
distributed. However, in terms of attractions towards the stationary phase,
the mismatch in properties between the host platform and the functional

molecule is highest for FITC. Therefore, a nano-device bearing five FITC
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molecules is expected to elute much later as opposed to another conjugate
having two or three FITC molecules. Hence, statistical distributions of the
number of FITC molecules would result in broader eluograms, as opposed

to the distributions of less hydrophobic FA and MTX moieties.

5.6.2  Gel Permeation Chromatography (GPC)

The determination of the molecular weight of each conjugate structure is
necessary in order to produce a well-defined multifunctional dendritic
device. A gel permeation chromatography (GPC) instrument equipped with
multiangle laser light scattering and a refraction index (RI) concentration
detector can be utilized for this purpose. Table 2 presents the PAMAM den-
drimer carrier and its mono-, bi-, and trifunctional conjugates with molec-
ular weights and molecular weight distribution given for each.'”’ The
superscript numerals 2 and 3 (i.e., G5-Ac? and G5-Ac?) indicate that these
are two independent acetylation reactions. The GPC analytical data shows
very high reproducibility.

The measured molecular weight (M) of the G5 dendrimer of
26,380 g/mol is slightly lower than the theoretical one (28,826 g/mol).
GPC data for each conjugate can be used in order to derive the precise
number of each functional group attached to the carrier. The average
number of each functional molecule can be calculated by subtracting
the M, value of the conjugate without the functional molecule in ques-
tion from the M, value of the conjugate containing the functional
molecule and dividing by the molecular weight of the functional mole-
cule. Figure 26 displays a sample GPC eluogram of a final product

nanodevice.
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Tab. 2: PAMAM dendrimer carrier and its mono-, bi-, and trifunctional conju-

gates with number and weight average molecular weights and molecular weight

distribution.
M,, g/mol M, g/mol M,/M,

G5 26 380 26 890 1.020
G5-Ac? 29 830 30710 1.030
G5-Ac*FA 32380 35470 1.095
G5-Ac*-FA-OH 34 460 40 580 1.178
G5-Ac*FA-OH-MTX® 36 730 36 960 1.006
G5-Ac’ 29 880 30 760 1.030
G5-Ac*-FITC 32 150 32 460 1.100
G5-Ac’-FITC-OH 34 380 34790 1.012
G5-Ac*-FITC-OH-MTX® 37 350 37 800 1.012
G5-Ac’*-FITC-FA 34710 35 050 1.010
G5-Ac’-FITC-FA-OH 36 820 37 390 1.016
G5-Ac’-FITC-FA-OH-MTX* 39550 39 870 1.008

* M, = number average molecular weight, M, = weight average molecular weight calculated
from GPC data, and M, / M, = molecular weight distribution. (Reprinted with permission
from the Journal of Medicinal Chemistry 48, 5892-7899, 2005 Copyright (2005) American
Chemical Society.)

5.6.3  Ultraviolet Spectroscopy (UV)

The combined UV spectra for free FA, MTX, and FITC (Figure 27(a)) are
presented for comparison to Figure 27(b), the UV spectra of G5-Ac and
mono-, bi-, and tri-functional dendritic devices. Figure 27(a) presents
defining peaks for FA at precisely 281 and 349 nm; for MTX at 258, 304,
and 374 nm; and for FITC at 493 nm. The distinguishing peaks for FA,
FITC, and MTX visible in Figure 27(b) are dependent on the conjugation

of each molecule to the dendrimer. Characterization of each dendritic
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Figure 26: Illustrative GPC eluogram of a nanodevice with the RI signal and

laser light scattering signal at 90° overlapping.

device by comparison of the UV spectra of free material and dendrimer-
conjugated material is used to determine which function has been attached
to the dendrimer. The theory that UV spectra possess additive properties is
described in depth elsewhere.'

G5-Ac, the carrier dendrimer presented in Figure 27(b), demon-
strates no characteristic peaks above 300 nm. With the attachment of FITC
to the dendrimer, the monofunctional dendritic device G5-Ac-FITC is
formed. The UV peak characteristic of FITC, as demonstrated by Figure
27(b), is present at 500 nm, a slight shift from the peak of 493 nm for free

FITC. Building upon this same principle, the attachment of FA to form the
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Figure 27: (a) UV spectra of free FA, MTX, and FITC. (b) UV spectra of G5-Ac
and mono-, bi-, and trifunctional devices. (Reprinted with permission from the
Journal of Medicinal Chemistry 48, 5892—7899, 2005 Copyright (2005) American

Chemical Society.)

bifunctional dendritic device G5-Ac-FITC-FA (as marked in Figure 27(b))
shifts the peak for FA to approximately 358 nm, as compared to 349 nm
for free FA. The location of the other peak characteristic of free FA, 281
nm, remains unchanged in the conjugated device, and the peak for FITC
(Figure 27(b)) is present at 502 nm. The trifunctional device G5-Ac-FITC-
FA-MTX® also has slightly shifted peaks. Peaks for MTX appear at 262
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and 304 nm; peaks representing a combination of the MTX and FA con-
verge at 372 nm, and a peak occurs at 505 nm for FITC. UV spectroscopy
permits identification of what has been attached to the dendritic carrier
through comparison of the characteristic absorption peaks of each func-
tional group and the carrier after conjugation has occurred. UV spec-
troscopy also allows researchers to determine how the wavelength at
which maximum absorption occurs for each attached function is affected

by its conjugation to the dendrimer.

5.6.4 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) can be used to determine if a conjuga-
tion reaction has occurred and for characterization of the prepared conjugate.
It is an important tool for quality control in the nanodevice manufacturing
process. The preparation process for a well characterized bifunctional
G5-Ac-FA-OH-MTX nanodevice involves the following steps: (1) potentio-
metric titration of the dendrimer to determine the number of amine surface
groups, (2) partial acytelation of the dendrimer, (3) determination of the
number of acytelated amine groups via NMR and comparison to the cali-
bration curve,” (4) conjugation with folic acid, (5) determination of the
number of conjugated FA groups via NMR, (6) glycidolation of the remain-
ing amino groups, (7) conjugation with methotrexate, and (8) determination
of the number of conjugated methotrexate groups via NMR (Figure 28).
NMR analysis is required at several of the steps because of the addi-
tive or superimposing nature of the NMR peaks for folic acid and methotrex-
ate, which are chemically similar. The first NMR spectrum is generated of

the partially acytelated dendrimer and is compared with the calibration curve
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Figure 28: NMR spectra showing a G5-Ac-FA-OH-MTX PAMAM dendrimer
conjugate. Note the short, broad peaks for aromatic protons, indicating covalent

bonding between the methotrexate/folic acid and the dendrimer.

to determine the number of acytelated amine groups represented by the area
under the acetamide-methyl proton peak. A second NMR spectrum is gener-
ated after conjugation with folic acid. In this spectrum several broad peaks
appear corresponding to the aromatic protons of the conjugated folic acid.
The integrated area under these curves can be compared with the integrated
area under the acetamide-methyl proton curves (now known to correspond
to a number of acytelated amine groups) in order to determine the number of
conjugated folic acid groups. A last NMR spectrum is generated after conju-
gation with methotrexate; the broad peaks are now larger and represent both

FA- and MTX-related aromatic protons. Comparison of the area under this
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Figure 29: NMR spectra showing free methotrexate. Note the high and narrow
aromatic proton peaks. (Reprinted with permission from the Journal of Medicinal

Chemistry 48, 5892-7899, 2005 Copyright (2005) American Chemical Society.)

curve and the area under the FA conjugated-only curve gives the number of
conjugated methotrexate groups.

In the case of free MTX or FA in the product, whether due to
incomplete conversion or to incomplete purification, both broad and nar-
row (Figure 29, corresponding to the free MTX, for example) aromatic
proton peaks will appear in the NMR spectrum.

The result of the process is a well characterized nanodevice of

known definition and quality, essential for medical applications.

5.6.5 Capillary Electrophoresis (CE)

Capillary electrophoresis (CE) is a powerful chromatographic method

utilized in the analysis of biologic macromolecules such as DNA,'™
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proteins,'® and peptides."® CE has high efficiency, high sensitivity, a short
run time, and high automation capability, and it is suitable for the routine
analysis of diverse dendrimer architectures, especially those that are car-
rying multiple charges.

CE is a fast and reliable practical analytical technique."” The sep-
aration of macromolecules is mainly based on the difference of their
charge/mass ratios under practical conditions although some other factors
may influence their separation, such as the hydrodynamic radius, counte-
rion binding, and the adsorption/desorption of macromolecules onto the
capillary surface. CE can provide data of theoretical interest as well as the
molecular distribution for PAMAM dendrimers, the main question being
how much charge the dendrimer molecules in fact carry in solution. For
example, amineterminated PAMAM dendrimers may carry a large number
of positive charges when protonated, and their high generations display
particle-like characteristics. Fully modified PAMAM dendrimers contain
interior tertiary amines, which are protonated under lower pH conditions
and carry multiple positive charges.

Multifunctional PAMAM nanodevices bearing multiple surface
ligands display significantly low charge/mass ratios. This is because of the
multiple surface conjugations with functional moieties. Compared with
other techniques (e.g., NMR, UV-vis spectrometry, HPLC) which gener-
ally reflect average molecular events, the variation and slight modification
of PAMAM terminal groups can be magnified and sensitively detected
using CE, mainly based on the change in charge/mass ratios. Figure 30
presents an example of a CE electropherogram. Further information on CE

can be found in the literature."®
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Figure 30: Normalized electropherograms of acetylated G5 PAMAMSs with
acetylation percentage of (a) 0%, (b) 25%, (c) 50%, (d) 75%, and (e) 100%.

5.7 Future Directions

Many exciting and untested possibilities exist for the exploitation of den-
drimer-based nanodevices in medicine. Researchers around the world are
exploring a wide range of novel applications. Anti-cancer research is
ongoing, with efforts to adapt and refine the technology to target the
many different cancers of the body individually, making it possible to
provide treatment on a customized, even personalized patient-specific
basis. The technology also holds great promise for use as a tool in can-
cer diagnosis as well as for treatment. Looking further, dendrimer-based
technology will likely be adapted to provide targeted drug delivery in the
treatment of a wide range of diseases other than cancer. If such efforts
succeed, all can look forward to more effective, less invasive medicine

in the future.

157



| Istvan J. Majoros et al.

5.8

References

J. R. Baker Jr., A. Quintana, L. Pichler, M. Banaszak-Holl, D. A.
Tomalia, and E. Raczka, The synthesis and testing of anti-cancer ther-
apeutic nanodevices, Biomedical Microdevices, 3(1), 61-69, 2001.
R. Esfand and D. A. Tomalia, Poly(amidoamine) (PAMAM) den-
drimers: From biomimicry to drug delivery and biomedical applica-
tions, Drug Discovery Today, 6(8), 427436, 2001.

L. Balogh, A. Bielinska, J. D. Eichman, R. Valluzzi, 1. Lee, J. R.
Baker Jr., T. S. Lawrence, and M. K. Khan, Dendrimer nanocom-
posites in medicine, Chimica Oggi/Chemistry Today, 5, 35-40, 2002.
K. Kono, M. Liu, and J. M. Fréchet, Design of dendritic macromol-
ecules containing folate or methotrexate residues, Bioconj. Chem.,
10, 1115-1121, 1999.

R. Esfand, D. A. Tomalia, A. E. Beezer, J. C. Mitchell, M. Hardy, and
C. Orford, Dendripore and dendrilock concepts: New controlled-
delivery strategies, Polym. Prep., 41(2), 1324-1325, 2000.

J. Li, D. Qin, J. R. Baker, and D. A. Tomalia, The characterization of
poly(aminoamine) dendrimer. Packing by atomic force microscopy,
Polym. Prep., 41(2), 1446-1447, 2000.

J. Li, D. R. Swanson, D. Qin, H. M. Brothers, L. T. Piehler, D. A.
Tomalia, and D. J. Meier, Characterizations of core-shell tecto-(den-
drimer) molecules by tapping mode atomic force microscopy,
Langmuir, 15, 7347-7350, 1999.

J. Li, L. T. Piehler, D. Qin, J. R. Baker Jr., D. A. Tomalia, and D. J.

Meier, Visualization and characterization of poly(amidoamine)

158



10.

11.

12.

13.

14.

Dendrimer Conjugates for Cancer Treatment |

dendrimers by atomic force microscopy, Langmuir, 16, 5613-5616,
2000.

T. A. Betley, M. M. Banaszak-Holl, B. G. Orr, D. R. Swanson, D. A.
Tomalia, and J. R. Baker Jr.,, Tapping mode atomic force
microscopy investigation of poly(amidoamine) dendrimers: The
effects of substrate and pH on dendrimer deformation, Langmuir,
17, 2768-2773, 2001.

I. Lee, B. D. Athey, A. W. Wetzel, A. Kar, W. Meixner, and J. R.
Baker Jr., Structural molecular dynamics studies on polyamidoamine
dendrimers for a therapeutic application: Effects of pH and genera-
tion, Macromol., 35(11), 4510-4520, 2002.

T. A. Betley, J. A. Hessler, A. Mecke, M. M. Banaszak-Holl, B. G.
Orr, S. Uppuluri, D. A. Tomalia, and J. R. Baker Jr., Tapping mode
atomic force microscopy investigation of poly(amidoamine) core-
shell tecto(dendrimers) using carbon nanoprobes, Langmuir, 18,
3127-3133, 2002.

A. W. Bosman, H. M. Janssen, and E. W. Meijer, About dendrimers:
Structural, physical properties and application, Chem. Rev., 99,
1665-1688, 1999.

A. Nourse, D. B. Millar, and A. P. Minton, Physiochemical charac-
terization of generation 5 polyamidoamine dendrimers, Biopolym.,
53(4), 316328, 2000.

G. Sui, M. Micic, Q. Huo, and R. M. Leblanc, Synthesis and surface
chemistry study of a new amphiphilic PAMAM dendrimer,
Langmuir, 16, 7847-7851, 2000.

159



| Istvan J. Majoros et al.

15.

16.

17.

18.

19.

20.

21.

22.

C. Kojima, K. Kono, K. Maruyama, and T. Takagishi, Synthesis of
poly(amidoamine) dendrimers having poly(ethylene glycol) grafts
and their ability to encapsulate anticancer drugs, Bioconj. Chem., 11,
910-917, 2000.

S. C. Zimmerman, M. S. Wendland, N. A. Rakow, I. Zharov, and
K. S. Suslick, Synthetic hosts by monomolecular imprinting inside
dendrimers, Nature, 418, 399-403, 2002.

P. Singh, Terminal groups in starburst dendrimers: Activation and
reactions with proteins, Bioconj. Chem., 9, 54—63, 1998.

D. A. Tomalia, D. M. Hedstrand, and L. R. Wilson, Encyclopedia of
Polymer Science and Engineering, J. Wiley & Sons, Inc., 2, 46-92,
1990.

D. A. Tomalia and P. R. Dvornic, Polymeric Materials Encyclopedia,
CRC Press New York, 3, 1814—1830, 1996.

G. Pistolis, A. Malliaris, C. M. Paleos, and D. Tsiourvas, Study of
poly(amidoamine) starburst dendrimers by fluorescence probing,
Langmuir, 13, 5870-5875, 1997.

S. Uppuluri, S. E. Keinath, D. A. Tomalia, and P. R. Dvornic,
Rheology of dendrimers. I. Newtonian flow behavior of medium
and highly concentrated solutions of polyamidoamine (PAMAM)
dendrimers in ethylenediamine (EDA) solvent, Macromol., 31,
4498-4510, 1998.

G. Teobaldi and F. Zerbetto, Molecular dynamics of a dendrimer-
dye guest-host system, J. Am. Chem. Soc., 125(24), 7388-7393,
2003.

160



23.

24.

25.

26.

27.

28.

29.

30.

Dendrimer Conjugates for Cancer Treatment |

A. Schmitzer, E. Perez, 1. Rico-Lattes, A. Lattes, and S. Rosca, First
example of supramolecular assemblies in water of new amphiphilic
glucose-persubstituted poly(amidoamine) dendrimers, Langmuir,
15, 4397-4403, 1999.

J. Ruiz, G. Lafuente, S. Marcen, C. Omelas, S. Lazare, E. Cloutet,
J. C. Blais, and D. Astruc, Construction of giant dendrimers using a
tripodal building block, J. Am. Chem. Soc., 125(24), 7250-7257, 2003.
D. A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, S. Martin,
J. Roeck, J. Ryder, and P. Smith, A new class of polymers: Starburst-
dendritic macromolecules, Polym. J., 17(1), 117-132, 1985.

D. A. Tomalia, A. M. Naylor, and W. A. Goddard III., Starburst den-
drimers, Angewandte Chemie, 29(2), 138-175, 1990.

L. J. Hobson and W. J. Feast, Poly(amidoamine) hyperbranched sys-
tems: Synthesis, structure and characterization, Polym. J., 40,
1279-1297, 1999.

Y. Zhao, X. Shuai, C. Chen, and F. Xi, Synthesis and characterization
of star-shaped poly (L-lactide)s initiated with hydroxyl-terminated
poly(amidoamine) (PAMAM-OH) dendrimers, Chem. Mater., 15(14),
2836-2843, 2003.

R. Duncan, Dendrimers: Novel carriers for oral and parenteral drug
delivery, Polym. Mat. Sci. Eng., 84, 214, 2001.

P. Caliceti, S. Salmaso, A. Semerizato,T. Carofiglio, R. Fornasier,
M. Fermeglia, M. Ferrone, and S. Prici, Synthesis and physicochemical
characterization of folate-cyclodextrin bioconjugate for active drug

delivery, Bioconj. Chem., 14(5), 899-908, 2003.

161



| Istvan J. Majoros et al.

31.

32.

33.

34.

35.

36.

37.

38.

C. M. Paleos, D. Tsiourvas, Z. Sideratou, and L. Tziveleka, Acid and
salt-triggered multifunctional poly(propyleneimine) dendrimer as a
prospective drug delivery system, Biomacromolecules, S, 524-529,
2004.

N. Malik, E. G. Evagorou, and R. Duncan, Dendrimer-platinate:
A novel approach to cancer chemotherapy, Anti-Cancer Drugs, 10(8),
767-776, 1999.

I. J. Majoros, B. Keszler, S. Woehler, T. Bull, and J. R. Baker,
Acetylation of PAMAM dendrimer, Macromolecules, 36, 5526, 2003.
R. Weissleder, Scaling down imaging: Molecular mapping of cancer
in mice, Nature Reviews, Cancer, 2, 1-8, 2002.

M. Brasuel, R. Kopelman, T. J. Miller, R. Tjalkens, and M. A.
Philbert, Fluorescent nanosensors for intracellular chemical analysis:
Decyl methacrylate iquid polymer matrix and ion-exchange-based
potassium PEBBLE sensors with real-time application to viable rat
C6 glioma cells, Anal. Chem., 73(10), 2221-2228, 2001.

C. Bremer, V. Ntziachristos, and R. Weissleder, Optical-based
molecular imaging: Contrast agents and potential medical applica-
tions, Eur. Radiol., 13, 231-243, 2003.

B. Micheel, P. Jantscheff, V. Bottger, G. Scharte, G. Kaiser, P. Stolley,
and L. Karawajew, The production and radioimmunoassay applica-
tion of monoclonal antibodies to fluorescein isothiocyanate (FITC),
Journal of Immunological Methods, 111, 89-94, 1988.

S. Hong, P. R. Leroueil, I. J. Majoros, B. G. Orr, J. R. Baker, Jr., and

M. M. Banaszak Holl, The binding avidity of a nano-particle-based

162



39.

40.

41.

42.

43.

44.

45.

46.

Dendrimer Conjugates for Cancer Treatment |

multivalent targeted drug delivery platform, Chemistry and Biology,
14, 107-115, 2007

R. Shukla, T. P. Thomas, J. Peters, A. Kotlyar, A. Myc, and J. R.
Baker Jr., Tumor angiogenic vasculature targeting with PAMAM
dendrimer-RGD conjugates, Chem. Comm., 46, 5739-5741, 2005.
S. M. Moghimi, A. C. Hunter, and J. C. Murray, Long-circulating
and target-specific nanoparticles: Theory to practice, Pharm. Rev.,
53, 283-318, 2001.

I. Brigger, C. Dubernet, and P. Couvreur, Nanoparticles in cancer
therapy and diagnosis, Adv. Drug Delivery Rev., 54, 631-651, 2002.
Y. Luo and G. D. Prestwich, Cancer-targeted polymeric drugs, Curr.
Cancer Drug Targets, 2, 209-226, 2002.

K. D. Jensen, A. Nori, M. Tijerina, P. Kopeckova, and J. Kopecek,
Cytoplasmic delivery and nuclear targeting of synthetic macromole-
cules, J. Controlled Release, 87, 89—-105, 2003.

I. J. Majoros, T. P. Thomas, and J. R. Baker Jr., Handbook of
Theoretical and Computational Nanotechnology, M. Rieth,
W. Schommers, Eds.; Chapter 14: Molecular Engineering in
Nanotechnology: Engineered Drug Delivery, 6, 673717, 2006.

D. Weitman, R. H. Lark, L. R. Coney, D. W. Fort, V. Frasca, V. R.
Surawski, and B. A. Kamen, Distribution of the folate receptor GP38
in normal and malignant cell lines and tissues, Cancer Res., 52,
3396-3401, 1992.

J. F. Ross, P. K. Chaudhauri, and M. Ratnam, Differential regulation

of folate receptor isoforms in normal and malignant tissues in vivo

163



| Istvan J. Majoros et al.

47.

48.

49.

50.

51.

52.

53.

and in established cell lines. Physiologic and clinical implications,
Cancer, 73, 2432-2443, 1994.

G. Toffoli, Overexpression of folate binding protein in ovarian can-
cers, Int. J. Cancer, 74, 193-198, 1997.

M. Wu, W. Gunning, and M. Ratnam, Expression of folate receptor
type in relation to cell type, Malignancy, and differentiation in ovary,
uterus, and cervix, Cancer Epidemiol. Biomarkers Prev., 8,
775-782, 1999.

H. Wang, X. Zheng, F. G. Behm, and M. Ratnam, Differentiation-
independent retinoid induction of folate receptor type beta, a poten-
tial tumor target in myeloid leukemia, Blood, 15, 3529-3536, 2000.
Y. Lu and P. S. Low, Folate-mediated delivery of macromolecular
anticancer therapeutic agents, Adv. Drug Del. Rev., 54, 675-693,
2002.

C. P. Leamon, I. Pastan, and P. S. Low, Cytotoxicity of folate-
Pseudomonas exotoxin conjugates toward tumor cells. Contribution
of translocation domain. J. Biol. Chem., 268, 24847-24854, 1993.
S. Li, H. M. Deshmukh, and L. Huang, Folate-mediated targeting of
antisense oligodeoxynucleotides to ovarian cancer cells, Pharm Res.,
15, 1540-1545, 1998.

A. Bielinska, J. F. Kukowska-Latallo, J. Johnson, D. A. Tomalia, and
J. R. Baker Jr., Regulation of in vitro gene expression using antisense
oligonucleotides or antisense expression plasmids transfected using
starburst PAMAM dendrimers, Nucl. Acids Res., 24, 21762182,
1996.

164



54.

55.

56.

57.

38.

59.

60.

Dendrimer Conjugates for Cancer Treatment |

J. F. Kukowska-Latallo, A. Bielinska, J. Johnson, R. Spindler, D. A.
Tomalia, and J. R. Baker Jr., Efficient transfer of genetic material
into mammalian cells using Starburst polyamidoamine dendrimers,
Proc. Natl. Acad. Sci., 93, 4897-4902, 1996.

R.J. Lee and P. S. Low, Delivery of liposomes into cultured KB cells
via folate receptor-mediated endocytosis, J. Biol. Chem., 269,
3198-3204, 1994.

R. J. Lee and P. S. Low, Folate-mediated tumor cell targeting of
liposome-entrapped doxorubicin in vitro, Biochim. Biophys. Acta,
1233, 134-144, 1995.

A. Gabizon, A. T. Horowitz, D. Goren, D. Tzemach, F. Mandelbaum-
Shavit, M. M. Qazen, and S. Zalipsky, Targeting folate receptor with
folate linked to extremities of poly(ethylene glycol)-grafted lipo-
somes: In vitro studies, Bioconj. Chem., 10, 289-298, 1999.

D. M. Kranz, T. A. Patrick, K. E. Brigle, M. J. Spinella, and E. J.
Roy, Conjugates of folate and anti-T-cell-receptor antibodies specif-
ically target folate- receptor-positive tumor cells for lysis, Proc. Natl.
Acad. Sci., 92, 9057-9061, 1995.

B. Stella, S. Arpicco, M. T. Peracchia, D. Desmaele, J. Hoebeke,
M. Renoir, J. D’ Angelo, L. Cattel, and P. Couvreur, Design of folic
acid-conjugated nanoparticles for drug targeting, J. Pharm. Sci., 89,
1452-1464, 2000.

Y. Ravindranath, Recent advances in pediatric acute lymphoblastic
and myeloid leukemia, Current Opinion in Oncology, 15(1), 23-35,
2003.

165



| Istvan J. Majoros et al.

61.

62.

63.

64.

65.

66.

67.

68.

C. P. Leamon, M. A. Parker, I. R. Vlahov, L. C. Xu, J. A. Reddy,
M. Vetzel, and N. Douglas, Synthesis and biological evaluation of
EC20: A new folate-derived, (99m)Tc-based radiopharmaceutical,
Bioconj. Chem., 13, 1200-1210, 2002.

S. D. Konda, S. Wang, M. Brechbiel, and E. C. Wiener,
Biodistribution of a 153 Gd-folate dendrimer, generation = 4, in
mice with folate-receptor positive and negative ovarian tumor
xenografts, Invest. Radiol., 37, 199-204, 2002.

S. Mayor, K. G. Rothberg, and F. R. Maxfield, Sequestration of GPI-
anchored proteins in caveolae triggered by cross-linking, Science,
264, 1948-1951, 1994.

R. G. Anderson, B. A. Kamen, K. G. Rothberg, and S. W. Lacey,
Potocytosis: Sequestration and transport of small molecules by cave-
olae, Science, 255(5043), 410411, 1992.

M. Wu, J. Fan, W. Gunning, and M. Ratnam, Clustering of GPI-
anchored folate receptor independent of both cross-linking and asso-
ciation with caveolin, J. Membr. Biol., 159, 137-147, 1997.

C. P. Leamon, R. B. DePrince, and R. W. Hendren, Folate-mediated
drug delivery: Effect of alternative conjugation chemistry, J. Drug
Target, 7, 157-169, 1999.

J. J. Turek, C. P. Leamon, and P. S. Low, Endocytosis of folate-
protein conjugates: Ultrastructural localization in KB cells, J. Cell
Sci., 106, 423430, 1993.

J. T. Douglas, B. E. Rogers, M. E. Rosenfeld, S. I. Michael, M. Feng,
and D. T. Curiel, Targeted gene delivery by tropism-modified aden-
oviral vectors, Nat. Biotechnol., 14, 1574-1578, 1996.

166



69.

70.

71.

72.

73.

74.

75.

76.

7.

Dendrimer Conjugates for Cancer Treatment |

P. Ginobbi, T. A. Geiser, D. Ombres, and G. Citro, Folic acid-polylysine
carrier improves efficacy of c-myc antisense oligodeoxynucleotides on
human melanoma (M14) cells, Anticancer Res., 17, 29-35, 1997.

J. Sudimack and R. J. Lee, Targeted drug delivery via the folate
receptor, Adv. Drug Delivery Rev., 41, 147-162, 2000.

D. Weitman, R. H. Lark, L. R. Coney, D. W. Fort, V. Frasca, V. R.
Surawski, and B. A. Kamen, Distance of the folate receptor GP38 in
normal and malignant cell lines and tissues, Cancer Res., 52,
3396-3401, 1992.

F. Ross, P. K. Chaudhuri, and M. Ratnam, Differential regulation of
folate receptor isoforms in normal and malignant tissues in vivo and
in established cell lines. Physiologic and Clinical Implications,
Cancer, 73, 2432-2443, 1994.

X. Wang, G. Frederick, and M. Ratnam, Differentiation-independent
retinoid induction of folate receptor type B, a potential tumor target
in myeloid leukemia, Blood, 96, 3529-3536, 2000.

C. T. Baillie, M. C. Winslet, and N. J. Bradley, Tumor vasculature —
A potential therapeutic target, Br. J. Cancer, 72, 257, 1995.

E. Ruoslahti, Specialization of tumour vasculature, Nat. Rev.
Cancer, 2, 83-90, 2002.

W. Arap, R. Pasqualini, and E. Ruoslahti, Cancer treatment by tar-
geted drug delivery to tumor vasculature in a mouse model, Science,
279, 377-380, 1998.

P. C. Brooks, R. A. F. Clark, and D. A. Cheresh, Requirement of vas-
cular integrin alpha (V) beta (3) for angiogenesis, Science, 264,

569-571, 1994.

167



| Istvan J. Majoros et al.

78.

79.

80.

81.

82.

83.

84.

85.

0. Cleaver and D. A. Melton, Endothelial signaling during develop-
ment, Nat. Med., 9, 661-668, 2003.

R. Pasqualini, E. Koivunen, and E. Ruoslahti, Alpha v integrins as
receptors for tumor targeting by circulating ligands, Nat. Biotech.,
15, 542-546,1997.

K. Kunath, T. Merdan, O. Hegener, H. Haberlein, and T. Kissel,
Integrin targeting using RGD-PEI conjugates for in vitro gene trans-
fer, J. Gene. Med., 5, 588-599, 2003.

A. Mitra, J. Mulholland, A. Nan, E. McNeill, H. Ghandehari, and
B. R. Line, Targeting tumor angiogenic vasculature using polymer-
RGD conjugates, J. Controlled Release, 102, 191, 2005.

X .Y. Chen, Y. Hou, M. Tohme, R. Park, V. Khankaldyyan,
I. Gonzales- Gomez, J. R. Bading, W. E. Laug, and P. S. Conti,
Pegylated Arg-Gly-Asp peptide: Cu-64 labeling and PET imaging of
brain tumor alpha(v)beta(3)-integrin expression, J. Nucl. Med., 45,
1776, 2004.

D. S. Salomon, R. Brandt, F. Ciardiello, and N. Normanno,
Epidermal growth factor-related peptides and their receptors in
human malignancies. Critical Reviews in Oncology-Hematology,
19(3), 183-232, 1995.

R. Roskoski, Jr., The ErbB/HER receptor protein-tyrosine kinases
and cancer, Biochemical & Biophysical Research Communications,
319(1), 1-11, 2004.

J. R. Grandis, M. F. Melhem, W. E. Gooding, R. Day, V. A. Holst,
M. M. Wagener, S. D. Drenning, and D. J. Tweardy, Levels of TGF-

alpha and EGFR protein in head and neck squamous cell carcinoma

168



86.

87.

88.

89.

90.

91.

Dendrimer Conjugates for Cancer Treatment |

and patient survival, Journal of the National Cancer Institute,
90(11), 824-832, 1998.

J. Mendelsohn and J. Baselga, Status of epidermal growth factor
receptor antagonists in the biology and treatment of cancer, Journal
of Clinical Oncology, 21(14), 2787-2799, 2003.

C.H. Lee, E. C. Lee, S. T. Tsai, H. J. Kung, Y. C. Liu, and J. Hwang,
An EGF-pseudomonas exotoxin A recombinant protein with a dele-
tion in toxin binding domain specifically kills EGF receptor bearing
cells, Protein Engineering, 16(4), 433-440, 1993.

T. Suwa, M. Ueda, H. Jinno, S. Ozawa, Y. Kitagawa, N. Ando, and
M. Kitajima, Epidermal growth factor receptor-dependent cytotoxic
effect of anti-EGFR antibody-ribonuclease conjugate on human can-
cer cells, Anticancer Research, 19(5B), 4161-4165, 1999.

S. V. Lutsenko, N. B. Feldman, G. V. Finakova, N. V. Gukasova,
S. P. Petukhov, G. A. Posypanova, K. G. Skryabin, and S. E. Severin,
Antitumor activity of alpha fetoprotein and epidermal growth factor
conjugates in vitro and in vivo, Tumour Biology, 21(6), 367-374, 2000.
M. Schmidt, E. Vakalopoulou, D. W. Schneider, and W. Wels,
Construction and functional characterization of scFv(14E1)-ETA —
a novel, highly potent antibody-toxin specific for the EGF receptor,
British Journal of Cancer, 75(11), 1575-1584, 1997.

P. Chen, M. Mrkobrada, K. A. Vallis, R. Cameron, J. Sandhu,
A. Hendler, and R. M. Reilly, Comparative antiproliferative effects
of (111)In-DTPA-hEGF, chemotherapeutic agents and gamma-radi-
ation on EGFR-positive breast cancer cells, Nuclear Medicine &

Biology, 29(6), 693-699, 2002.

169



| Istvan J. Majoros et al.

92.

93.

94.

95.

96.

97.

E. B. Kullberg, Q. Wei, J. Capala, V. Giusti, P. U. Malmstrom,
and L. Gedda, EGF-receptor targeted liposomes with boronated
acridine: Growth inhibition of cultured glioma cells after neutron
irradiation, International Journal of Radiation Biology, 81(8),
621-629, 2005.

W. Yang, R. F. Barth, D. M. Adams, M. J. Ciesielski, R. A.
Fenstermaker, S. Shukla, W. Tjarks, and M. A. Caligiuri,
Convection-enhanced delivery of boronated epidermal growth factor
for molecular targeting of EGF receptor-positive gliomas, Cancer
Research, 62(22), 6552-6558, 2002.

J. Baselga, Why the epidermal growth factor receptor? The rationale
for cancer therapy, Oncologist, 7(4), 2-8, 2002.

C. S. Kang, Z. Y. Zhang, Z. F. Jia, G X. Wang, M. Z. Qiu, H. X.
Zhou, S. Z. Yu, J. Chang, H. Jiang, and P. Y. Pu, Suppression of
EGFR expression by antisense or small interference RNA inhibits
U251 glioma cell growth in vitro and in vivo, Cancer Gene Therapy,
13(5), 530-538, 2006.

T. P. Thomas, R. Shukla, A. Kotlyar, B. Liang, Y. Ye, T. B. Norris,
and J. R. Baker Jr., In vitro targeting of an epidermal growth factor-
conjugated dendrimer nanoparticle, Biomacromolecules, 2007.
Submitted.

J. P. Crowe, R. J. Patrick, L. A. Rybicki, P. F. Escobar, D. Weng,
T. G. Budd, R. R. Tubbs, G. W. Procop, and D. G. Hicks, A data
model to predict HER?2 status in breast cancer based on the clinical
and pathologic profiles of a large patient population at a single insti-

tution, The Breast, 15, 728735, 2006.

170



| Istvan J. Majoros et al.

105.

106.

107.

108.

109.

110.

111.

Y. Luo, M. R. Ziebell, and G. D. Prestwich, A hyaluronic acid-taxol
antitumor bioconjugate targeted to cancer cells, Biomacromolecules,
1(2), 208-218, 2000.

Z. Gao, A. N. Lukyanov, A. Singhal, and V. P. Torchilin, Diacyllipid-
polymer micelles as nanocarriers for poorly soluble anticancer
drugs, Nano Lett., 2(9), 979-982, 2002.

C. Liu, J. S. Strobl, S. Bane, J. K. Schilling, M. McCracken, S. K.
Chatterjee, R. Rahim-Bata, and D. G. 1. Kingston, Design, synthesis,
and bioactivities of steroid-linked taxol analogues as potential tar-
geted drugs for prostate and breast cancer, J. Nat. Prod., 67(2),
152-159, 2004.

Y. Hayashi, M. Skwarczynski, Y. Hamada, Y. Sohma, T. Kimura,
and Y. Kiso, A novel approach of water-soluble paclitaxel prodrug
with no auxiliary and no byproduct: Design and synthesis of
isotaxel, J. Med. Chem., 46(18), 3782-3784, 2003.

L. J. Majoros, A. Myc, T. Thomas, C. B. Mehta, and J. R. Baker Jr.,
PAMAM dendrimer-based multifunctional conjugate for cancer ther-
apy: Synthesis, characterization, and functionality, Biomacromolecules,
7, 572-579, 2006.

Y. Luo and G. D. Prestwich, Synthesis and selective cytotoxicity of
a hyaluronic acid-antitumor bioconjugate, Bioconjugate Chem., 10,
755-763, 1999.

H. Ogura, S. Nagai, and K. Takeda, A novel reagent (N-succinimidyl
diphenyl phosphate) for synthesis of active ester and peptide,
Tetrahedron Lett., 21, 1467-1468, 1980.

172



112.

113.

114.

115.

116.

117.

118.

Dendrimer Conjugates for Cancer Treatment |

M. Islam, I. Majoros, and J. R. Baker Jr., HPLC analysis of PAMAM
dendrim based multifunctional devices, Journal of Chromatography.
B.: Analytical Technologies in the Biomedical and Life Sciences,
822(1-2), 21-26, 2005.

I. J. Majoros, H. M. Chui, C. B. Mehta, S. R. Gopwani, and J. R.
Baker Jr. UV properties of dendrimer based multifunctional devices,
Unpublished data, 2007.

L. Mitnik, M. Novotny, and C. Felten, Recent advances in DNA
sequencing by capillary and microdevice electrophoresis, Electro-
phoresis, 22, 4104-4117, 2001.

J. S. Patrick and A. L. Lagu, Review applications of capillary elec-
trophoresis to the analysis of biotechnology-derived therapeutic pro-
teins, Electrophoresis, 22, 4179-4196, 2001.

P. G Righetti, Capillary electrophoretic analysis of proteins and pep-
tides of biomedical and pharmacological interest, Biopharm. Drug
Dispos., 22, 337-351, 2001.

S. E. Y. Li, Capillary Electrophoresis Theory & Practice, Academic
Press, San Diego, 1992.

X. Shi, I. J. Majoros, and J. R. Baker Jr., Capillary electrophoresis of
poly(amidoamine) dendrimers: From simple derivatives to complex
multifunctional medical nanodevices, Mol. Pharm., 2(4), 278-294,

2005.

173



Dendrimer Conjugates for Cancer Treatment |

98. V. R. Fantin, M. J. Berardi, H. Babbe, M.V. Michelman, C. M.
Manning, and P. Leder, A bifunctional targeted peptide that blocks
HER-2 tyrosine kinase and disables mitochondrial function in
HER-2-positive carcinoma cells, Cancer Res., 65, 6891-6900,
2005.

99. H. Calvert, Folate status and the safety proile of antifolates, Semin.
Oncol., 29, 3-7, 2002.

100. I. D. Goldman and L. H. Matherly, The cellular pharmacology of
methotrexate, Pharmacol. Ther., 28, 77-102, 1985.

101. I. Majoros, T. Thomas, C. Mehta, and J. R. Baker Jr., PAMAM
dendrimer-based multi-functional engineered nanodevice for can-
cer therapy, Journal of Medicinal Chemistry, 48(19), 5892-5899,
2005.

102. S. Hong, A. U. Bielinska, A. Mecke, B. Keszler, J. L. Beals, X. Shi,
L. Balogh, B. G Orr, J. R. Baker Jr., and M. M. Banaszak Holl,
Interaction of poly(amidoamine) dendrimers with supported lipid
bilayers and cells: Hole formation and the relation to transport,
Bioconjugate Chem., (Article), 15(4), 774-782, 2004.

103. S. Hong, P. R. Leroueil, E. K. Janus, J. L. Peters, M.-M. Kober,
M. T. Islam, B. G. Orr, J. R. Baker, Jr., and M. M. Banaszak Holl,
Interaction of polycationic polymers with supported lipid bilayers
and cells: Nanoscale hole formation and enhanced membrane per-
meability, Bioconjugate Chem., (Article), 17(3), 728-734, 2006.

104. T.-H. Wang, H.-S. Wang, and Y.-K. Soong, Paclitaxel-induced cell
death: Where the cell cycle and apoptosis come together, Cancer,

88(11), 2619-2628, 2000.

171



This page intentionally left blank



Chapter 6

Biological Application of
PAMAM Dendrimer Nanodevices
in vitro and in vivo

Thommey P. Thomas & Jolanta F. Kukowska-Latallo

Outline

6.1 Introduction

6.2 The Applicability of PAMAM Dendrimers as a Drug

Targeting Platform

6.2.1

6.2.2

6.2.3

6.2.4

6.2.5

Methods for biological analysis of dendrimer
fluorescence

Biological compatibility of PAMAM dendrimers
PAMAM-based drug conjugates as
macromolecular targeting agents independent of
enhanced permeability and retention
Applicability of PAMAM dendrimers as

carriers through non-covalent interaction

with molecules

PAMAM dendrimer conjugates containing
different functionalities for targeting, drug delivery

and detection



| Thommey P. Thomas & Jolanta F. Kukowska-Latallo

6.2.6  Targeting agents — small molecules (e.g., FA,
peptides) and biomacromolecules (e.g., proteins,
antibodies)

6.2.7  Chemotherapeutic drugs for inducing tumor cell
apoptosis

6.2.8  Dendrimer-based multifunctional nanoparticles for
quantification of apoptosis

6.3 Dendrimer-Based Nanoparticles for Tumor MRI Imaging

6.4 Cluster Dendrimers Designed for Easy Conjugation of
Multiple Functions

6.5 Summary

6.6 References

6.1 Introduction

Several conventional cancer chemotherapeutic protocols have been tested
and used in the clinic over the past two decades, and the recent advance-
ment in combination therapy using two or more drugs has significantly
increased the survival rate of cancer patients. These drugs act through the
interruption of cell proliferation via arresting cell division by inhibiting
one of the biochemical pathways of cell division — for example, the inhi-
bition of DNA replication or of the microtubule assembly that regulates
cell division. The selectivity of conventional cancer therapeutic agents is
based on the ability of a malignant cell to replicate faster than a normal
cell. However, as all dividing cells will be destroyed by such treatments,
a crucial factor that limits the success of such protocols has been drug tox-

icity. Any synergetic effects obtained due to combination therapy are also
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normally accompanied by synergistic toxicity, leading to patient suffering.
The cell toxicity is also accompanied in some cases with organ-specific
toxicity, such as cardiotoxicity.

In addition to toxicity, there are other limitations in using
chemotherapeutics. It may be difficult to maintain a small-molecule drug
in the circulation system for sufficient time at an adequate concentration in
order to catch all the tumor cells in the specific point of their cell cycle at
which the drug interacts. Furthermore, although cancer cells initially
respond to a chemotherapeutic agent, a relapse often occurs because the
cells that survive the treatment become drug-resistant, further aggravating
the cancer, owing to their lack of response to multiple drugs. Thus, the
application of conventional chemotherapeutics as single agents or as com-
bination therapy has always faced several setbacks not only because of
their non-specific toxicity but also because of their poor solubility and
long-term drug resistance.' In order to achieve an increased therapeutic
index (cytotoxicity and killing of cancer cells versus normal cells), it is
crucial that a more cancer cell-specific therapeutic approach is undertaken.
This may be achieved by developing “targeted” drugs which would be
preferentially taken up by the cancer cells, thus sparing normal cells.

Targeted therapy involves identifying biochemical molecules that
are relatively more specifically expressed in the tumor cells and utilizing a
mechanism similar to the “Trojan horse” to cause the death of the cells.
There are two different major types of targeted therapeutic approaches. In the
first approach, a molecule identified as being involved in the abnormal growth
of the cancer cell is targeted using a drug that would block its deranged

regulation. Examples of this type of targeted therapy is the application of
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the antibody Herceptin®, which inhibits tumor growth through its binding
onto the overexpressed HER2 receptor in certain breast tumors, and the
usage of the small molecule Gleevec® in inhibiting the “c-abl” protein-
mediated altered growth regulation in leukemia.’

In the second approach, a cell surface receptor overexpressed in
the cancer cell that is qualitatively or quantitatively different from normal
cells is identified and an apoptosis-inducing chemotherapeutic drug is
delivered into the cell through this receptor, acting similarly to a guided
missile, to disrupt the cell cycle and kill the cell. This is performed by
using the receptor ligand directly linked to the drug or through a macro-
molecule carrier. In addition to the specificity achieved, targeted drug
delivery overcomes the dilution effect of the drug in the body by effective
homing of the drug into the tumor and maximizing the amount released
into the cancer cell. Over the past decade several suitable drug conjugates
using carriers such as liposomes, polymers, and dendrimers have been
developed and studied.*® A drug that is targeted through a cell surface
receptor as well has other advantages — it uses different routes of endo-
cytic pathways than the non-targeted free drug, which could lead to an
increase in cellular retention and in the action of the drug and to a decrease
in drug resistance.

The suitability of a macromolecular carrier for in vivo application
is based on several properties: its ability to carry multiple targeting and
drug molecules, its aqueous solubility, its uniformity, and its ability to pass
through tissue barriers such as the vasculature and the interstitial fluid. In
addition, the carrier-drug complex must bind and internalize into the can-

cer cell and release the drug into the appropriate cell compartment. It is
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also important the carrier is non-toxic and non-immunogenic before and
after biodegradation. Water-soluble macromolecular platforms as carriers
of the drug also have the advantage of improved solubility and pharmaco-
kinetics when compared to free drugs.’

Recent studies have shown that the water-soluble polymers
termed “dendrimers” are one of the most suitable drug delivery plat-
forms. This is because of properties such as their biocompatibility,
dimension, and structural architecture, which mimic certain biomole-
cules such as the glycogen.*** Dendrimers also fall under the category
of “nanoparticles” because of their size — from 2.5 nm to 10 nm in
diameter. Dendrimers can be synthesized as different “generations” in
different molecular weights and sizes. For example, the poly(ami-
doamine) (PAMAM, Starburst™) dendrimer generations 3, 4, and 5 are
about 3.6, 4.5, and 5.4 nm in diameter, and these resemble the sizes of
the biological molecules insulin (3 nm), cytochrome C (4 nm), and
hemoglobin (5 nm). Owing to their dimension and biocompatible archi-
tecture and properties (see below), the dendrimers can be termed “artifi-
cial” biomacromolecules.

During the past decade, various types of dendritic molecules
have been tested as platforms for drug delivery, either as non-covalent
“encapsulation complexes” or through the careful synthesis of covalent
conjugates with multiple targeting and drug moieties. Several dendrimer
platforms such as PAMAM, poly(propylene imine) (PPI), poly(aryl
ether) branches, and those containing core molecules such as carbohy-
drate, calixarene have been described as possible drug delivery

agents.”"" A variety of chemical linkages have been employed for the
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conjugation of molecules onto the dendrimer, and core groups have
been synthesized using different iterative synthetic strategies under con-
trolled conditions. A selected synthetic strategy can direct the size,
shape, and dimension of the dendrimers’ interior molecular space.*!?
A particular chemical method would also determine the number of
surface functional groups by varying the core molecules and the nature
of its branching points.

PAMAM dendrimers are the first dendrimer type to be synthe-
sized, characterized, and tested in biological systems. The commercially
available PAMAM (“Starburst”) dendrimers are synthesized from an eth-
ylene diamine (EDA) or NH, initiator core, with exhaustive Michael
addition of methyl acrylate (MA) followed by condensation (amidation)
reactions of the resulting ester with large excesses of EDA.**!*!* Each
generation of growth doubles the number of termini and approximately
doubles the molecular weight, with an increase of about 1 nm in diame-
ter for each added generation. The detailed synthesis protocols, proper-
ties of different types of dendrimers, and characterization techniques
have been described elsewhere in this book and in other recent
reviews.>*!121315 This chapter deals with the biological properties and the
in vivo applicability of the PAMAM dendrimers as drug carriers. The
goal of the research work conducted in our laboratory has been to inves-
tigate the usefulness of the PAMAM dendrimer as a platform for the spe-
cific cellular delivery of molecules such as a drug or an imaging agent
into target cells, and our recent studies have unequivocally established
the potential applicability of the PAMAM dendrimers as a molecular

delivery platform.' "
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6.2 The Applicability of PAMAM Dendrimers as a Drug
Targeting Platform

6.2.1 Methods for biological analysis of dendrimer conjugates

The specific targeting and tissue distribution of fluorescently tagged den-
drimer conjugates are determined in vitro and in vivo by various fluores-
cence detection techniques such as flow cytometry, confocal microscopy
and two-photon optical fiber fluorescence (TPOFF).'>!*?° Flow cytometry
allows quantification of the cellular binding of the conjugate, and confocal
microscopy provides the cellular and sub-cellular localization. We have
developed an optical fiber-based TPOFF technique to quantify tumor flu-
orescence that would not require the routine tissue processing needed for
flow cytometry and confocal microscopy. In this method, an optical fiber
is inserted into the tissue through a 30-gauge needle to quantify its fluo-
rescence. Using this technique it is possible to measure the tumor fluores-
cence in live animals.?' The details of the TPOFF analysis are given in a
separate chapter. The extent of cytotoxicity induced by a dendrimer-drug
conjugate is determined by XTT and clonogenic assays'® and by monitor-

ing apoptosis by other standard methods (described in a separate chapter).

6.2.2 Biological compatibility of PAMAM dendrimers

PAMAM dendrimers are largely non-immunogenic and their conjugation
with certain molecules such as poly(ethylene glycol) (PEG) can make
them devoid of any immunogenicity.”” The surface charge, the dendrimer
generation, and the route of administration ultimately determine the bio-

logical fate and compatibility of the PAMAM dendrimers.” Because the

181



| Thommey P. Thomas & Jolanta F. Kukowska-Latallo

mononuclear phagocyte system (MPS) present in the spleen, liver, lungs
and bone marrow normally takes up hydrophobic particles larger than
100 nm in diameter, the hydrophilic PAMAM dendrimers (<10 nm) are
excluded from the phagocytic pathway. PAMAM dendrimers which are
not capped (surface amino groups neutralized by chemical reactions such
as acetylation and hydroxylation) induce cytotoxicity in a concentration-

and generation-dependent manner,> %

whereas capped (neutralized) den-
drimers fail to show significant cytotoxicity.'>'®!*242¢ The cytotoxicity of
PAMAM dendrimers having free surface amino groups is thought to be
due to its non-specific interaction with cellular membranes, which also

leads to blood hemolytic activity in vivo.>*

6.2.3 PAMAM:-based drug conjugates as macromolecular
targeting agent independent of enhanced permeability

and retention

Because tumor vasculatures in general have the abnormal property of
being leaky and able to permeate macromolecules (up to 400-nm pore size
versus 2-6 nm in normal vasculature) through a process termed as
“enhanced permeability and retention” (EPR), higher dendrimer genera-
tions may passively enter into the tumor tissue. Drug accumulation by the
EPR effect is the due to the combined effects of tumor leakiness and poor
lymphatic drainage from the tumor interstitial fluid. Smaller molecules
which easily diffuse out of the tumor do not accumulate in the tumor by
the EPR effect. Passive drug targeting via EPR has been attempted as a

means for selective tumor uptake of drugs. However, EPR may be an
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ineffective strategy because of the absence of the EPR effect in all areas of
larger tumors and because of the inability of a carrier to non-specifically
internalize into cells in these areas of the tumor passively following reten-
tion in the interstitial fluid. Therefore a targeted therapy that is not entirely
dependent on EPR is required for the specific and effective targeting of a
drug into the tumor.

The PAMAM dendrimers are suitable for specific drug targeting
through mechanisms not dependent on an EPR effect. As described pre-
viously, PAMAM dendrimers are branched polymers with highly
ordered spherical 3D structures. They possess positively charged
amino groups on their periphery, which provide useful moieties for
functional modification and they allow a variety of reactions to be per-
formed under mild conditions. PAMAM dendrimer-conjugates with
molecules such as folic acid, peptides, and antibodies have been syn-
thesized, purified, characterized, and their biological properties reported

in several recent studies.'®**!

6.2.4 Applicability of PAMAM dendrimer as carrier through

non-covalent interaction with molecules

A detailed description of PAMAM dendrimers as ‘“nanocomposites” for
carrying atoms or molecules into cells is in a separate chapter. In nanocom-
posites, the dendrimer-drug complex is generated through non-covalent
interaction®¥*** through encapsulation and dispersal of small domains of
the guest molecules within the dendrimer interior. Agents such as metal

ions and drugs may be trapped inside the dendrimer through H-bonding,

183



| Thommey P. Thomas & Jolanta F. Kukowska-Latallo

ionic and van der Waals forces. The metal nanoparticles can be prepared
by either in sifu chemical reaction (for example, the reduction of metal
ions to metal with zero valency) or by physical treatment (for example,
irradiation). Preparation and in vitro applicability of gold-, silver- and
drug-based nanoparticles have been described.”>” One undesirable bio-
logical property of the nanocomposites is that the entrapped molecules are
released from the dendrimer in the presence of isotonic conditions despite
their stability in water.®® Thus, it is important to develop a covalent
dendrimer-drug conjugate that is stable in the circulation but capable of

releasing the drug or performing the function of the drug in cancer cells.

6.2.5 PAMAM dendrimer conjugates containing different

functionalities for targeting, drug delivery and detection

Because of the presence of multiple free amino groups on the PAMAM,
several functions such as a targeting molecule, a fluorescent detecting
agent, an imaging agent, drugs, and an apoptosis-detecting agent can be
covalently conjugated onto the dendrimer surface. The targeted drug deliv-
ery is based on the principle that if a receptor is specifically expressed or
overexpressed on the surface of the cancer cell, the conjugate with the drug
and a receptor ligand travels stably through the circulation and specifically
binds, internalizes into the cell, and performs the action of the drug with or
without releasing the free drug. The presence of additional functionalities
such as a fluorescent sensing agent or an apoptosis-detecting agent along
with the targeting molecule and the drug would enable simultaneous mul-

tifunctional analysis of the biological fate of the delivered drug.
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6.2.6 Targeting agents — small molecules (for example, FA
and peptides) and biomacromolecules (for example,

proteins and antibodies)

The first step in creating a targeted drug delivery system is the identifica-
tion of an appropriate cancer cell-specific cell surface receptor. These
receptors may specifically bind a small molecule such as folic acid (FA),
a protein, or an antibody. The most widely tested small molecule receptor
is the FA receptor (FAR), which is known to be overexpressed in malig-
nancies such as cancer of the ovary and breast.**’ There are three types of
FAR — the o, B, and 7y isoforms. The o and [3 isoforms are glycosylpho-
sphatidylinositol (GPC)-anchored membrane proteins, and the y isoform is
a soluble protein. The o and 3 isoforms are membrane receptors identified
respectively in epithelial and non-epithelial cells. The o isoform is over-
expressed up to a hundred-fold in several human carcinomas, which pro-
vides optimal selectivity for targeting carcinomas using drug conjugates
containing FA. FA binds to its receptor with high affinity (K, = 0.1 to
1 nM) and is largely non-immunogenic.

Another advantage of FAR-targeting is that the expression of the
FAR in transformed epithelial cells is higher on the basolateral surface
(“blood side”) of cancer cells in comparison to the predominant apical
(“tissue side”) expression in normal cells. Therefore, an intravenously
administered dendrimer-FA conjugate will have additional cancer cell
specificity of FA.*! The small molecular size of FA allows easy tumor pen-
etration and favorable pharmacokinetics. FA is easily available and is inex-

pensive, and the chemical conjugation of FA to a polymer such as a
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dendrimer and the purification of the FA-conjugate complex are relatively
simple. Because of these advantages, FA has been widely studied for the
targeting of bioactive agents such as protein toxins, oligonucleotides, plas-
mids, liposome-entrapped drugs, radiopharmaceutical agents, and MRI
agents.’ Our in vitro as well as in vivo studies have shown that the FAR is
a suitable target for dendrimer-based targeting (Figures 1 and 2).
Receptors of proteins and peptides have been tested as cancer-tar-
geting cell surface molecules. Several receptors of growth factors such as
EGFR, HER2 and FGF have been known to be overexpressed in certain
tumor types. The natural protein ligands for the receptor or a ligand
mimetic such as an antibody or a peptide (with <100 amino acids) can be

used as the targeting molecule. Targeting using peptides or a peptide

Figure 1: Confocal microscopy of KB cells treated with non-targeted (G5-6T,
panel A) and targeted (G5—6T-FA, panel B) nanodevices. KB cells were incubated
with 100 nM of the indicated dendrimers for 1 hour and confocal images were
taken. (Reprinted with permission from T. P. Thomas, J. Y. Ye, C.-S. Yang, et al.,
“Tissue distribution and real-time fluroscence measurement of a tumor-targeted
nanodevice by a two photon optical fiber fluroscence probe,” in Nanobiophotonics

and Biomedical Applications III, Proceedings of the SPIE, Vol. 6095, 2006.)
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Figure 2: Tumor targeting of FA-conjugated dendrimer. KB (FAR-positive) and
MCA207 (FAR-negative) cell tumors were developed in SCID mice. The mice
were injected with 10 nmols of the dendrimers G5-6T or G5-6T-FA; after 15
hours, the tumor fluorescence was quantified by TPOFE. * p = < 0.05 vs. KB
tumor injected with G5-6T and FAR-negative tumor injected with either G5-6T or
G5-6T-FA. (Reprinted with permission from T. P. Thomas, M. T. Myaing, J. Y. Ye,
et al., “Detection and analysis of tumor fluroscence using a two-photon optical

fiber Probe,” Biophys. J. 86(6), 3959-3965, 2004.)

mimetic that would bind to an overexpressed growth factor receptor
has several advantages over targeting using the intact protein ligands.
The smaller size of the peptide would result in better pharmacokinetics and
faster blood clearance than the parent protein. In addition, the conjugation
chemistry with the peptides is easier and more stable in comparison to that
using the intact protein.

Specific peptides that bind to a tumor cell can be determined by

using random peptide phage libraries. In this procedure, random peptide
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phage libraries are allowed to bind and internalize into the cell by the
repeated cycling steps of cellular internalization, washing of surface bound
phages, and amplification of the internalized phage in bacteria. The phage
DNA purified from the final bacterial preparation is sequenced, and the
corresponding peptide identified. Once a tumor-specific peptide has been
identified, it must be determined whether the peptide is stable in the blood
and whether or not it is readily hydrolyzed by peptidases. If the peptides
are susceptible to plasma peptidases, the peptides have to be modified to
inhibit the degradation by peptidases. Techniques such as peptide “end-
capping”, substitution of an L-amino acid with a D-amino acid, can be
used to prevent hydrolysis by peptidases, provided these do not affect the
binding of the peptide on the receptor. As the flexibility of the amino acids
may be important for the binding of the peptide to the receptors, introduc-
tion of a spacer (such as an additional small peptide) between the active
peptide and the polymer is important.

Peptides that bind to receptors such as integrins,* the human EGF
receptor 2 (HER2),%* and the leutenizing hormone-releasing hormone
(LHRH)* have been tested. Our studies have shown that PAMAM conju-
gates of the o B, integrin-binding cyclic peptide “RGD 4C” (Arg-Gly-
Asp) bind and internalize into integrin-expressing cells in vitro (Figure 3).%
As the integrin proteins are involved in the regulation of tumor neovas-
cularization, the targeting of integrin would suppress tumor growth
through nutrient and oxygen deprivation. One drawback of targeting the
vascular cells is that, because the cancer cells are not directly targeted and
killed, the effect on the cancer cells may be more cytostatic rather than

cytotoxic.
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Figure 3: Binding and internalization of G5-AF-RGD (G5-AF-RG) on o j3, inte-
grin-expressing HUVEC cells. Cells were incubated with different concentrations
of the conjugate for 1 hour, and the fluorescence of the rinsed cells was taken in a
flow cytometer. Inset: Confocal images of G5-AF-RGD-treated cells under simi-
lar conditions. Cells were cultured on coverslips and, after the treatment, fixed by
paraformaldehyde and staining the nuclei with DAPI (blue stain). The results
show the presence of the G5-AF-RGD (green stain) in the cytosolic compartment.
Panels A and B show control and G5-AF-RGD-targeted cells, respectively.
(Chemical Communications, 46, 5739-5741, 2005.)

Antibodies which bind to cell surface antigens which are known to
be overexpressed in tumor cells have been extensively studied as targeting
agents.*® We have tested several dendrimer-antibody conjugates in vitro
and in vivo.”"**® These antibodies include 60bca or J591 and Herceptin,
which bind respectively to the antigen CD14, the prostate-specific mem-
brane antigen (PSMA), and HER2. These conjugates target and internalize
into the corresponding antigen-expressing cells in vivo (Figure 4). One dis-

advantage in using an intact antibody as the targeting molecule is the poor
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Figure 4: Binding of G5-Alexafluor (G5-AF) and G5-Alexafluor-Herceptin (G5-
AF-HN) in Control- and HER2-expressing MCA 207 mice xenograft tumors
in vivo. Tumors were developed in SCID mice by subcutaneous injection of the
two cell lines, respectively on the left and right flank areas of the mice. When
the tumors were about 0.7 cm in diameter, 2.4 nmols of the conjugates or its vehicle
(PBS) were injected intravenously through the tail vein. The tumors were isolated
after 15 hours, the cells were separated by collagenase digestion, and they were
analyzed by flow cytometry. (Reprinted with permission from Bioconjugate

Chemistry 17(5), 1109-1115, 2006. Copyright (2006) American Chemical Society.)

targeting efficiency because of the very low tumor-to-blood ratio achieved.
The Fc region is the primary recognition site for the immunogenecity of
the antibody and for uptake into the liver, which lead to a host immune
reaction and removal of the antibody conjugate in the liver.

The immunogenecity can be overcome by “humanizing” the anti-
body by recombining the immunogenic sites of the animal-derived

antibody through genetic engineering technology. One alternative to using
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an intact antibody is using antibody fragments such as the divalent F(ab),
the monovalent Fab, and the single chain Fv segment. These smaller-sized
fragments, in addition to being smaller and providing better pharmacoki-
netics, will have reduced immunogenecity because of the removal of the
Fc region. The association of the Fab fragment with carriers can further
improve the biodistribution and tumor deposition of a Fab in comparison
with an entire antibody molecule. Targeting of an albumin-Fab
(trastuzumab derived) bifunctional molecule can be increased in compari-
son to the entire trastuzumab antibody (HERCEPTIN) in the mouse mam-

mary tumor virus/HER2 allograft models in vivo.*

6.2.7 Chemotherapeutic drugs for inducing tumor cell apoptosis

Second to the selection of an appropriate targeting molecule, a chemother-
apeutic drug that is suitable for inducing apoptosis of the targeted tumor
cells has to be chosen. Although there are more than 100 FDA-approved
cancer therapeutic drugs, only about 20 have been used for in vivo and
clinical studies. Some of the commonly used chemo-therapeutic drugs
include doxorubicin (intercalates into DNA and stops DNA replication),
methotrexate (inhibits the enzyme dihydrofolate reductase and stops
nucleotide and DNA synthesis), taxol (promotes microtubule assembly and
causes cell cycle arrest), cisplatin, vincristine (inhibits microtubule assem-
bly and causes cell cycle arrest), and 5-fluorouracil (inhibits thymidylate
synthase). Any chemotherapeutic drug proven to be effective for anti-
tumor therapy can be used for conjugation to the PAMAM dendrimer pro-
vided there are functional groups present on the drug for conjugation to the

amine of the PAMAM dendrimer.?
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Several dendrimer conjugates with drugs such as methotrexate 19
and taxo150 have been tested for conjugation with PAMAM dendrimer.
PAMAM dendrimers with FA as the targeting molecule and methotrexate
as the chemotherapeutic specifically target and kill FAR-expressing
KB cells in vitro and in vivo (Figure 5).'>161°

In vivo targeting of a nanoparticle conjugated drug improves the
therapeutic response to anticancer MTX drug and allows the simultaneous
monitoring of its uptake by tumors.'® The conjugates are injected intra-
venously into immunodeficient mice bearing xenograft human KB tumors
that overexpress the folic acid receptor. In contrast to non-targeted poly-

mer, folate-conjugated nanoparticles concentrate in the tumor and liver

tissue over four days after administration. The tumor tissue localization of

G5-FI-MTX

G5-FI-FA-MTX

Cell Proliferation (% Control)

[Conjugate], nM

Figure 5: Comparison of cytotoxicity induced by G5-FI-MTX and G5-FI-FA-
MTX. KB cells were exposed to different concentrations of the dendrimer con-
jugates shown for four days, and the XTT assay was performed. The data is
plotted as percent growth of treated cells versus control cells incubated with the

vehicle PBS.
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the folate-targeted polymer can be attenuated by prior intravenous injec-
tion of free folic acid.

Confocal microscopy confirms the internalization of the drug con-
jugates into the tumor cells.'® This is consistent with our in vitro binding
and internalization studies of the multi-functional dendrimer conjugate."
Internalization coupled with a high cytosolic concentration of the drug pro-
vides the possibility of overcoming drug non-responsiveness due to the
action of the membrane P-glycoprotein in resistant tumor cells.’!

Significant improvements are achieved in the therapeutic index of
a targeted polymer-drug conjugate over a free drug, and this could have
occurred from both a decrease in the conjugate’s toxicity and an increase
in its effectiveness.'® Prior studies from our group and others have shown
that, when injected into the vascular system in mice, non-targeted
PAMAM dendrimers distribute according to size with similar characteris-
tics to proteins of the same molecular weight.” In addition, neutralization
of the amine surface charge of the dendrimer is essential to preventing the
toxicity and non-specific uptake of the drug conjugates.'>

The anti-tumor activity of the targeting polymer therapeutic is
equal, whether or not it carried FITC. This suggests that the four chemi-
cally distinct moieties on the conjugate — the folic acid, fluorescent dye,
radiolabel, and methotrexate — function independently. Methotrexate con-
jugated to the dendrimer has significantly lower toxicity and a 10-fold
higher efficacy compared with free MTX at an equal cumulative dose
(Figure 6(a)). Higher doses of MTX on the conjugate compared with the
free drug can be delivered due to the longer survival of mice receiving the

therapeutic nanoparticle (Figure 6(b)).
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Figure 6(a): Tumor growth in SCID mice bearing KB xenografts during treatment
with G5-FI-FA-MTX conjugate and free MTX. Tumor volume (mm?) was calcu-
lated using the formula for a standard volume of an ellipsoid. The conjugate G5-FI-
FA-MTX (blue) is effective in tumor growth delay. The dose of MTX (yellow)
equivalent to the MTX dose of G5-FI-FA-MTX (blue) is equally ineffective as the
saline (magenta) and the control G5-FI-FA conjugate (pink). A ten-times higher dose
of free MTX inhibits tumor growth but affects about 30% of the mice’s body weight
and is lethal (LD 50) at 32 days. During 15 bi-weekly injections (56 days) of the
experiment, the dose of free MTX equivalent to the MTX in the G5-FI-FA-MTX
conjugate and all of the doses of the control treatments were not toxic. The values

are the means + SEM from five mice. (Cancer Research, 65(12), 5317-5324, 2005.)

The biochemical events following the entry of the methotrexate
conjugate into the targeted cell is not clearly understood. In the conjugate,
the FA is linked through an amide linkage and the MTX through an ester
linkage. The ester linkage was intended for allowing the release of the drug

in the endosomes at acidic pH and through hydrolysis by the cellular
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Figure 6(b): Representative survival rate of SCID mice bearing KB tumors.
During 73 days of the trial, 50% of the mice receiving two different lots of G5-FA-
MTX conjugates (green and purple) survived with significantly smaller tumors,
compared with those treated with free methotrexate (red) and in the saline (blue)

groups. (Cancer Research, 65(12), 5317-5324, 2005).

esterases. Nevertheless, our studies in vitro using acidic conditions and in
the presence of purified non-specific esterases have failed to show hydrol-
ysis (unpublished observation). On the other hand, the conjugate inhibited

purified DHFR with an IC,, similar to that of free methotrexate (Figure 7).
6.2.8 Dendrimer-based multifunctional nanoparticles
for quantification of apoptosis

The mechanism through which a chemotherapeutic drug induces cell death
is by a process called apoptosis or programmed cell death.*>* Real-time

quantification of drug-induced apoptosis is important to following the
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Figure 7: Inhibition of DHFR activity by free MTX and G5-FA-MTX. The reac-
tion mixture contained 50 mM Tris HCI, pH 7.5, 150 mM KCI, 10 mM mer-
captoethanol, 120 uM NADPH, 0.8 uM recombinant bacterial DHFR, 120 uM
dihydrofolate, and different concentrations of free MTX or G5-FA-MTX in a total
volume of 100 pul. The reaction was started by adding DHFR, and the absorbance
at 340 nm was monitored for 4-5 minutes at room temperature in a Beckman spec-
trophotometer. The specific activity was calculated from the slope of the initial

linear portion of the velocity curves.

physiological effectiveness of the drug. As the apoptotic process involves
a cascade of biochemical changes, an intermediate biomolecule of the
apoptosis pathway may be utilized to monitor fluorescence changes of a
molecule delivered through the dendrimer. This may be done by the syn-
thesis of fluorescence resonance energy transfer (FRET)-based dendrimer
conjugates by conjugation of a donor-acceptor fluorophore to the den-
drimer. For example, a donor and acceptor fluorophore can be coupled
though the peptide “DEVD?”, a substrate of the apoptotic enzyme caspase-3,
which will have a reduced fluorescence due to the FRET action between

the dyes. The intracellular hydrolysis of this peptide will result in an
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increase in fluorescence which can be quantified using appropriate tech-
niques. A detailed description of the application of dendrimer-based con-

jugates in monitoring apoptosis is given in a separate chapter.

6.3 Dendrimer-Based Nanoparticles for

Tumor MRI Imaging

The PAMAM dendrimer is a suitable platform for the conjugation and
tumor targeting of magnetic resonance imaging (MRI) agents. A targeted
contrast agent can be imaged using MRI non-invasively, and the method
provides high temporal and spatial imaging resolution of up to 100 pum.
Dendrimer-Gd complexes of different generations and sizes have been pre-
viously tested as MRI contrast agents. Amine-terminated PAMAM-Gd
complexes with smaller size (<3 nm) are rapidly extravasated to diffuse
throughout the body, whereas complexes between 3 nm and 6 nm are
quickly excreted through the kidney. Dendrimers with sizes from 5 nm to
7 nm have a preference for extravasation into the tumor tissue, whereas
those having a size between 7 nm and 12 nm are largely retained in the cir-
culation.”® Based on the observed differences in the body distribution of
the conjugates, generations 5 and 6 of the PAMAM dendrimers appear to
be ideal for tumor imaging/targeting, whereas sizes above 7 may be suit-

able for vascular imaging because of their retention in the vasculature.

6.4 Cluster Dendrimers Designed for Easy

Conjugation of Multiple Functions

There are limitations for synthesizing different types of molecules onto the

same dendrimer surface — such as decreased solubility, low yield, and steric
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hindrance between molecules, etc. — due to the multiple synthetic and purifi-
cation steps involved. We have attempted to overcome this problem by
designing and synthesizing dendrimer clusters with each dendrimer molecule
in the cluster carrying a specific function, such as being a targeting molecule

t.° This is done by linking two different dendrimer

or being an imaging agen
molecules carrying separate functions either covalently or through a DNA
molecule. The advantage of such a cluster dendrimer is the easy combinator-
ial synthesis of a “custom” conjugate that would be specific for a patient’s
particular tumor type for imaging, specific targeting, and for the delivery of a
drug that is effective for the tumor. Our in vitro studies show the applicabil-
ity of a simple cluster dendrimer for tumor targeting, in which two dendrimer

molecules with two different functions conjugated to complementary DNA

molecules are allowed to anneal to form a cluster (Figure 8).
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Figure 8: The concentration-dependent saturation binding of the DNA-linked
cluster to KB cells overexpressing the folate receptor. FA- and FI-conjugated den-
drimers were linked through DNA, purified, and the binding of the cluster to KB
cells was determined in a flow cytometer following incubation for 1 hour at 37°C.

(Chemistry and Biology, 12, 35-43, 2005.)

198



Biological Application of PAMAM Dendrimer Nanodevices

6.5 Summary

PAMAM dendrimers are biocompatible nanosized macromolecules
highly suitable for carrying and delivering molecules into tumor cells
in vitro and in vivo. PAMAM dendrimers engineered to carry various
functions on their surfaces may perform multiple biological tasks such as
binding to a cancer cell, releasing a drug to induce apoptosis of the can-
cer cell and measuring the extent of cell death. Two or more dendrimer
molecules can be designed by linking through DNA or other linkers for
the relatively easier synthesis of a custom nanodevice. In addition to
tumor targeting, the PAMAM-based targeting may be useful for the tar-
geted delivery of other drugs for other diseases to minimize the toxicity

of the free drug.
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7.1 Introduction

There are several criteria for proper selection of a targeted apoptosis sen-
sors delivery system (ASDS). The targeting moiety of the system must tar-
get a specific receptor on the tumor. The ASDS must be soluble in aqueous
body fluids and maintain its stability in blood before it arrives at the
target. The ASDS must be able to penetrate through tissue barriers and
should have the ability to migrate into the interstitial fluid to reach the can-
cer cells. Along with these characteristics, the ASDS must also be able to
be endocytosed into the cancer cell and release the apoptosis sensors into

the appropriate cell compartments to sense apoptosis. The exogenous
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components of the system must also have the ability to be excreted from
the body with or without undergoing biodegradation, and the monomer
components of each macromolecule must be non-toxic so that, if the
macromolecule undergoes biodegradation, the monomeric units will not
cause toxicity to the system.

In recent years more and more techniques became available to
measure the degree of apoptosis as a function of cell death. Apoptosis, often
called “programmed cell death” (PCD), is a process in which a cell actively
participates in its own destruction. PCD helps maintain tissue homeostasis,
controls irregular cell growth, and regulates the immune system function.'”
Particular molecular, chemical, and morphological changes to a cell can
trigger the apoptotic pathway. PCD leads to characteristic cell morphologi-
cal changes such as cell fragmentation, chromatin condensation, membrane
blebbing, and cytoplasmic shrinkage.® The central component of PCD is a
cascade of proteolytic enzymes called caspases, a structurally related group
of cysteine aspartate-specific proteases.” Caspase-3 is one of the most fre-
quently activated cysteine proteases during the process of apoptosis. While
apoptosis is possibly reversible if detected in its earliest stages, once cas-
pase activity has begun (the final phases of apoptosis), the process becomes
irreversible. Therefore, activation of the caspase family is one of the earli-
est markers of an apoptotic event. The function of caspase-3 includes pro-
tein degradation and DNA fragmentation. The high specificity of caspase-3
to cleave proteins containing a valine-aspartic acid sequence is of the
utmost interest to our work.

In the treatment of cancer, tumor cells can respond to radio- or

chemotherapy by undergoing apoptosis. For some tumors the degree of
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apoptotic cell death has been shown to correlate with subsequent
tumor growth delay and the rate of tumor cure.*® The non-invasive
detection of apoptosis is likely, therefore, to be a useful tool in the
clinic, both for monitoring disease progression and for assessing the
response to therapy.

The applicability of poly(amidoamine) (PAMAM) dendrimers
as a platform for the targeted delivery of apoptosis sensors in vitro has
been demonstrated.'” The apoptosis sensors will help to monitor the
responsiveness of cancer cells to the course of chemo- or radiotherapy
and will facilitate the analysis and degree of apoptosis in targeted cells
on a real-time basis. Below we show the synthesis, characterization, and
in vitro targeting of an engineered PAMAM nanodevice in which folic
acid (FA) is conjugated as the targeting molecule and either an (Asp),-
R110 single dye sensor or a caspase-specific fluorescence resonance
energy transfer (FRET)-based agent (PhiPhiLux™ G,D,) are used for
detecting apoptosis. These conjugates specifically target FA-receptor
(FAR)-positive cells.

Here we describe the synthesis and biological function of two
kinds of targeted apoptosis sensors. One is the (Asp),-R110 single dye sen-
sor and the other is a fluorescence resonance energy transfer (FRET)-based
dye that becomes fluorescent in cells due to the actions of activated cas-
pases.'" Fluorescence resonance energy transfer (FRET) imaging agents,
which contain two distinct dyes, are widely used to detect apoptosis. When
these two conjugated dyes are cleaved by caspase-3, the fluorescent mod-
ule is released and the amount of fluorescence can then be quantified by

flow cytometry.'*!
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7.2 Apoptosis as a Biological Event

Kerr et al. originally described two forms of cell death, necrosis and apop-
tosis, which may occur in the absence of pathological manifestations.'
Apoptosis, or programmed cell death, is a normal physiologic process that
occurs during embryonic development as well as in maintenance of tissue
homeostasis. The overabundance or deficiency of apoptosis in cells can
lead to recognizable disease. Many illnesses can be commonly associated
with a defect in apoptosis, including cancer diseases. Cell growth becomes
out of control and proliferation of these malignant cells continues, increas-
ing the ratio of cancerous to healthy cells and eventually leading to death
if left uncontrolled."” It must be emphasized that an enormous number of
research articles have been made available over the past few years. Figure 1
below illustrates the huge increase in articles published in the past few
years, which has left us with an enormous amount of research to sift

through in order to present the clearest version of the course of apoptosis.
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Figure 1: Chart of increase of journal articles published.
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The term apoptosis, from the Greek word for “falling off” of
leaves from a tree, is used to describe a process in which a cell actively
participates in its own destructive processes. Certain morphological, bio-
chemical and molecular changes characterize the apoptotic cascade.
Events can be characterized to occur during the early, middle or late phases
of the apoptotic process and are detected through the use of flow cytome-
try and fluorescence microscopy and through the newly developed atomic
force microscopy (AFM). There are two pathways for induction of apop-
tosis via death signals, the mitochondria pathway and the death receptor
pathway. Both pathways utilize caspases for the disassembly of cell struc-
tures, leading to cell death.

While the process of apoptosis is possibly reversible if detected
in its earliest stages, once caspase activity has begun, the process
becomes irreversible. Caspases, a structurally related group of cysteine
aspartate-specific proteases, cleave peptide bonds following specific
recognition sequences. They play a central role in activating apoptosis
of vertebrate cells. Activation of the caspase family is one of the
earliest markers of an apoptotic event. Early apoptotic events also
consist of changes in the plasma membrane, including increased perme-
ability, a loss of membrane symmetry, and construction of membrane-
bound apoptotic bodies. Externalization of phosphatidyl serine from
the inner to the outer plasma membrane leaflet also occurs (via caspase
activation) and can be used as an indicator of the initialization of
apoptosis.'¢

Additional events of apoptosis include the condensation of the

cytoplasm and nucleus due to lysosomal rupture and cell shrinkage,
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degradation of cellular proteins, membrane blebbing, condensation of
nuclear chromatin, and inter-nucleosomal cleavage of DNA. In contrast
to necrotic cell death, cell shrinkage is an elemental step in apoptosis for
the instigation of death enzymes. Cells that have undergone shrinkage
show an increased presence of caspase-3 like activity and have frag-
mented DNA.'¢

In the past few years, great emphasis has been placed on the mito-
chondria as important components to the apoptotic process. While there
has been some uncertainty as to the order these events take place (caspase
activation, then mitochondrial activity or, vice versa) or whether the mito-
chondria even play a vital role in the apoptotic process,' there are at least
three general mechanisms occurring in the apoptotic cascade which
involve cell mitochondria: (1) disruption of the electron transport chain,
which means effectively, the loss of cell metabolism and ATP production;
(2) the release of caspase activating proteins; and (3) alteration of the
redox potential.'’

The alteration of cell metabolism, largely due to a decrease in
mitochondrial respiration, is a key step toward cell death.'® Disruptions of
the mitochondria begin with a decrease in membrane potential. Research
by K. M. Heiskanen et al. supports that a decrease in membrane potential
does not occur partially in all mitochondria within a cell, but occurs fully
(full depolarization) within a finite proportion of mitochondria within

a cell.’

Opening of the mitochondrial permeability transition pore
(PT pore) occurs as a result of this and allows for the passage of small
molecules and ions, equilibrating the ion concentrations between the

matrix and the inter-membrane space of the mitochondria. This equilibrium
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causes destruction of the respiratory chain and rupturing of the mitochon-
drial outer membrane. Uncoupling of the respiratory chain leads to a
decrease of ATP production in the mitochondria. The mitochondrial outer
membrane ruptures due to the expansion of the matrix space inside the
inner membrane (as a result of the equilibration of ion concentrations via
the PT pore, the matrix experiences hyperosmolarity, causing it to swell).
The folded cristae of the inner membrane allow for the inner membrane
to have a much larger surface area than the outer membrane; therefore, the
expansion of the inner membrane causes the outer membrane to rupture,
leading to the release of cytochrome ¢ and other caspase-activating pro-
teins from the mitochondria into the cytosol.'”' The release of
cytochrome ¢ helps activate caspase-9, which cleaves procaspase-3 into
its active form, caspase-3, which is largely responsible for the biochemi-
cal and morphological changes by which we so commonly characterize
the apoptotic pathway. The final stage of apoptosis is characterized by the
dying cells’ fragmenting into “apoptotic bodies” which are rapidly elimi-
nated by phagocytic cells without eliciting significant inflammatory dam-
age to surrounding cells.

A variety of methods are used in order to detect whether or not
apoptosis has occurred or is occurring within a cell. Double-dye fluores-
cence resonance energy transfer (FRET) detection as well as single-dye
detection using rhodamine derivatives, Rhodamine 110, (which is used to
detect caspase activity in cells), Rhodamine 123, and tetramethylrho-
damine methyl ester (TMRM) and tetramethylrhodamine ethyl ester
(TMRE) (which are used to measure membrane potential in mitochondria)

are all commonly used as apoptosis detectors.
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7.3 Apoptosis Detection Methods

Apoptosis detection methods are employed in order to determine if the
apoptosis process has occurred or is in the process of occurring within
cells. Apoptosis detection is most often performed using single- or double-
dye detection methods. While there are a large variety of techniques in use,
the following sections review the most commonly practiced. However,
some methods are more valuable than others, as they are able to detect
apoptosis in vivo. Most techniques nonetheless rely on in situ evaluation,
as phagocytic tissues and cells quickly remove apoptotic cells left in vivo.
Other detection methods require the cells to be fixed in order to detect the
occurrence of apoptosis. Detection methods used to study apoptosis in
fixed tissues are difficult to evaluate due to the structural complexity of
cells and tissues; therefore, electron microscopy and two-photon
microscopy are promising methods under investigation for further study of
apoptosis in live tissues."

Detectors are commonly made with one or two dyes, and by stain-
ing with these dyes or by coupling these dye reagents to a dendrimer or
other delivery device, these dyes are delivered into the cell or attach to cell
surfaces in order to determine whether apoptosis has occurred.

Detection methods can be categorized based on the phase of apop-
tosis they detect. Some techniques detect apoptotic activity based on mem-
brane permeability and DNA fragmentation, while other methods detect
activity based on chromatin condensation or caspase activity. Flow cytom-
etry is widely used to quantify dye measurements as apoptotic, necrotic,

and viable cells all exhibit different light scattering patterns. Most often,
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apoptosis detection methods are used in combination with one another for
better evaluation of the data. The majority of the methods of apoptosis
detection are expensive as well as time-consuming and are subjected to a
great deal of human error in handling and interpretation of test results;
therefore, it is in an experimenter’s best interest to fully utilize the meth-

ods available for proper evaluation of the data.”

Table 1 lists apoptotic
events, differentiated either by location in the cell or by type of event, that
are detectable or made visible by imaging methods currently in use. These
events are most commonly made detectable by surface staining dyes, flow

cytometry, or by the other methods listed in italics. Research into imaging

apoptosis is directed by the events below.

7.4 Single- and Double-Dye Apoptosis Sensors

Single-dye detection methods are often the less complex choice for apop-
tosis sensing. There are a wide variety of techniques in practice that utilize
single dye detection. These include detection by coumarin-based dyes;
rhodamine derivative dye; terminal deoxynucleotidyl transferase (TdT)-
mediated end-labeling of DNA strand breaks; (TUNEL method); use of
Annexin V for the detection of phosphatidyl serine on cell membranes and
also in combination with propidium iodide (PI) for differentiation between
apoptotic and necrotic cells; utilization of DNA-binding dyes such as the
Hoechst dye and DAPI; use of green fluorescent protein (GFP) as a
marker; and staining of cell surface and intracellular structures, which are
measured quantitatively by flow cytometry.*!

Detection of caspase-3 activity is often used to determine whether

the apoptotic process is occurring. Coumarin-based fluorogenic substrates

218



61¢

Tab. 1. Detectable changes within a cell that denote the occurrence of an apoptotic event.

DNA Cleavage and

Nuclear Events

Biochemical Events

Mitochondrial Events

Changes in Surface

Morphology and Composition

Segmentation in

chromatin, nuclei

Chromatin condensation

DNA cleavage in situ by
TUNEL method, detection
of DNA fragmentation,
strand breaks

Anti-single-stranded
DNA antibody

Hairpin Oligos to detected
double-stranded breaks

Caspase activity, FRET
detection, Rhodamine
derivatives, various
fluorophores

Detection of caspase
cleavage products

Transglutaminase activity

PARP activity

Death antigens

Permeability transition, detection

by vital dyes

Mitochondrial antigens

Cytochrome c release and

alterations

Metabolic activity

Time lapse characterization of

surface morphology

Phospholipid externalization,
Annexin V binding

Changes in membrane
permeability, DAPI,

Hoechst

Note: Dyes and methods used for visualization of these events are italicized.
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such as Ac-DEVD-AFC and Z-DEVD-AMC are often used to detect cas-
pase-3 activity in cellular lysates; however, more effort has been placed on
utilization of rhodamine-based derivatives for caspase-3 detection, as
coumarin-based fluorogenic substrates have low extinction coefficients. It
has been reported by Liu et al. that the (Z-DEVD),-Rh 110 exhibits a much
higher turnover rate than the coumarin-based Ac-DEVD-AFC substrate
and is at least 10-fold times more sensitive than Z-DEVD-AMC under
their assay conditions.”” The products released from coumarin-based sub-
strates also have short excitation and emission wavelengths, which limit
assay sensitivity, and are cell impermeable; therefore, they only work with
cellular extracts.”

Rhodamine derivatives including Rhodamine 110, Rhodamine
123, and others are often used to detect caspase activity as well as changes
in mitochondrial membrane potential. There are many advantages to using
rhodamine-based substrates over other dyes. They have longer excitation
and emission wavelengths, which reduces interference from testing com-
pounds; the uncleaved substrate does not fluoresce and therefore has a very
low background signal, which makes it very clear as to whether apoptosis
has occurred or not; and lastly, once cleaved, rhodamine has very strong
fluorescent properties. Rhodamine and its derivatives are also cell-
permeable, which allows for flow cytometry to measure the amount of flu-
orescence emitted and therefore to clearly verify the occurrence of the
apoptotic process.*

While it is reportedly difficult to couple Rhodamine 110 to the
tetrapeptide (a chain of four amino acids, D-E-V-D, which is cleaved by

caspase-3 after the second D) in order to form the fluorogenic substrates,
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sequential coupling of the amino acids to Rhodamine 110 has been the
most suitable way of preparing the substrate.”” Use of two DEVD block-
ing groups to prevent fluorescence of the substrate leads to the necessity
of two hydrolysis reactions for cleavage of both the DEVD sites in
(Z-DEVD),-Rh 110. This limits the linear dynamic range of the substrate,
and the creation of a Rhodamine 110-based substrate with only one
hydrolysable amide group (one DEVD site) would allow for more
efficiency in the use of the Rhodamine 110 derivative as a fluorogenic
substrate.

A second method used for apoptosis detection is known as termi-
nal deoxynucleotidyl transferase mediated digoxigenin nick end labeling,
i.e., the “TUNEL” method. DNA fragmented by activated endonucleases
into segments 180-200 bps in length are labeled by dUTP, which is later
detected by light or fluorescence microscopy. This method is performed
in situ for observation of apoptosis at the single cell level, where it is often
difficult to distinguish between the occurrence of apoptosis or necrosis in
a cell. While considered the standard for detection of DNA fragmentation,
a hallmark of the apoptotic process, the TUNEL method often fails to dis-
tinguish between apoptosis and necrosis, as cells in late phases of necrosis
undergo DNA damage, which would stain as a false positive for apoptosis.
The TUNEL method detects all DNA damage and fragmentation, so artifi-
cial DNA breakage would be stained as well, also giving a false positive
identification for apoptosis. Another drawback of this method is that it is
unfeasible for use in live cells. Tissues must be frozen, then sectioned,
mounted, and stained with the anti-digoxigenin antibody and conjugated

with a fluorescent dye such as fluorescein.”
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An early marker of the apoptotic process is indicated by the
externalization of phosphatidyl serine from the inner to the outer plasma
membrane leaflet. The Ca?*-dependent protein Annexin V can be used
to detect the presence of phosphatidyl serine on cell membranes. The
externalization of phosphatidyl serine occurs via caspase activation;
therefore, its presence, indicated by the binding of annexin V to the
phosphatidyl serine, acts as a good marker of the initialization of apop-
tosis.”! Due to the morphological differences that characterize apoptosis
and necrosis, use of Annexin V in combination with use of propidium
iodide (PI) staining makes it possible to differentiate between apoptotic
and necrotic cells. As discussed previously, a fundamental difference
between the two types of cell death is characterized by cell membrane
permeability. Cells experiencing apoptotic cell death possess cell mem-
branes that are impermeable until the final stages of the death process,
while cells undergoing necrotic death possess membranes that are per-
meable. Due to the large molecular weight of PI and the impermeability
of the membranes of cells undergoing apoptosis, cells that stain annexin
V-positive and Pl-negative are considered apoptotic, while cells that
stain both annexin V- and PI-positive are labeled necrotic.? In the later
stages of apoptosis, however, apoptotic cells may stain both annexin
V- and PI-positive due to loss of membrane integrity, therefore making
it difficult or near impossible to differentiate between apoptosis and
necrosis during these stages.?’

Another method of visualization can be achieved by the use of dyes
that bind internally to DNA fragments. Use of the various Hoechst dyes
(33342, 33258) is particularly prevalent. Hoechst 33342 is a fluorescent
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dye that permanently stains DNA for visualization of chromatin condensa-
tion, changes in chromatin conformation, and nuclear fragmentation for
qualitative determination of apoptosis. Hoechst 33342 is a simple method
for detection of early and late events in the apoptotic process in vivo. It also
has the ability to detect early changes in membrane permeability, as it can
internally label DNA within apoptotic cells.?® Other variations of Hoechst
dyes work in similar ways.

Chromatin condensation and fragmentation and DEVD-like cas-
pase activity can be analyzed by staining with DAPI and PhiPhil.ux-G D,,
respectively. PhiPhiLux-G D, is a fluorogenic substrate that is cleaved in
a DEVD-dependent manner to produce rhodamine molecules, which fluo-
resce red under a G2A filter, whereas DAPI stains apoptotic or viable
nuclei blue under a DAPI filter.?” PhiPhiLux, which is used to measure cas-
pase activation via FACS, poorly penetrates the cell membrane and needs
a longer incubation time.? It is not possible to measure apoptotic events
shorter than the one-hour staining time necessary to produce visible results
using this method.

Flow cytometry is used to quantify the amount of apoptosis occur-
ring, based on the fact that light-scattering patterns of apoptotic cells are
differentiated from light- scattering patterns of viable cells as well as from
cells undergoing necrotic cell death. Apoptotic cells give lower forward
and higher side scatter values than viable cells because of their smaller size
and the differences in cytoplasm and nucleus consistency. Flow cytometry
analysis is based on the detection of DNA fragmentation and loss and of
morphological changes as well as changes in membrane permeability.?’

Various fluorogenic substrates as described previously can be used in
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combination with this detection method in order to quantitatively deter-
mine if apoptosis is taking place.

Fluorescence resonance energy transfer (FRET) detection is used
to examine structural and dynamic characteristics of biological molecules
in aqueous solution.*® Macromolecules that are to undergo examination are
labeled with covalently linked donor and acceptor fluorophores. After a
specific molecule has been chosen to undergo examination using FRET,
the donor fluorophore of that molecule is excited by continuous laser illu-
mination. The fluorophore donor transfers energy to the acceptor fluo-
rophore, where it is re-emitted as fluorescence.

FRET detection measures non-covalent bonding events in biolog-
ical and macromolecular systems. Due to the presence of caspase-3,
which cleaves certain cellular substrates during apoptosis, and the effects
of caspase-3 on fluorescence resonance energy transfer, FRET detection
can be used to determine whether apoptosis has occurred. FRET detection
can also be used to monitor the spontaneous folding and unfolding of
molecules because of denaturing agents in the solution and to qualita-
tively map protein-protein interactions. There are two ways most gener-
ally used to measure the FRET effect with steady state microscopy. The
first method of detection of the FRET effect measures the decrease of the
donor fluorophore emission and the increase in the acceptor fluorophore
emission in a two-dye system. The second method of detection of the
FRET effect is called acceptor photobleaching. In this method, the donor
is excited, the acceptor is photobleached, and the donor emission is meas-
ured before and after acceptor photobleaching.’’ However, this method

cannot be used in vivo.
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Donor J(A) Acceptor
fluorescence absorption

Wavelength (i)

Figure 2: Image of overlapping acceptor/donor spectra. (J(A) = spectral overlap
integral of the absorption spectrum of the acceptor and fluorescence emission
spectrum of the donor). The integral = (EA(X)*FD(M*de?», [emM ] (€, = extinc-
tion coefficient of acceptor; F = fluorescence emission intensity of donor as a

fraction of the total integrated intensity).

In order for the FRET effect to occur, it is necessary for the fluo-
rescence emission band of the donor fluorophore molecule to overlap with
the excitation band of the acceptor molecule within 20-80 Angstroms of
the donor, as displayed in Figure 2.3

It is assumed that because of the peptide conformation in the aque-
ous solution, the donor and acceptor molecules are in close proximity to
one another (10-100 Angstroms), which allows for the energy transference
from the donor fluorophore to the acceptor fluorophore.

The transfer of energy due to the FRET effect can be detected by
the reduction of fluorescence from the donor fluorophore and an increase
in the intensity of the fluorescent emissions from the acceptor fluorophore.
The temporal increase in fluorescent intensity by the acceptor is called

“acceptor in-growth”.* Donor fluorophore colors are restricted to blue
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or cyan, which have limited fluorescent capabilities and also undergo
auto fluorescence and are paired with green- or yellow- colored acceptor
fluorophores.

As stated previously, the FRET effect is used to determine the con-
formation of biomolecules as well as to monitor biological processes such
as apoptosis within a cell. FRET has great importance in the field of apop-
tosis detection and has been widely implemented in the study of pro-
grammed cell death. The detection of apoptosis in cells is again made
possible by the activation of caspase-3. If the linker between the donor and
acceptor fluorophores is synthesized to contain a cleavable substrate (con-
taining the amino acid sequence D-E-V-D), then caspase-3, which actively
cleaves cellular substrates possessing the sequence D-E-V-D, can be used
to cleave the linker between the donor and acceptor fluorophores in the
molecular probe.™

The presence of caspase-3, which is only active during apoptosis,
is detected by the elimination of the FRET effect. This allows for the
determination as to whether or not apoptosis is occurring.

Resulting cleavage of the peptide, by caspase-3, between valine
and aspartic acid in the recognition sequence D-E-V-D results in the
elimination of the FRET effect as the donor and acceptor fluorophores
are no longer joined. Flow cytometry is used to quantify the amount
of fluorescence present. By observing the intensity shift between the
emissions of the donor and acceptor fluorophores, it is possible to deter-
mine the change in the FRET effect as a function of the cleavage of the
linker by the enzyme caspase-3.>* Figure 3 demonstrates an example

of a peptide with a cleavable D-E-V-D site present. Cleavage of this
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%H_C*G-D-E-V-D-G-V-K—

DONOR—NH—N ACCEPTOR
Caspase 3
Very low fluorescence

H CG-D-E-V-D—COOH
DONOR"NH™N +

High fluorescence
HzNiG -V-K—

ACCEPTOR

Figure 3: Peptide with cleavable valine-aspartic acid site.

site by caspase-3 results in a shift of low to high fluorescence of
the donor.

There are, however, a few problems with the reliance on caspase-3
to cleave the D-E-V-D substrate within the linker between the donor and
acceptor fluorophores. These problems lie within the fact that the linker
might not be fully accessible for cleavage by the enzyme for various struc-
tural reasons, which would hinder the detection abilities of the FRET effect
on apoptosis. The linker, for example, may be hindered from cleavage
because of the orientation of the donor and acceptor fluorophores to one
another and because of the distance between the two fluorophores.* This
method, nonetheless, has shown to be able to detect apoptosis exception-

ally well in living, intact cells.
7.5 Characterization of Folic Acid as a Targeting
Component

The vitamin folic acid (FA) serves as a one-carbon source for synthesis of
several intermediary metabolites, most importantly for the synthesis of

nucleotides required for DNA synthesis and cell growth. The FA is taken
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up into a cell either through a low-affinity reduced folate carrier (RFC) or
through a high-affinity FA-receptor (FAR). The RFC is ubiquitously
expressed in all cells and carries the naturally occurring reduced folates.
FAR is expressed in low levels in normal cells and preferentially carries
the oxidized FA into cells. Because of the high affinity and the cancer cell
specificity, FA is the more suitable targeting agent when compared to the
reduced folates. There are three types of FAR — the o, B, and v isoforms.
The o and P isoforms are glycosylphosphatidylinositol (GPC)-anchored
membrane proteins, and the ¥ isoform is a soluble protein. The o and [ iso-
forms are membrane receptors identified in epithelial and non-epithelial
cells, respectively. The o isoform is over expressed in several human car-
cinomas, even up to a hundred-fold.** This provides striking selectivity
for targeting carcinomas using drug conjugates containing FA.

In addition to the tumor specificity FAR-o. in human carcinomas,
there are other advantages for the selection of FA as a targeting agent.
Expression of FAR in transformed epithelial cells is relatively enhanced on
the basolateral surface (“blood side”) of cancer cells, as compared to the
predominant apical (“tissue side”) expression in normal cells, which com-
plements the cancer cell specificity of FA.* The small molecular size of
FA allows easy tumor penetration and favorable pharmacokinetics.
FA is easily available and is inexpensive, and the chemical conjugation
of FA to a polymer such as a dendrimer and the purification of the
FA-conjugate complex are relatively simple. FA binds to its receptor
with high affinity (K; = 0.1 to 1 nM) and is largely non-immunogenic.

The tumor cell density of FA receptors tends to be elevated during tumor
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progression, providing an increased therapeutic potential during later
stages of the cancer. Because of these advantages, FA has been widely
studied for the targeting of bioactive agents such as protein toxins,
oligonucleotides, plasmids, liposome-entrapped drugs, radiopharmaceuti-

cal agents, and MRI agents.*®40=

7.6 Characterization of Poly(amidoamine) Dendrimer

as a Platform for Synthesis of Apoptosis Sensors

PAMAM dendrimers with well-defined and highly branched structures
contain multiple surface primary amino groups ideal for conjugation of
several molecules of FA and multiple other functions onto the surface
amino groups of the dendrimer. FA-conjugated PAMAM dendrimers bind
and internalize into FA receptor-expressing KB cells. Competition assay
with free FA shows that the PAMAM dendrimer device (G5-Ac-FA) has a
similar affinity for the folate receptor when compared to free FA. Therefore,
the affinity of FA is not lost by conjugation with PAMAM dendrimer. The
binding of the dendrimer device is relatively acid-resistant, compared to the
binding of free FA. This is probably due to the increased avidity caused by
multiple anchoring of the device to two or more adjacent receptor binding
sites. Multivalent interactions of FA moieties have also been demonstrated
in FA linked to PEGylated cyanoacrylate nanoparticles.** Multiple anchor-
ing does not seem to influence internalization of the dendrimer, as confocal
microscopic analysis indicated it has cytosolic and nuclear localization.*
The poly(amidoamine) dendrimer used in this synthesis is

generation 5 (GS5), well-characterized, uniform and mono dispersed.
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Determination of the molecular weight and the number of primary amino
groups is fundamental in designing reactions resulting in the synthesis of
a precise conjugate structure. Potentiometric titration is initially per-
formed to determine the average number of tertiary and primary amino
groups. Although the theoretical numbers of primary and tertiary amino
groups in the G5-PAMAM are 128 and 126 while the molecular weight is
28,826 g/mol,**" the potentiometric analysis of different lots of den-
drimers gives approximately 120 primary amines. Partial acetylation is
used to neutralize a fraction of surface amino groups of the dendrimer
device surface in order to prevent a charge-based non-specific interaction
with a negatively charged cell membrane. The fraction of nonacetylated
primary amines is used for the subsequent attachment of different kind

of functional molecules. Figure 4 shows the GPC refractive index (RI)
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Figure 4: GPC RI and light scattering signal (90°) of the G5 dendrimer and G5-
Ac(96) partially acetylated dendrimer. (Reprinted with permission from

Biomacromolecules 8, 13—18, 2007 Copyright (2007) American Chemical Society.)
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as a concentration detector and light scattering signal (90°) of the G5
dendrimer (M, = 26,530 g/mol) and G5-Ac(96) (M, = 29,970 g/mol)
partially acetylated dendrimer. As shown the RI signal and laser light-
scattering signal, LSS overlaps at 90° indicating that there is very low

level of defect in the analyzed structure.

7.7 Synthesis and Biological Activity of a Dendrimer-Based
Single Dye Sensor Detect Apoptosis in Targeted Cells

In this section we demonstrate how to synthesize a sensing agent based on
the dye rhodamine 110 and how to conjugate this substrate to the func-
tionalized G5 dendrimer designed specifically to detect apoptosis. In con-
trast to the FRET-based detectors, this device contains only one dye. The
single dye apoptosis sensor (SDAS) as attached to the dendritic nanode-
vice is not fluorescent. It becomes fluorescent upon enzymatic cleavage by

caspase-3, which is only active in apoptotic cells.

7.7.1  The synthesis of N-pentafluorobenzoyl-rhodamine 110

Pentafluorobenzoyl chloride is added dropwise to a solution of rho-
damine 110 and N,N-diisopropylethylamine in dimethylformamide
at —42°C. The solution is stirred for 10 minutes at —42°C; then it is
warmed to room temperature and stirred at room temperature for two
hours. It is diluted with ice water and extracted with ethyl acetate. The
extracts are washed with brine, dried over Na SO,, and concentrated to
give the crude product, which is purified by column chromatography
(hexane:EtOAc 1:1). The result is that N-pentafluorobenzoylrhodamine

110 is obtained.
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7.7.2  The synthesis of N-[Ac-Asp(OBu-t)-Glu(OBu-t)-Val-
Asp(OBu-t)]-N"-pentafluorobenzoyl-rhodamine 110

To a solution of Ac-Asp(OBu-7)-Glu(OBu-7)-Val-Asp(OBu-7)-CO,H in an
anhydrous 1:1 mixture of dimethylformamide and pyridine at 0°C is added
1-[3-(dimethylamino)-propyl]-3-ethylcarbodiimide hydrochloride (EDC).
The solution is stirred for 20 minutes, and then N-pentafluorobenzoylrho-
damine 110 is added. It is stirred at room temperature for five days, then
diluted with water and extracted with ethyl acetate. The extracts are
washed with 1 N HCI and water, dried over NaZSO - and concentrated to
give the crude product, which is purified by column chromatography
(EtOAc:CHCL, 2:3). As a result the N-[Ac-Asp(OBu-7)-Glu(OBu-1)-
Val-Asp(OBu-1)]-N'-pentafluorobenzoylrhodamine 110 is obtained.

7.7.3  The synthesis of N-(Ac-Asp-Glu-Val-Asp)-N"-

pentafluorobenzoyl-rhodamine 110

To a solution of N-[Ac-Asp(OBu-7)-Glu(OBu-¢)-Val-Asp(OBu-1)]-N'-
pentafluorobenzoylrhodamine 110 in methylene chloride cooled to 0°C is
added 50% trifluoroacetic acid in methylene chloride. The solution is
stirred at room temperature for 4 hours. The solvent is removed, and the
residue is redissolved in a solvent mixture of EtOAc:MeOH (1:1). The
solution is added dropwise into hexane to obtain precipitate, which is fil-
tered and dried. The resulting material is N-(Ac-Asp-Glu-Val-Asp)-
N’-pentafluorobenzoylrhodamine 110. The sequence of reactions for
the in-house designed and synthesized N-(Ac-Asp-Glu-Val-Asp)-N'-

pentafluorobenzoylrhodamine 110 is depicted in Figure 5.
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Figure 5: The reaction sequence for designed and synthesized apoptosis

detector.

7.7.4  The synthesis of G5-Ac-FA-(N-(Ac-Asp-Glu-Val-Asp)-N"-

pentafluorobenzoyl-rhodamine 110)

A solution of N-(Ac-Asp-Glu-Val-Asp)-N'-pentafluorobenzoylrhodamine
110 and EDC in DMF and DMSO (3:1) is stirred for one hour at room tem-
perature. This is added to a solution of G5-Ac-FA in DI water and stirred
for three days at room temperature under N, in dark. The reaction mixture
is dialyzed in DI water for two days and then lyophilized. The conjugation
of N-(Ac-Asp-Glu-Val-Asp)-N’"-pentafluorobenzoylrhodamine 110 to the
G5-Ac-FA is schematically shown in Figure 6.
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Figure 6: Conjugation of tetra-peptide-N-pentafluorobenzoyl-rhodamine 110
to the tri-functional nanodevice completes the synthesis of the four-functional

nanodevice.

7.7.5  Biological function of G5-Ac-FA-(N-(Ac-Asp-Glu-Val-Asp)-
N -pentafluorobenzoyl-rhodamine 110

The G5-Ac-FA-N-(Ac-Asp-Glu-Val-Asp)-N’-pentafluorobenzoylrho-
damine 110 was tested for its activity to detect apoptosis. In order to
examine the biological activity the synthesized nanodevice was incubated
with cell lysates obtained from control and apoptotic KB cells. The nan-
odevice incubated with the apoptotic cell lysate showed an increase in flu-
orescence when compared to incubation with the control cell lysate

(Figure 7). Furthermore, the nanodevice detected apoptosis in KB folate
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Figure 7: KB cells were untreated or treated with 2 UM staurosporine for
11 hours. Then the cells were harvested, washed, pelleted and frozen. Before the
assay, cells were lysed with lysis buffer (10 mM HEPES, 2 mM EDTA, 0.1%
CHAPS, pH 7.3) and protein content was measured (KB ctrl — 34.8 mg/ml; KB
apo — 18.8 mg/ml). Aliquots of cell lysates were mixed with 10 mM of apoptosis
detectors and incubated at 37°C for 12 hours. After incubation fluorescence was

measured at 488 nm using an ELISA reader.

receptor-upregulated cells as shown in Figure 8. By attaching anti-cancer
drugs like methotrexate, one may synthesize a tetra-functional dendrimer —
G5-FA(targeting moiety)-AlexaFluor 660(reporting moiety)-Rh110(apopto-

sis sensor)-MTX(anti-cancer drug).

7.8 Synthesis and in vitro Function of Dendrimer-Based

FRET Apoptosis Sensor to Target Cancer Cells

Figure 9 below demonstrates the synthetic steps necessary to produce a nano-

device for apoptosis detection. Evaluation of the FRET effect necessitates
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Figure 8: KB cells with upregulated and downregulated folate receptor were
treated with either DMSO control cells (red histograms) or staurosporine (blue
histograms) for six hours. The apoptosis sensor nanodevice detected the apoptosis
(approximately 24%) only in KB cells with upregulated folate receptor and treated
with staurosporine. The control apoptosis detector (Asp),-Rh110 (the fluo-
rochrome used in synthesis of the apoptosis sensor nanodevice) stained apoptotic

cells to an extent similar to the nanodevice.

the calculation of the transfer efficiency of the photons between the donor
and the acceptor. The number of photons emitted from the donor and the
acceptor are counted within a certain timeframe, and the ratio of these

numbers is called the energy-transfer efficiency.
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Figure 9: Strategy for FRET reagent and dendritic device synthesis.

This ratio is dependent on the distance between the donor and
acceptor fluorophores. The distance between the two fluorophores must be
calculated in order to determine the dynamic and conformational changes
of the macromolecule under consideration.” The efficiency of the energy

transfer can be calculated using the following formula:
E(r)=(1+(r/Ry)®)™

where E(r) — the efficiency of the Forster energy transfer between the flu-
orophore donor and acceptor,
r — the distance between the donor and acceptor fluorophores, and

R,— Forster radius, (i.e., the distance at which the efficiency is Y2).
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The larger the efficiency E(r) of the energy transfer, the shorter the
distance (r), between the fluorophores. This formula is valid due to the
angular averaging of the dipole-dipole interaction, which occurs because
of the fast movement of the fluorophores. It must be noted, however, that
the value r fluctuates as a result of the dynamics of the macromolecule to
which it is attached, as the molecule under observation will change shape
and undergo folding and unfolding of its structure and other various con-
formational changes.’® If the time window of observation is such that
enough photons have been emitted for calculation and the distance
between the donor and acceptor fluorophores does not change, then the
efficiency can be turned into a useful calculation of distance r.

It must also be noted that at a constant concentration of free and
associated FRET pairs, the emission of the FRET donor is inversely pro-
portional to the mole fraction of associated molecules.*?

While double-dye (fluorophore) FRET detection is the most
commonly used FRET detection technique, use of triple- and possible
quadruple-dye detection has also been under study.”® Research by Liu and
Lu has shown that it is possible to label biomolecules that possess many
arms with three or even four dyes for maximal detection of conformational
changes as a result of fluorescent resonance energy transfer. The labeling
of the radiating arms of dendrimers independently of one another using
fluorophores of different colors allows for determination of temporal and
spatial locations of each pair of arms as well as for the assessment of over-
all changes in structural dynamics. One problem encountered, however,
with using four dyes for detection is the possible non-overlaps of the spec-

tra between the donor and acceptor fluorophores, a prerequisite for the
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FRET effect, thus preventing energy transfer between that particular pair
of fluorophores.*® This, however, (although a small inefficiency) does not
eliminate the capabilities that using four dyes can have, as the detection
capabilities with this number of dyes can have a great positive influence
on determining the structural changes within a biomolecule.

Below we show the synthesis, characterization and in vitro target-
ing of an engineered PAMAM nanodevice in which folic acid (FA) is con-
jugated as the targeting molecule and a caspase-specific FRET-based agent
(PhiPhiLux™ G,D,) as the apoptotic detecting agent. Fluorescence reso-
nance energy transfer (FRET) is the transfer of photon energy from an
excited fluorophore (the donor) to another fluorophore (the acceptor) when
both are located within close proximity (1-10 nm). An excited fluorophore
(the donor) transfers its excited state energy to a light-absorbing molecule
(the acceptor). This transfer of energy is non-radiative, due primarily to a
dipole-dipole interaction between the donor and acceptor, and leads to a
reduction in the donor’s fluorescence intensity and a decreased lifetime in
the excited state. If the acceptor molecule is no longer present, the donor

increases fluorescence intensity.™

7.8.1  Synthesis of G5-Ac-FA-PhiPhiLux™ G D,

The synthetic scheme for production of dendritic devices is given in
Figure 10. The G5 PAMAM dendrimer was synthesized and characterized
at the Michigan Nanotechnology Institute for Medicine and Biological
Sciences (MNIMBS), University of Michigan.

The synthesized dendrimer was analyzed by using NMR, HPLC,

GPC and potentiometric titration.”' The molecular weight was found to be

239



| Andrzej Myc, Chandan B. Mehta & Istvan J. Majoros

i
HHN
| 9

Apoptosis Sumeing Tl

I
{han PhiPhilux & G )

. OH
en-i —E_Q_”/\[NILN
LI:EIIH ne N’;J“th

Figure 10: Synthetic scheme for bi-functional PAMAM dendritic devices. Order
of syntheses: (1) G5 carrier, (2) G5-Ac(96), (3) G5-Ac(96)-FA, (4) G5-Ac(96)-
FA-PhiPhiLux™ G D,. (Reprinted with permission from Biomacromolecules 8,

13—18, 2007 Copyright (2007) American Chemical Society.)

27,500 g/mol by GPC and the average number of primary amino groups
was determined by potentiometric titration to be 120. Following, there is a

step-by-step description of G5-Ac-FA-PhiPhiLux™ G,D, synthesis.

7.8.1.1 Acetylation of G5 PAMAM

Partial acetylation is needed to neutralize a fraction of the surface amino
groups of the dendrimer device surface and thereby prevent a charge-
based non-specific interaction with a negatively charged cell membrane.

The fraction of nonacetylated primary amines is used for the subsequent
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attachment of different kinds of functional molecules. G5 PAMAM den-
drimer in absolute methanol (MeOH) is allowed to react with acetic anhy-
dride in the presence of triethylamine for 14 hours. After intensive
dialysis in DI water and lyophilization, the resulting product is G5-
Ac(96). The average number of acetyl groups (96) is determined based on
"H NMR calibration.™

7.8.1.2  Synthesis of G5-Ac(96)-FA

FA is attached to the G5-Ac(96) carrier primarily through the y-carboxylic
group of FA because of its higher reactivity during carbodiimide-mediated
coupling to the primary amino groups as compared to the o-carboxyl
group.” The affinity of FA for binding to FAR is not affected when linked
through the y-carboxylic group. NMR was also used to confirm the num-
ber of FA molecules attached to the dendrimer (Figure 11). In the case that
free FA is present in the sample; sharp peaks would appear in the spectrum
(at the broad aromatic peaks). The broadening of the aromatic proton peaks
in the G5-Ac(96)-FA spectrum indicates the presence of a covalent bond
between the FA and the dendrimer. Based on the integration values of the
methyl protons in the acetamide groups (1.84 ppm) and the aromatic pro-
tons in the FA (6.64, 7.55 and 8.52 ppm), the number of attached FA mol-
ecules was calculated to be 4.9. In a separate study using UV spectroscopy
and using a concentration calibration curve of free FA, the number of FA
molecules was estimated to be 5.3 (data not shown).

Analytical HPLC showed that the G5-Ac(96)-FA(5) conjugate
clearly indicates the removal of free FA before (1) and after (2) membrane

filtration purification (Figure 12). Briefly, the FA is allowed to react with
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Figure 11: 'H NMR of the G5-Ac(96)-FA(5) conjugate. The inserts depict
aromatic peaks which belong to the conjugated FA and integral values of the indi-
vidual peaks of the dendrimer protons. (Reprinted with permission from Bio-

macromolecules 8, 13—18, 2007 Copyright (2007) American Chemical Society.)
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Figure 12: HPLC eluogram of the G5-Ac(96)-FA(5) conjugate (1) before and
after (2) membrane filtration purification. (Reprinted with permission from Bio-

macromolecules 8, 13—18, 2007 Copyright (2007) American Chemical Society.)

a 14-fold excess of EDC in a solvent mixture of DMF and DMSO at room
temperature for 1 hour, and the FA-active ester formed is added dropwise

to an aqueous solution of the partially acetylated product G5-Ac(96) in
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water, and the reaction time is three days at room temperature. After dial-
ysis in DI water, repeated membrane filtration, and lyophilization, the

resulting product is G5-Ac(96)-FA as shown in Figures 10 and 11.

7.8.1.3  Synthesis of G5-Ac(96)-FA-PhiPhiLux™ G D,

PhiPhiLux™ G,D, was attached to the G5-Ac(96)-FA mono-functional
dendrimer conjugate in two successive reactions. PhiPhiLux™ G D, is
allowed to react with a 14-fold excess of EDC in a solvent mixture of DMF
and DMSO at room temperature for one hour. This PhiPhiLux™ G,D,-
active ester solution was added dropwise to an aqueous solution of the par-
tially acetylated mono-functional dendrimer conjugate G5-Ac(96)-FA in
water, and the reaction time is two days. After repeated membrane filtra-
tion (using PBS and DI water) and lyophilization, the final product G5-
Ac(96)-FA-PhiPhiLux™ G D, is obtained.

7.8.2  Invitro function of G5-Ac-FA-PhiPhiLux™ G,D,

The purified G5-Ac(96)-FA-PhiPhiLux™ G,D, nanodevice was examined
for its functionality in the FAR-positive KB cells and the FAR-negative
UMSCC-38 cells."” As shown in Figure 13, the control KB cells showed
some non-specific increase in fluorescence intensity when compared to the
control unstained cells. However, the apoptotic KB cells increased the flu-
orescence intensity to a much greater degree and were easily distinguished
from the nonspecifically stained control cells (Figure 13(a)). In contrast,
the apoptotic UMSCC-38 cells did not show any increase in fluorescence
intensity over the background fluorescence of the stained control cells

(Figure 13(b)), suggesting the nanodevice was not internalized.
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Figure 13: Fluorescence intensity of KB (a) and UMSCC-38 (b) cells treated and

untreated with Staurosporine and stained with the G5-Ac(96)-FA-PhiPhiLux™

G,D, nanodevice. (Reprinted with permission from Biomacromolecules 8, 13-18,

2007 Copyright (2007) American Chemical Society.)
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These results suggest that KB cells actively internalized the nan-
odevice through folate receptors during the first 30 minutes of incubation,
and, after induction of apoptosis, the active caspase-3 cleaved the bond
between donor and acceptor on PhiPhiLux™ G,D, conjugated to the den-
drimer, thereby increasing the fluorescence intensity in the apoptotic KB
cells. Importantly, the nanodevice is not internalized by cells lacking the

folate receptor, indicating the specificity of the nanodevice.

7.9 Summary and Future Directions

In view of the limitations of the techniques currently available to detect
apoptosis in vivo, we set out to develop novel nanostructures containing a
targeting agent and an apoptosis detection agent. They detect the activity
of caspase-3. Caspase-3 is one of the cysteine proteases most frequently
activated during the process of apoptosis (programmed cell death). In
response to a pro-apoptotic stimulus, the 32 kDa pro-caspase-3 is
processed to an active enzyme essential for the progression of apoptosis,
resulting in the degradation of cellular proteins. Activated caspase-3
cleaves proteins, which contain the sequence valine-aspartic acid, with a
high specificity. Based on this principle, several fluorogenic peptide sub-
strates have been developed to detect active caspase-3 in cells. In the
absence of active caspase-3, these substrates do not fluoresce due to fluo-
rescence resonance energy transfer between dyes at each end of the sub-
strate peptide. In apoptotic cells, active caspase-3 cleaves the oligopeptide
between a valine-aspartic acid pair, destroying the fluorescence resonance
energy transfer. The resulting fluorescence can be quantified by flow

cytometry or confocal microscopy.
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The functional studies clearly show the feasibility of targeting can-
cer cells with apoptosis sensors. Since we have demonstrated that similar
molecules can deliver cancer drugs in vivo, this allows the potential for
specifically targeting apoptosis detectors to tumors to monitor their
response to therapy. However, the fluorescence measurement using con-
ventional techniques such as flow cytometry or confocal microscopy is not
applicable for in vivo fluorescence quantification. We have recently made
advances in overcoming this problem using a two-photon optical fiber
device.™ In this method an optical fiber is inserted through 27-gauge nee-
dle to quantify the fluorescence of a targeted nanodevice in live mouse
tumors. We believe systems such as this can be further developed to quan-
tify the changes in FRET-based tissue fluorescence targeted through a car-
rier such as the dendrimer.

We conclude that noninvasive in vivo detection and imaging of
organs and tissues undergoing apoptosis is possible. The ability to image
apoptosis in vivo may lead to more expeditious and precise assessment of
therapeutic interventions. It would be especially useful for diagnostic
imaging of cancer patients who are starting a new treatment modality after
a previous therapy has failed. Serial treatment failures with the affiliated
waste of money and time, and the side effects endured through these highly

toxic treatments could thus be avoided.
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8.1 Introduction

Advances in medical imaging have revolutionized diagnosis of disease

in the last 30 years. One of the most important contributions to imaging
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was the discovery in 1972 by Paul Lauterbur that it would be possible
to create a map of the spatial distribution of nuclear spins by using
nuclear magnetic resonance (NMR).! From this discovery, the field
of magnetic resonance imaging (MRI) was born. Of all of the advances
in medicine in the last 30 years, MRI and x-ray CT imaging have
made the most important contribution to health care.” This point was
emphasized by awarding the 2003 Nobel Prize in Medicine or
Physiology to Paul Lauterbur and Sir Peter Mansfield for their work
in MRL*”

MRI has created a new diagnostic landscape for the physician.
High-resolution, three-dimensional images of soft tissue in the brain,
abdomen, and knee joints are routinely obtained. One often hears of an
athlete requiring an MRI to rule out sports injuries such as tears of the
anterior cruciate ligament (ACL).® The popular press contains numerous
stories about “brain scans* that show the inner workings of our thought
processes.” The National Cancer Institute has recently issued recommen-
dations that women at high risk for breast cancer obtain an MRI to look
for cancer lesions.'®!" These examples demonstrate how MRI has come
to change the way we diagnose disease and understand how the human
body works.

To aid in visualization of cancer and other diseases in the body,
MRI procedures often use contrast agents to increase the signal difference
between the lesion and background tissue. Contrast agents currently
approved for clinical studies are either chelated gadolinium ions or iron
oxide nanoparticles.'>!* The current generation of clinical contrast agents

has no specific molecular targeting. It is widely thought that the next
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generation of MRI will consist of both targeted contrast agents that bind to
specific receptor sites on cells in diseases such as cancer or will be so-
called “smart* imaging agents that become active only upon enzymatic
activation."

Dendrimer macromolecules are well suited to become a plat-
form for both targeting molecules and contrast agents. The branches
of PAMAM dendrimer macromolecules provide numerous possibilities
for attaching molecular ligands with specific functions."” For targeted
contrast agents, a subset of the dendrimer branches can be used to attach
the targeting agent, and the remaining branches can be used to attach
the contrast enhancing molecule. This chapter provides a review of the
general properties of T, (the spin lattice relaxation time) contrast agents
and outlines the contributions that dendrimer macromolecules have
made — and have the possibility to make — in the field of targeted

contrast agents.

8.2 Principles of MRI

Understanding contrast and contrast agents in MRI requires a basic knowl-
edge of how NMR and MRI work. NMR was discovered independently in
1946 by Edward Purcell'® and Felix Bloch'” and is used extensively in
physics, chemistry, and biological chemistry for identification in the study
of the structure and dynamics of molecules. Magnetic resonance imaging
uses the physical principles of NMR to create a map or image of the con-
centration and magnetic properties of nuclear spins. A complete descrip-
tion of NMR and MRI are beyond the scope of this chapter and can be

found in many excellent books.'®2

257



| Scott D. Swanson & Christopher R. Williams

The following is a sketch of how MRI works:

e Nuclei with magnetic moments (e.g., 'H, *C, *Na) are NMR
active. Water is the most common molecule in vivo (about 70%
by weight of soft tissue) and water protons (spin I = 1/2) create
the largest MRI signal.

e The protons of hydrogen in water molecules, when placed in a
strong magnetic field, align either with or against the magnetic field.
The net difference between this spin up and spin down is small —
about 1 in 100,000 — and determines the signal strength in MRI.

e The patient is placed in a strong magnetic field, typically 1.5 Tesla.
By comparison, earth’s magnetic field is about 50 micro Tesla.

e A combination of radio frequency (RF) pulses and magnetic
field gradients records a map of the water proton magnetization
in an inverse spatial coordinate system called k-space with units
of cm™.

e The data are processed with a multi-dimensional Fourier
Transform and a map of the water proton magnetization is

constructed.

Other Information:

e RF pulsing destroys the nuclear magnetization each time it is
measured.

e Magnetization is restored by a process called T, or spin-lattice
relaxation.

e The T, of various tissues can be different.
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e Aprimary goal of targeted contrast agent development is to selec-
tively create a short T, so that the nuclear magnetization is
restored more quickly in regions where the targeted contrast

agent binds than it is in regions where it does not bind.

To understand dendrimer contrast agents, we first need a basic
understanding of NMR, relaxation mechanisms in NMR, and how NMR

can lead to imaging of water.

8.2.1 Basics of NMR

The signal in NMR is generated by inducing transitions between energy
levels of nuclear spins in a large magnetic field. Spin, like mass and
charge, is a fundamental property of matter.'"® When a collection of nuclear
spins is placed in a magnetic field, the individual nuclear spins will each
be quantized into one of the 2/ + 1 energy levels, where / is the spin angu-
lar momentum quantum number. Protons, with spin, / = 1/2 have two
energy levels given by —%yhBo and +%yhBo, where 7 is the proton gyro-
magnetic ration, / is Plank’s constant divided by 27, and B, is the static

magnetic field strength. The two spin states are typically referred to as spin

up, | + 1/2), and spin down, | — 1/2>. The difference in energy levels is
given by AE = yhB, and determines the frequency required to cause tran-
sitions from one level to another level, v = AE/h (the Larmor frequency).
For common magnetic field strengths, the frequency is in the radio fre-
quency range of the electromagnetic spectrum, resulting in two important

advantages for medical imaging. First, radio frequencies (63 MHz at

1.5 Tesla) easily penetrate the body and allow uniform signal transmission
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and reception in the body. Second, the low-energy RF radiation is not ioniz-
ing and, other than RF heating, has no known adverse bioeffects on tissue.
Though beneficial for imaging, the small energy level separation is
not without cost. The signal intensity in NMR or MRI is proportional to the
difference between the energy level number of the spins in the | + 1/2>,
state and the number of spins in the | - 1/2), state. Because the nuclear spin
energy level spacing is very small relative to thermal energy levels, the pop-
ulation difference between the spin up and spin down levels is very small.
The ratio of the population is given by the Boltzmann relation-

ship as,'®

N+1/2 ~ eE/kT

Y= S

where N*'2 and N™"2 are the number of spins in the | + 1/2> and | - 1/2>
spin states, E is the energy difference between the two levels, and T is the
temperature in Kelvin.

In a sample with one million water molecules, NMR sees only
about 10 molecules. The reason that MRI can be successfully performed is
due to the large concentration of water molecules in the body. Pure water
has a concentration of 55 M, and the hydrogen atom concentration is
110 M. Water concentration in vivo is approximately 70 w/w%; therefore,

the hydrogen atom concentration is about 80 M.

8.2.2 Diamagnetic relaxation of water

Initially, the nuclear spin magnetization is quantized along the axis of

the main magnetic field, B,. To detect the nuclear magnetization, the
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spin-lattice or longitudinal magnetization must be converted into trans-
verse magnetization. This is typically done with a RF pulse."” The
RF pulse tips the magnetization from the z axis into the transverse, or
xy plane; once in the transverse plane, the nuclear spin magnetization
can be detected by the coil or probe tuned to the Larmor frequency of
the spins.

Following excitation with a tip angle 90° pulse, the longitudinal
magnetization is destroyed. If there were no mechanism to restore the
Boltzmann spin polarization, NMR and MRI would not be useful. The
process of restoring nuclear magnetization to the Boltzmann levels is
called spin-lattice relaxation. Detailed explanation of relaxation requires
an understanding of quantum mechanics and is outside the scope of this
chapter but can be found elsewhere.'®!* However, to understand dendrimer
contrast agents, a working knowledge of basic relaxation theory is needed
and presented here.

Relaxation in NMR consists of two physical components; an
energy interaction and a molecular motion that provides a time-dependent

modulation of the energy interaction. This can be written as,

1
F = R, = (Interaction) X (Modulation), 2)
1
where T, is the spin lattice relaxation time and R, is the rate constant for
relaxation.
In one of the most important manuscripts in the field of magnetic
resonance, Bloembergen, Purcell and Pound? developed general relax-

ation theory and outlined how magnetic interactions between neighboring
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spins cause magnetization to return to the Boltzmann levels. This is now
referred to as the BPP theory of relaxation. The dominant process for T,
relaxation for water protons is modulation of the magnetic dipole-dipole
interaction. Two processes contribute: intra-molecular and inter-molecular.
The intra-molecular interaction is the dipole-dipole coupling between the
two protons shown in Figure 1, and the inter-molecular interaction is the
dipolar coupling present between other water molecules. We consider only

the intra-molecular relaxation mechanism given by

i_iy“hz TR 2T,

3)

T 10 5% |1+wjty  1+4057R

where 7, is the distance between the two water protons and T, is the rota-
tional correlation time of water. The first set of terms in this equation cor-
respond to the magnitude of the proton-proton dipole-dipole interaction,

the interaction part of Eq. (2), and the terms within the brackets correspond

N B A

Figure 1: Structure of water. The inter proton distance r,; = 1.6 A and the rota-

tional correlation time determine the relaxation rate of pure water.
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to the modulation of the dipole-dipole interaction created by the
Brownian motion of the spins. In pure water, the rotational correlation
time is very short, about 4 picoseconds (ps). The rotational correlation
time of water can be increased by changing the viscosity of the water,
either by changing the temperature or by adding an additional solute such
as glycerin.

Figure 2 shows the proton relaxation rate as a function of the
Larmor frequency for three different rotational correlation times. This type
of graph, called a nuclear magnetic relaxation dispersion (NMRD) plot,*
is reflective of the spectral density of motions occurring in the spin system.

Figure 2 shows that the relaxation rate is constant for a given correlation

Relaxation Rate s-1

-2 i i

10 10° 10° 10" 10
Proton Larmor Frequency (Hz)

Figure 2: Proton relaxation rate as a function of proton Larmor frequency for

three different correlation times.
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time until ®, > t.". At that point the relaxation rate decreases or disperses
with increasing magnetic field strength. When the correlation time is short,
the intensity of the spectral density at any given Larmor frequency is low
and the dispersion occurs at a very high magnetic field. At longer correla-
tion times, e.g., 40 ns, random motions of water molecules are confined to
these slower motions, but the spectral density of each of the slower
motions is larger and, therefore, the relaxation rate is higher. The total
spectral density of motions, the integrated area under each of the three
curves, is the same for each of the three correlation times shown. For short
correlation times, the spectral densities are spread out over a large range.
For long correlation times, the spectral densities are concentrated in the
low frequency region. Understanding these important physical concepts
provides deeper understanding into the design and performance of MRI
contrast agents.

Spin-lattice relaxation is driven by random fluctuation of the
dipole-dipole interaction. This process causes transitions from spin up
to spin down and vice versa. Figure 3 shows that the relaxation rate
for a given Larmor frequency is at a maximum when the correlation
time is on the order of the inverse of the Larmor frequency. Under these
conditions, the correlation time of the spins is effectively tuned to the
Larmor frequency. This makes physical sense. Random fluctuations
of the dipole-dipole Hamiltonian act as a molecular RF generation
system. Just as the RF coil must be tuned to the spins to efficiently
excite and detect them, so too must the correlation time be tuned to
create the most efficient relaxation. Unlike an RF coil, which has a

very narrow spectral profile, the random Brownian motion of the spins
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Figure 3: Proton relaxation rate as a function of correlation time for three
different magnetic field strengths. The relaxation rate is at a maximum when
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creates a broad spectrum of frequencies or spectral densities, as seen in
Figure 3.

Another way of saying this is that when the spins are moving at
approximately the Larmor frequency, they generate random transitions that
tend to restore the populations of the energy levels to the Boltzmann equi-
librium values. Random Brownian motions of nearby magnetic moments of
either nuclear or electron spins cause transitions between the two spin
states. Relaxation is most efficient when the correlation time of the dipole-
dipole interaction T, is the same value as the inverse of the Larmor fre-
quency of the spin, T, = 1/m,. Under these conditions the tumbling rate of

the molecules is tuned to the spin precession rate and relaxation is efficient.
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8.2.3  Paramagnetic Relaxation Enhancement (PRE) of water

For diamagnetic water relaxation, the only correlation time involved in the
intramolecular dipole-dipole interaction is the rotational correlation time
of the water molecule, T, = T,. For relaxation of water protons by para-
magnetic contrast agents, the situation is more complicated but the basic
principle still holds; to achieve maximum relaxation efficiency it is bene-
ficial to tune the modulation of the dipole-dipole interaction to the inverse
of the Larmor frequency.

The electron magnetic moment is 658 times greater than the proton
magnetic moment.'® A Gadolinium ion (Gd*) is a lanthanide rare earth metal
ion with seven unpaired electrons (with spin S = 7/2). In an aqueous solution,
the large electron magnetic moment of Gd** creates a strong electron-nuclear
dipole-dipole interaction and a very efficient pathway for water proton relax-
ation. The increase in the water proton relaxation rate by addition of a para-
magnetic species is called the proton relaxation enhancement (PRE)*> and
is the physical basis for most contrast agents in MRI. Gadolinium itself is
toxic and must be chelated to be a viable contrast agent.?® Currently, chelates
of Gd(III) are the most widely used contrast agents in MRL."

Figure 4 shows a schematic diagram of the interaction of water
with chelated Gd*'. Four different time constants are seen. (1) The rota-
tional correlation time, T,, of the Gd complex; (2) the time constant for
exchange of the Gd bound water with bulk water t,,, and (3 and 4) the
electron T, and T,.

BPP theory, described earlier, was expanded by Solomon®’ and

Bloembergen and Morgan® to include relaxation of water protons by
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Figure 4: Schematic of the mechanism of a conventional contrast agent. The Gd**
ions, with seven unpaired electrons, create a relaxation sink for water proton mag-
netization through the electron-nuclear dipole-dipole interaction. Chelating
groups, such as DOTA or DTPA, shield the toxic Gd ion from the body. One water

exchange site remains available for close water-Gd contact.

paramagnetic ions. Now called Solomon, Bloembergen, Morgan (SBM)
theory, it has become the standard model to understand PRE. (See
Lauffer® for a more detailed review.)
We start by considering the water proton relaxation rate,
Py

R,=—™M 4
1p TM"'TlM ( )

where R, is the bulk water proton relaxation rate, P, is the mole fraction

of waters in the first coordination sphere, 7,, is the time constant for
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exchange of water between innersphere and bulk water, and T, is the T,
of water protons in the inner-sphere. Equation 4 describes how the mag-
netization of the water bound to the Gd complex is transferred to bulk
water in the sample.

The electron-nuclear dipole-dipole contribution to 7, is given by

1 2
— = ES(S +1)C3, { (5)

3T N TTco }
Tim

) 22
OuTey 1+o57¢,

where S is the electron spin (= 7/2 for Gd), C,, is the proton-electron
dipole-dipole interaction, @, is the proton Larmor frequency, and @ is
the electron Larmor frequency. Equation 5 looks remarkably similar to
Eq. (3). Indeed, it has the same structure of an interaction (here the elec-
tron-nuclear dipole-dipole interaction) modulated by a spectral density
function. In Eq. (3), the correlation time was simply the rotational correla-
tion time of water. For PRE, there are two correlation times, 7., and, 7.,

given by

1
—=—+—+—and (6)

=t )

where 7, is the rotational correlation time, T,, is the time constant for
exchange, and T ,, are the electron T, and T,. The electron T, is the spin-
lattice relaxation time constant for recovery of the electron magnetization.

The electron T, is the time constant for the decay of electron magnetization
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in the transverse plane. The relaxation time constants for the unpaired Gd

electrons are a function of magnetic field strength and are given by

I 1 _ 1 4
—2—15(1){ + } and (8)

1+oht?>  1+40it?

L—ir_l 3+ > + 2 9
1, 107 1+0it2 1+40it? | &

where 7, is the electron T, at zero field and 7, is the correlation time for
the modulation of the Gd electronic orbitals by molecular collisions with
water.

What do all these equations mean and why are they important for
dendrimer-based contrast agents? The crux of the problem lies in the value
of the correlation time of the electron-nuclear dipole-dipole interaction. In
small molecules, like GA(DOTA), the rotational correlation time of the Gd
complex is short (in the picosecond range). In that case 7, ' is large and will
dominate the other terms in Eqgs. (6) and (7) and determine the value of the
electron-nuclear dipole-dipole correlation time. It turns out that under these
conditions, the correlation time of the electron-proton dipole-dipole inter-
action is not tuned to the water proton Larmor frequency, and the relaxation
enhancement, though useful for medical imaging, is relatively weak. The
relaxivity or relaxation rate of water protons per millimole of Gd for
Gd(DOTA) is approximately 3.9 s'mM™" at clinical field strengths (1.5 T).
The lower plot in Figure 6 shows the relaxivity of a Gd complex with a rota-
tional correlation time of 100 ps — similar to the 80 ps rotational correla-

tion time of Gd(DOTA) — as a function of proton Larmor frequency.
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Increasing the rotational correlation time decreases the value of

" in Equations 6 and 7 and allows the other time constants to come

(7
into play. In addition, the electron T, and T,, which are a function of
magnetic field strength as seen in Equations 8 and 9, create a condition
perfect for efficient relaxation. That is, the correlation time of the
electron-nuclear dipole-dipole interaction becomes tuned to the proton
Larmor precession time.

Examination of Figure 6 shows that the relaxivity for a Gd com-
plex with a 5 ns-rotational correlation time is enhanced over only a limited
range of proton Larmor frequencies. Fortunately, at 1.5 T — the field

strength of most clinical MRI systems — the relaxivity is dramatically

greater for Gd on dendrimers than for conventional MRI contrast agents.

1:R~3 ns

G5 Dendrimer

Gd(DOTA)

Figure 5: G5-Gd increases the number of Gd(DOTA) per molecule and the rota-

tional correlation time.
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At either higher or lower field strengths, the resonance condition between
the correlation time and the precession time is broken and relaxivity
decreases.

Equations (5)—(9) contain several assumptions adopted to reduce
complexity. The primary assumption is that Gd(DOTA) or Gd(DTPA)
when bonded to the dendrimer behaves as a rigid particle with no dynamic
flexibility. This assumption is not valid as has been recently shown.**%!
The effect of dendrimer internal motion is to smooth out and decrease the
peak in relaxivity seen between 10 and 100 MHz in Figure 6. Nonetheless,

the main features remain.

B
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Figure 6: Water proton relaxivity as a function of proton Larmor frequency for
7,=0.1, 0.5, 1.0, and 5.0 ns. At longer rotational correlation times, relaxation effi-
ciency is dramatically increased between 10 and 100 MHz. A line is drawn for 1.5 T,

the most common field strength for clinical imaging.
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In summary, short electron T, (relative to proton T)), large electron
magnetic dipole moment, dipole-dipole interactions between the proton
and electron, and exchange of water in the first coordination sphere create
an efficient pathway for water proton spin-lattice relaxation. Figure 5 shows
that the dendrimer nanoparticle has many Gd(DOTA) residues. The size of
the dendrimer and attached Gd(DOTA) residues results in an increase of
the rotational correlation time, 7, from about 80 ps to about 3 ns. This
increase in 7, has profound changes in the relaxivity of the dendrimer-Gd
complex. Most of the changes in relaxivity created by the increased rota-
tional constant occur in the inner-sphere, dipole-dipole contribution to the
spin lattice relaxation.

In addition to the increase in relaxivity created by the long rota-
tional correlation time, numerous Gd(DOTA) residues can be added to sin-
gle G5 dendrimer, further enhancing the sensitivity of each dendrimer
macromolecule. This is especially important for targeted contrast agents

since there may be a limited number of targeting sites.

8.2.4 Image acquisition and contrast in MRI

Recording the NMR signal in the presence of a magnetic field gradient
allows collection of a one-dimensional image or profile of the sample. This
concept is very straightforward. The magnetic field gradient adds an addi-
tional element to the NMR equation. Because the frequency of the spins is
proportional to the magnetic field strength, the magnetic field gradient
causes spins in different locations to resonate at different frequencies.
A magnetic field gradient along the x direction Gx creates a linear ramp

of the strength of the magnetic field as a function of the x. Because the
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frequency of the spins is now a function of the distance, recording the
NMR signal as a function of time creates a superposition of all of the sig-
nals. The NMR signal is said to be “frequency encoded”. Fourier transform
of this signal yields a one-dimensional image of the sample.

Rather than viewing the signal as being acquired as a function of
time, it is possible to rearrange the variables in the time-evolution of the
signal and create a new parameter, k. The k has dimensions of inverse
space (cm™!, for instance). Therefore, Fourier transformation of the
signal creates a graph of signal intensity as a function of distance, a
projection image.

The second (or third) dimension of an image is more difficult to
acquire and more difficult to understand. These additional dimensions are
said to be “phase encoded” because the phase of the spins is incremented
over a series of acquisitions. One is effectively stepping through k-space in
the second or third dimension. For a detailed account of phase-encoding,
k-space, and MRI in general, see Haacke.?

There are two time constants in magnetic resonance that are called
T, and T,. T, is the time that it takes to restore the spin-lattice magnetiza-
tion to the equilibrium level, and T, is the time constant for the decay of
transverse or detected magnetization. T, ranges from about 2 s for fluid-
like materials such as CSF to about 100 ms for unsaturated hydrocarbon
chains in fat deposits.

A primary reason that MRI is useful for medical imaging is that dif-
ferent water molecules have different relaxation properties, depending on the
surrounding tissue. An important and striking example of this is found in

the brain, where T, and T, of white matter and gray matter differ. At 1.5 T,
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white matter T, is approximately 750 ms and gray matter T, is about 1.0 s,
whereas white matter T, is 75 ms and gray matter T, is 90 ms.”

Spins relax differently because they are in a different molecular
environment and are exposed to different interactions. MRI pulse
sequences require numerous RF pulses and signal acquisitions in order to
obtain an appropriate sample of k-space.” If the repetition time (TR) is less
than 5 times T,, the longitudinal magnetization will not return to equilib-
rium but will achieve a steady state value. This value is easily calculated
and can be shown to be M (s.s.) = M, (1 — e ™) when the flip angle is 90°.

Figure 7 shows that by pulsing at a repetition TR of approxi-
mately 500 ms, the signal difference between spins with a T, = 300 ms

and T, = 600 ms is maximized. This is the typical operating mode for a T,

T1=600ms

Signal Intensity
°© o ©
B (5, [=:]

o
w

Signal Difference (contrast)
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Figure 7: Signal intensity as a function of repetition time, TR, for T, = 300 and
600 ms, and the difference between the two signals. The signal intensity is the

steady-state magnetization.
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weighted pulse sequence. T, contrast agents are effective because they
create regions with more efficient water proton spin lattice relaxation and
therefore shorter T, times. The shorter T, times then create increased sig-
nal intensities on T,-weighted images. T, contrast agents are said to be

“positive” contrast agents because they increase the SNR where present.

8.3 Dendrimer Contrast Agents
8.3.1 Targeted dendrimers

A primary reason that dendrimers are attractive candidates for MRI con-
trast agents is the ability to attach different ligands to different branches or
limbs of the dendrimers. The multiple arms allow attachment of different
functional groups for targeting specific binding sites and molecules with
Gd(III) for increased T, relaxation. Dendrimer contrast agents currently in
published research have incorporated either Folic Acid* or Avidin** as a
targeting agent. Other targeting agents that have been conjugated to den-
drimer nanodevices include Herceptin, epidermal growth factor (EGF),
and Arg—-Gly—Asp (RGD). Targeting strategies are described more in depth

in Chapter 5, Section 4 of this book.

8.3.2  Dendrimer contrast agents: Practice

The idea of using dendrimer-based MRI contrast agents was first put
into practice by Erik Wiener et al.* in the early 1990s. They created two
functional contrast agents by chelating both G2 and G6 PAMAM den-
drimers with the metal chelate 2-(4-isothiocyanatobenzyl)-6-methyl-

diethylenetriaminepentaacetic acid to create PAMAM-TU-DTPA.
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The PAMAM-TU-DTPA would then be complexed with Gd** to form
functional contrast agents. NMR spectroscopy and/or gel electrophoresis
showed that the G2 and G6 contrast agents held, on average, 11 and 170
surface chelates, respectively. Saturation of the G2 and G6 chelate
PAMAM-TU-DTPA with Gd* displayed enhanced relaxivities equiva-
lent to 43 and 1074 molecules of Gd*-DTPA (Magnevist), respectively.®
Perhaps an equally important advantage exhibited from dendrimer con-
trast agents over Gd**-DTPA is the increase in blood pool retention time.
Some of the more complex MRI procedures, such as three-dimensional
MRI, can be very time consuming and should not be rushed. Keeping a
substantial concentration of contrast agent in the blood for a longer
period of time can lend toward maximizing the quality of the MRI. The
G6 poly-chelate exhibited a prolonged half-life eight times that of Gd*-
DTPA.* These optimistic results were just the first of many indicating
the applicability of dendrimer-based contrast agents.

Most published research since this initial study has been aimed
at producing contrast agents for specific purposes. The broad versatility
of the dendrimer allows scientists to customize these nanodevices to the
highest degree. While the basic concept of a chelated dendrimer remains
the same, variations in size, structure, and composition can be altered to
improve imaging of certain tissues or organs. Non-targeted PAMAM
dendrimers, especially those of higher generations, tend to remain in the
bloodstream for longer periods of time when injected intravenously.*® By
attaching targeting agents to dendrimers, as described previously in this
book, contrast agents will accumulate in a specific tissue or organ of

interest.>*37
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Improving methods for cancer diagnosis is one particular area of
interest in which dendrimer contrast agents have been implemented. Many
types of cancer over-express folic acid receptors to supply the increased
demand for folic acid. During mitosis, folic acid is required for DNA syn-
thesis.*® This knowledge has been exploited by several groups to create tar-
geted nanodevices to deliver chemotherapy drugs specifically to those
types of cancer cells. Utilization of folic acid for targeting has also been
established as a successful method for improving contrast agent speci-
ficity.*® The accumulation of Gd** in tumors causes them to be highlighted
in respect to surrounding tissue. Improved tumor contrast on an MR image
eases visual detection and thereby bestows greater confidence of an accu-
rate diagnosis.

Several other papers have described specific purposes to which
PAMAM dendrimers may benefit. One study has shown that employing
PAMAM-based contrast agents improves the clarity of intratumoral
angiography.® Intratumoral vasculature is often described as being “leaky”
because of the observed increase in perfusion, when compared to normal
vasculature. High-molecular-weight dendrimer contrast agents exhibit
reduced excretion, which leads to higher intra- to extra-vasculature con-

trast.*

The same concept applies to MR lymphangiography in mice
models.** Again, high molecular weight contrast agents provide for better
contrast of small vessels within the deep lymphatic system.*” Figure 8
illustrates the detail that a 3D MRI image can display when used with
dendrimer-based contrast agents.*!

Often finding the best dendrimer construct for a specific applica-

tion involves considering factors that have little to do with MRI technology
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(b) ()

Figure 8: This T,-weighted 3D image obtained from MRI illustrates the detail
which can be observed using dendrimer-based contrast agents. The difference
between pictures (a), (b), and (c) is the linker between the G4 PAMAM dendrimer
and the Gd(III) chelate.*' (Reprinted with permission from the Journal of Medicinal
Chemistry 50(13), 3185-3193, 2007 Copyright (2007) American Chemical Society.)

itself. A study aimed at imaging acute renal failure found that, while
both polypropylenimine diaminobutyl (DAB) dendrimer and PAMAM
dendrimer-based contrast agents provided similar functional images, the
DAB dendrimer exhibited favorable excretion and pharmacokinetics.*

The increase in blood pool retention of PAMAM-DTPA conjugates
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consequently decreases the hepatic uptake of the contrast agent, thereby
again making DAB dendrimer contrast agents more favorable for some
liver imaging applications.* The relaxivity of a G2 polypropyleneimine
(PPI) dendrimer contrast agent was found to be comparable to that of
higher generation PAMAM dendrimers while being only a fraction of the
size.* This finding advocates an alternative contrast agent for use when
PAMAM dendrimers are not well suited for a specific application. These
are just a few of the published examples that illustrate the diversity of den-
drimer functionality.

Recent work in our laboratory has explored the use of targeted
dendrimer contrast agents to selectively image tumors in immune-sup-
pressed mice with KB human epithelial cancer cells expressing folate
receptor (FAR). Both targeted and non-targeted dendrimer macromole-
cules were studied.* We find that the targeted dendrimer complex shows a
statistically significant enhancement of the tumor when compared to the

non-targeted dendrimer (Figure 9).

8.4 Conclusion and Future Directions

Dendrimer macromolecules possess many favorable properties for use as
MRI contrast agents. First, the large number of dendrimer arms allows
attachment of different ligands for different functional needs. This prop-
erty has been exploited by attaching folic acid to serve as a targeting agent
and Gd(DOTA) to serve as a contrast agent. Second, since each dendrimer
contains many Gd(DOTA) residues, the relaxation efficiency per targeted

site is greatly enhanced. And third, the high molecular weight of the
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Figure 9: Images of SCID mice acquired with a T, weighted, 3D gradient-echo
MRI pulse sequence. These images were acquired four hours after injection of
either the targeted (A) or the non-targeted (B) contrast agent. The areas with
tumors are colorized (the color lookup table is shown on the right of the figure).
Red and yellow indicate high signal intensity on the T, -weighted images and
green indicates lower signal intensity. The tumors of the mice injected with a tar-
geted contrast agent show significant enhancement when compared to the tumor

of mice injected with non-targeted contrast agent.

dendrimer creates a significant increase in the relaxivity (relaxation rate
per millimole of Gd) relative to conventional Gd contrast agents at the
magnetic field strengths of clinical magnets.

This chapter has outlined the physical reasons that dendrimer
macromolecules are ideal candidates for future applications of molecular

imaging. The flexibility of dendrimer architecture allows many different
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permutations of targeting, contrast enhancement, and therapy. Other recent
reviews outline additional configurations and applications.”™*° At the cut-
ting edge of NMR research, dendrimers have been used to carry hyper-
polized xenon for use as a biosensor.’® The future of dendrimers in NMR

and MRI is limited only by our imagination.
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9.1 Introduction

The use of nanoparticles holds tremendous promise in a number of applica-
tions. The economic impact of these products is predicted to grow exponen-
tially and reach $1 trillion by 2015." This enormous enthusiasm, in both the
research and business communities, stems from the emerging and merging
capabilities of a number of scientific disciplines including: material science,
chemistry, medicine, physics, and scientific computation. The central tenant
is that we will soon have the ability to design and synthesize nanometer
structures that are able to perform tasks that were previously only found in
science fiction. Examples include advanced medicines that target disease
and reduce deleterious side effects, materials that repair themselves when
broken and molecular computer components that vastly reduce size and
power requirement from today’s devices. This truly appears to be the dawn
of a new age of “Better Things for Better Living ... Through Chemistry.””
However, as with any new technology, care must be exercised in
first determining possible unintended consequences. History (such as with
DDT pesticide, asbestos and formaldehyde insulations) has taught us to be
careful before introducing new manmade compounds and materials into
the environment until extensive studies have been performed to understand
their effects. With regard to nanoparticles these types of environmental and

toxicological studies are still in their infancy. However, several reports
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already point to the need to take care in understanding the possible effects
of these particles.*®

To study this question we have examined the interaction of a
particular type of nanoparticle, a dendritic polymer called a dendrimer, with
biological material (for a review of dendrimers see ref. 7). Dendrimers have
been called “artificial proteins” due to their similarity in size and constituent
components to naturally occurring proteins. The nanoparticle can be formed
via a layer-by-layer synthesis starting from a core molecule. Dendrimers are
a very useful model system because their size and end group chemistry can
be precisely controlled and the synthesized particles are quite homogeneous.
Specifically, the particles that have been used in these studies have an ethyl-
ene diamine core with three to seven branching layers surrounding it, see
Figure 1. Such nanoparticles are named generation N poly(amidoamine)
dendrimers and abbreviated as GN PAMAM dendrimers. Additionally, the
functional end-groups can be synthesized with various termini so as to vary
their charge when the particle is in aqueous physiological conditions. At
pH 7, amine terminated dendrimers protonate and have a positive charge,
carboxyl end-groups become negatively charged and acetyl termini remain
neutral. The final important characteristic of these nanoparticles is the high
degree of homogeneity. Polydispersity index values near 1.0 allow confi-
dence that as particle properties are systematically varied the behavior is
due to the bulk of the particles and not outliers in the distribution.

There is, of course, nothing new about the introduction of foreign
nanoparticles into living systems. Evolution has equipped plants and ani-
mals with a number of mechanisms for dealing with foreign proteins,

viruses etc. What is relatively new and unusual is our ability to create
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Figure 1: Structure of amine terminated poly(amidoamine) (PAMAM) dendrimer
generation 1. (Reprinted with permission from A. Mecke et al., “Lipid bilayer dis-
ruption by polycationic polymers: The roles of size and chemical functional
group,” Langmuir, 21(23), 10348-10354, 2005. Copyright (2005) American

Chemical Society.)

nanostructures having specific functional properties. The possible intro-
duction of foreign particles of this same scale into biological systems begs
the question “How will living systems deal with these particles that are the

same size as the fundamental engines of life?”

9.2 Cellular Membrane Disruption Upon Exposure

to Dendrimers

There is considerable data pointing to the ability of dendrimers to disrupt

cell membranes.*® These particles have been used for over a decade as
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transfection agents enhancing transport across cell membranes.'*!

Dendrimers are not the only artificial polymer to act in this manner;
however, in this chapter we will concentrate on dendrimers, as a model, and
later mention findings that appear to be generally applicable to other poly-
cationic polymers. Several groups have examined the interaction of
PAMAM dendrimers with phosphatidylethanolamine-containing vesicles
as a first step towards examining the interaction with cells.’ In summary,
efficient cross-membrane transport and membrane disruption were
observed. The efficacy was strongly dependent on the size of the dendrimer
(generation), chemical structure and composition of the vesicle membrane.
These results demonstrate strong interactions between dendrimers and sim-
ple lipid bilayers. However cellular membranes are much more complex
with the inclusion of cholesterol, sugars and proteins. Would the same inter-
nalization be observed for dendrimers and biological cells?

To determine this we have performed a series of experiments
exposing several lines of cells to dendrimers having different sizes and
end-group functionalizations. '

The experiments consisted of examining the transport of fluores-
cently labeled dendrimers across cell membranes and the diffusion of dyes
into and out of cells exposed to dendrimers, Figure 2. Specifically we inves-
tigated the interaction of G7-NH,, G5-NH,, and G5-Ac PAMAM den-
drimers with KB and Rat2 cell membranes. NH, and Ac denote amine and
acetamide groups as end groups, respectively. We have evaluated the release
of two cytosolic enzymes, lactate dehydrogenase (LDH) and luciferase

(Luc), from the cells upon exposure to dendrimers in terms of generation and
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Figure 2: Schematic view of how dendrimers might increase the transport of

small molecules across the cell membrane.

the identity of surface functional group (amine or acetamide). The tempera-
ture dependence of the binding and internalization has also been studied.

It was found that G7-NH, and G5-NH, PAMAM dendrimers
induce significant leakage of LDH and Luc whereas G5-Ac does not.
Similarly, the presence of G5-NH, was shown to make the cell membrane
permeable to the small molecules such as propidium iodide (PI indicating
diffusion into cells) and fluorescein (indicating diffusion out of cells) even

though the cells were still viable.

9.3 Dendrimer-Induced Enzyme Leakage from Cells

The effects of G7-NH,, G5-NH,, and G5-Ac dendrimers on the membrane
permeability of KB and Rat2 cells were investigated using LDH and Luc
assays. Concentration dependent dendrimer-induced LDH release at 37

and 6°C is shown in Figure 3.
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Figure 3: Dose-dependent LDH release from (a) KBpLuc and (b) Rat2pLuc cell
lines at 37°C and 6°C by G5-NH, and G5-Ac-PAMAM dendrimers. (Reprinted
with permission from S. Hong et al., “Interaction of poly(amidoamine) den-
drimers with supported lipid bilayers and cells: Hole formation and the relation to
transport, Bioconjugate Chem., 15(4), 774-782, 2004. Copyright (2004) American

Chemical Society.)
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As the concentration of G5-NH, increases, the LDH release from
both KBpLuc and Rat2pLuc increases. In contrast, neither cell line
releases a significant amount of LDH as a result of exposure to G5-Ac.
KBpLuc and Rat2pLuc cells incubated with both G5-NH, and G5-Ac at
6°C exhibited no LDH release. Luc release followed the same general trend
observed for LDH release (Figure 4). For the Luc release tests, both cell
lines were transfected using dendrimers to induce expression of the Luc
gene as described elsewhere. '

To further investigate the binding and internalization of den-
drimers, fluorescence images of Rat2 cells were taken after incubation
with dendrimer-FITC conjugates at different temperatures, Figure 5.
Rat2, a fibroblast cell line, was chosen in this experiment due to its stable sur-
face adherence. DNA in the cell nucleus was stained by DAPI. The stained
nuclei can be seen as blue spots in the images while dendrimer-FITC con-
jugates emit green fluorescence (Figure 5(b)) shows a fluorescence image
of Rat2 cells incubated with 200 nM of G5-NH,—FITC at 37°C for 1 hr.
Dendrimers are apparent both inside the cells as well as associated with the
membrane. This indicates that the G5-NH,—FITC dendrimers interact with
the cell membrane and enter the cell at physiological temperature (37°C).
At 6°C, however, although the dendrimers associate with the cell mem-
brane, no significant internalization was observed (Figure 5(c)). Identical
experiments employing G5-Ac-FITC at 200 nM concentration indicate
no association with the cell membrane or internalization into the cell

(Figure 5(d)).
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Figure 4: Dose-dependent Luc release from (a) KBpLuc and (b) Rat2pLuc cell
Lines at 37°C and 6°C by G5-NH, and G5-Ac-PAMAM dendrimers. (Reprinted
with permission from S. Hong et al., “Interaction of poly(amidoamine) den-
drimers with supported lipid bilayers and cells: Hole formation and the relation to
transport, Bioconjugate Chem., 15(4), 774-782, 2004. Copyright (2004) American
Chemical Society.)
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Figure 5: Fluorescence microscopy of (a) untreated Rat2 cells (control), (b) Rat2
cells incubated with 200 nM G5-NH2-FITC at 37°C for 1 hr, (¢) Rat2 cells incu-
bated with 200 nM G5-NH2-FITC at 6°C for 1 hr, and (d) Rat2 cells incubated
with 200 nM G5-Ac-FITC at 37°C for 1 hr. Blue spots represent the cell nucleus
stained by DAPI and green spots are dendrimer-FITC conjugates. (Reprinted with
permission from S. Hong et al., “Interaction of poly(amidoamine) dendrimers
with supported lipid bilayers and cells: Hole formation and the relation to trans-
port, Bioconjugate Chem., 15(4), 774-782, 2004. Copyright (2004) American

Chemical Society.)
94 Reversibility of Dendrimer-Induced Membrane
Permeability

The reversibility of the dendrimer-induced membrane permeability was
tested by replacing a solution of G5-NH, dendrimer with dendrimer-free

PBS and monitoring the LDH release. The dendrimer-induced membrane
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Figure 6: AFM height images of DMPC bilayer (a) before, and (b—f) 7-32 min-
utes after adding G5-acetamide. Gray scale height 0-20 nm. (Reprinted with
permission from S. Hong et al., “Interaction of poly(amidoamine) dendrimers
with supported lipid bilayers and cells: Hole formation and the relation to trans-
port, Bioconjugate Chem., 15(4), 774-782, 2004. Copyright (2004) American

Chemical Society.)

permeability of cell lines in the presence of G5-NH, was not permanent
and cells recovered their membrane integrity upon removal of dendrimer/
PBS solutions (Figure 6), as indicated by LDH release. This “re-sealing”
behavior is consistent with the observation that G5-NH, dendrimers are
not cytotoxic up to 500 nM, as after removal of the dendrimer solution the

cell can return the membrane permeability back to the normal level.

9.5 The Role of Dendrimer Surface Functionalization:

Amine vs. Acetamide

To test possible mechanisms of internalization and their implications

for cytosolic enzyme release (Figure 7), comparisons between G5-NH,,
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Figure 7: Comparison of interaction of G5-NH,, G5-Ac, and G5-Ac-FA
with FAR-KB cell line. Note that G5-Ac-FA is internalized by receptor mediated
endocytosis. (Reprinted with permission from S. Hong er al., “Interaction of
poly(amidoamine) dendrimers with supported lipid bilayers and cells: Hole for-
mation and the relation to transport, Bioconjugate Chem., 15(4), 774-782, 2004.

Copyright (2004) American Chemical Society.)

G5-Ac, and G5-Ac-FA were carried out using the LDH assay. It has been
demonstrated that internalization of G5-Ac-FA occurs through receptor-
mediated endocytosis, initiated by binding of folic acid (FA) to folic acid
receptors (FAR) on KB cells.”® Under the same conditions, no uptake of
G5-Ac is observed. The LDH assay results show no significant LDH
release from KB cells following a three-hour incubation with G5-Ac-FA or
G5-Ac. However, incubation with G5-NH, induced significant LDH

release, consistent with previous experiments.
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9.6 Effect of Dendrimer Generation on Cell Membrane

Permeability

It is well known that high generation PAMAM dendrimers are unusually
effective at disrupting cell membranes.”'* In order to test this effect upon
LDH release, G5-NH, and G7-NH, dendrimers were analyzed at 37 and
6°C. The results of an LDH assay comparing enzymatic leakage for both
KB and Rat2 cell lines after exposure to varying concentration of G5-NH,
and G7-NH, are shown in Figure 8. At 37°C, G7-NH, causes a greater
release of LDH than G5-NH, at all concentrations. In addition, whereas
LDH release was not observed for G5-NH, at 6°C, the G7-NH, was still

capable of causing LDH release (Figure 8(b)).

9.7 Tests for Diffusion of Dyes

To study passive diffusion in and out of the cell, small molecular probes
(PI and FDA) were used according to a modification of a previous litera-
ture method." PI is readily internalized into cells with disrupted mem-
branes, but is excluded from cells with intact membranes. On the other
hand, fluorescein diacetate (FDA), a non-fluorescent compound, readily
enters intact cells and then undergoes hydrolysis by endogenous esterase,
resulting in release of fluorescein into the cytosol. The cytosolic fluo-
rescein is not able to transverse a normal cell membrane without holes.
Thus, the FDA is used as a marker for diffusion-out. Consequently, it is
presumed that fluorescence intensity of PI should be increased and that of
fluorescein should be decreased if the presence of G5-NH, makes the

membrane permeable to these dyes.
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Figure 8: Comparison of different dendrimer generations. Enzyme release from
KB and Rat2 cells after incubation with G5-NH, and G7-NH, (a) 37°C and (b) 6°C.
(Reprinted with permission from S. Hong et al., “Interaction of poly(amidoamine)
dendrimers with supported lipid bilayers and cells: Hole formation and the rela-
tion to transport, Bioconjugate Chem., 15(4), 774782, 2004. Copyright (2004)

American Chemical Society.)
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Figure 9 shows flow cytometer data of Rat2 cells incubated
with G5 PAMAM dendrimers and then stained with PI. As illustrated in
Figures 9(a)—(c) and 9(e), Pl is internalized into the cells in a G5-NH, con-
centration dependent manner. In the case of G5-Ac, however, no signifi-
cant difference in PI incorporation was observed as compared to the
control cells. (Figure 9(d)).

Fluorescence intensity of fluorescein in cells as a function of G5-
NH, dendrimer concentration is illustrated in Figure 10. Consistent with
previous results,” FDA was internalized through intact cell membranes,
resulting in a substantial signal for free fluorescein in Rat2 cells. As the
G5-NH, concentration increased, however, the signal intensity of the flu-
orescein significantly decreased, indicating that the membrane had
become permeable (Figure 10(e)). Rat2 cells incubated with G5-Ac
did not show any noticeable difference from the control experiment
(Figure 10(d)).

The release of cytosolic enzymes, LDH and Luc, demonstrates
an increase in membrane permeability (Figures 3 and 4). The larger
enzyme of the two, LDH, is a 135-140 kDa complex protein with a
hydrodynamic radius of ~4.3 nm.'® The smaller 62 kDa enzyme, Luc
composed of a- and B-subunits, should be able to diffuse through a sim-
ilar sized hole. The overall dimensions of this heterodimer are reported
as 7.5 nm X 4.5 nm X 4.0 nm (~2.7 nm in radius).'” Membrane perme-
ability returns to normal following removal of the dendrimer-containing
solution. Presumably, the cell has additional lipid available and can
regenerate its membrane within two hours (as assayed by permeability

in Figure 6).
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Figure 9: Flow cytometer diagrams of Rat2 cells at several representative conditions.
(a) Untreated, (b) incubated with PI, (c) incubated with 500 nM G5-NH, and PI, and
(d) incubated with 500 nM G5-Ac and PI at 37°C for 1 hr. (e) Signal intensity of
PI fluorescence for KB and Rat?2 cells after incubation with dendrimers. Controls (first
three columns): cells in pure PBS buffer, cells in the buffer with PI, and dead cells
incubated with 30% ethanol solution for 30 min. (Reprinted with permission from
S. Hong et al., “Interaction of poly(amidoamine) dendrimers with supported lipid
bilayers and cells: Hole formation and the relation to transport, Bioconjugate Chem.,

15(4), 774782, 2004. Copyright (2004) American Chemical Society.)
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Figure 10: Flow cytometer diagrams of Rat2 cells at several representative con-
ditions. (a) Untreated, (b) incubated with FDA and 500 nM G5-NH,, (c) incubated
with FDA and 1 uM G5-NH,, and (d) incubated with FDA and 500 nM G5-Ac
at 37°C for 1 hr. (e) Signal intensity of fluorescein fluorescence for KB and Rat2
cells after incubation with dendrimers. Control (first column): cells in pure PBS
buffer. (Reprinted with permission from S. Hong et al., “Interaction of poly(ami-
doamine) dendrimers with supported lipid bilayers and cells: Hole formation and
the relation to transport, Bioconjugate Chem., 15(4), 774-782, 2004. Copyright
(2004) American Chemical Society.)
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9.8 Mechanism of Nanopartical Penetration

of Membranes

A generally accepted method of charged nanoparticle transmembrane trans-
port is polycation-mediated endocytosis.'®!"” This process has three steps:
binding with the phospholipids and/or glycolipids in the membrane, inter-
nalization into cells, and exit from the endosome. However, dendrimer-
membrane interactions are present even in the absence of the cellular
machinery needed for endocytosis. What is the mechanism for dendrimer
internalization in cells? Is it possible that these nanoparticles interact with
the membrane directly and enhance transport via a physical process rather
than a biological one? In this section we will present atomic force
microscopy studies that examine the interaction of dendrimers with lipid
bilayers. The studies focus on the following dendrimer properties: size,
chemical functionality, and charge and examine the role they play in the dis-
ruption of a model membrane system, a supported lipid bilayer. The goal of
these experiments is the development of a general model that can explain the
effects of these three properties that of polymers on membrane disruption.
Early atomic force microscopy (AFM) studies revealed that G7
PAMAMs have the ability to create damage in lipid bilayers and that this
effect can be influenced by a change in macromolecular architecture.?
In search of an underlying mechanism for this behavior, further AFM
experiments of dendrimers interacting with supported lipid bilayers were
performed. The size, chemical functionality, and charge of the dendrimer
were varied to examine the effect upon defect formation. From this data a

model that explicitly includes the interaction between dendrimer and lipid
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was used to estimate the stability and expected size of the resulting den-
drimer/lipid assemblies.*!

These studies investigated PAMAM dendrimers with amine-
terminated (R-NH,, generations 3, 5, and 7) and acetamide-terminated?
(R-NHC(O)CH,, generations 5 and 7) branches, respectively. The prepa-
ration of supported lipid bilayers as well as the AFM imaging procedures
are described in detail in the literature.? Briefly, supported DMPC bilay-
ers were formed by vesicle fusion on freshly cleaved mica. All images
were taken in tapping mode with a liquid cell and standard silicon nitride
cantilever (spring constant 0.32 N/m, length 100 wm). The temperature
inside the liquid cell during imaging was determined to be ~28°C and
therefore above the gel-transition temperature of supported DMPC
bilayers.”>* As initially formed, bilayers frequently contained defects
resulting from incomplete vesicle fusion (see Figures 11(a), 13(a), 14(a),
15(a)). The presence of these defects is quite useful for verifying bilayer
formation and thickness (~5 nm for DMPC'?). Once it was confirmed that
a bilayer had formed, 20-30 ul of a dilute dendrimer solution was injected
into the sample volume of approximately 100 pl for a final concentration
in the range of 1.4—42 nM polymer at pH 6. The corresponding total num-
ber of functional end-groups (i.e. amine or acetamide, respectively) in the
sample volume ranged from 0.5-5 uM. Note that the concentration of
lower generation dendrimers was increased to reach at least the same
molar concentration of functional groups as for the case of high genera-
tion dendrimers. Imaging continued for up to two hours after injection in

order to observe the interaction of the dendrimers with the bilayer. The
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Figure 11: AFM height images of DMPC bilayer (a) before adding dendrimers,
(b) 20 min after exposure to G7-amine, and (c) 60 min after exposure to G7-
amine. Grey areas: top surface of lipid bilayer. Black areas: substrate supporting
the lipid bilayer. The corresponding step height between substrate and top of
bilayer is about 5 nm. Color height scale: 0-20 nm. (Reprinted with permission
from A. Mecke et al., “Lipid bilayer disruption by polycationic polymers: The
roles of size and chemical functional group,” Langmuir, 21(23), 10348-10354,
2005. Copyright (2005) American Chemical Society.)

effect of decreasing dendrimer generation on the ability to form defects in
lipid bilayers is illustrated in Figures 11-13.

Adding G7-NH, PAMAMs to the lipid bilayer caused the forma-
tion of small, isolated holes (typical diameters range from 15-40nm) in
previously intact parts of the bilayer. This hole formation occurred within
two minutes, i.e. faster than the time between two consecutive AFM
scans.” Figure 11 shows AFM images of a DMPC lipid bilayer at three dif-
ferent time points, before and after the exposure to G7-NH,. Once the
holes had formed, their position and size changed very little for time peri-
ods of up to one hour (Figures 11(b) and (c)). Some erosion of the bilayer

was observed at the edges of existing bilayer defects.
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Figure 12: AFM height images of the same area of DMPC bilayer (a) 12 min —
(c) 19 min after exposure to G5-amine. Color height scale 0-20 nm. (Reprinted
with permission from A. Mecke et al., “Lipid bilayer disruption by polycationic
polymers: The roles of size and chemical functional group,” Langmuir, 21(23),

10348-10354, 2005. Copyright (2005) American Chemical Society.)

Figure 13: AFM height images of DMPC bilayer (a) before adding dendrimers
as well as (b) 3 min and (c) 5 min after adding G3-amine. In these images the lipid
molecules form two bilayers (seen in grey and white) each with a thickness of about
5 nm. Note that dendrimer adsorption occurs at lipid boundaries of both
layers (see arrows in panel c). The color contrast in the lower left corner of panel
(c) has been adjusted to better show dendrimers adsorbed to the bilayer edge.
(Reprinted with permission from A. Mecke et al., “Lipid bilayer disruption by
polycationic polymers: The roles of size and chemical functional group,” Langmuir,

21(23), 10348-10354, 2005. Copyright (2005) American Chemical Society.)
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The smaller G5-NH, dendrimers had a greatly reduced ability to
remove lipid molecules from the surface (Figure 12), even when the con-
centration of charged end-groups was increased five times as compared to
the case of G7. Although G5-NH, dendrimers removed lipids, they did so
more slowly and mostly from the edges of existing bilayer defects, as can
be seen in Figures 12(a) (12 minutes after adding dendrimers) — 12(c)
(19 minutes after adding dendrimers). This resulted primarily in the growth
of existing defects rather than the formation of isolated small holes as in
the case of G7.

When the size of the dendrimers was reduced still further, they
were no longer able to remove lipids from the surface, see Figure 13.
G3-NH, PAMAMSs adsorbed preferentially to bilayer edges forming a
layer approximately 1.5 nm in height along the boundary of the lipid
bilayer as indicated by arrows in panel 13(c).

These first three experiments all involved dendrimers carrying a
positive charge since their surface primary amines were determined to be
protonated at pH < at least 11.'5%* The next two figures show the effect of
PAMAMs with acetamide-terminated — i.e. charge neutral — branches on
a lipid bilayer. The molar concentration of end-groups in the following
experiments with G7-acetamide and G5-acetamide was the same as in the
case of G7-NH,,.

As can be seen in Figure 14, G7-acetamide PAMAM dendrimers
behaved similarly to G7-NH, PAMAMs. Hole formation also occurred
very quickly, although resulting in a lower density of holes than for

G7-NH,. For lower generation acetamide dendrimers the interaction with
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Figure 14: AFM height images of DMPC bilayer (a) before adding dendrimers,
(b) 3 min after exposure to G7-acetamide, and (c) 17 min after exposure to G7-
acetamide. Color height scale 0-20 nm. (Reprinted with permission from
A. Mecke et al., “Lipid bilayer disruption by polycationic polymers: The roles of
size and chemical functional group,” Langmuir, 21(23), 10348-10354, 2005.
Copyright (2005) American Chemical Society.)

the lipid bilayer changed dramatically as compared to the amine case
(Figure 15).

G5-acetamide PAMAMSs no longer caused the formation or
expansion of defects in the lipid bilayer. As in the previous examples,
the dendrimers were attracted to the edges of existing bilayer defects.
However, the acetamide dendrimers did not adsorb to the top of the
bilayer substrate, as in the case of G3-NH, shown in Figure 13, but
instead they caused the formation of ledges surrounding the bilayer
defects. The height of these ledges, measured from the top of the
bilayer, was between 3 and 3.5 nm, i.e. less than the thickness of a
DMPC bilayer. The leading edge of the ledges moved inward into the

bilayer over time as indicated in Figure 15(c). Due to the different
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Figure 15: AFM height images of DMPC bilayer (a) before, and (b—f) 7-32 min-
utes after adding G5-acetamide. Color height scale is 0-20 nm. (Reprinted
with permission from A. Mecke et al., “Lipid bilayer disruption by polycationic
polymers: The roles of size and chemical functional group,” Langmuir, 21(23),

10348-10354, 2005. Copyright (2005) American Chemical Society.)

312



Mechanism for Enhanced Permeability |

appearance, height of the ledge, and surface chemistry of the acetamide
dendrimers, we speculate that they intercalate into the middle of the
lipid bilayer.

Having now examined both the in vitro data indicating enhanced
cellular leakage and enzyme permeability, as well as the AFM experiments
on supported lipid bilayers, the question is can a mechanism be postulated
that explains the totality of the experimental data? The AFM data clearly
indicates that defects, holes, are being formed in the lipid layers. The size
of the holes is sufficient to allow rapid diffusion of the enzymes through
the membrane. The role of the surface functionality observed in the cell
studies — i.e., positively charged dendrimers more effectively cause mem-
brane penetration — was similarly observed in the AFM studies. The trend
with dendrimer generation is the same in both sets of experiments; larger
dendrimers caused more leakage in cells and more disruption in supported
lipid layers. In all aspects the AFM experiments agree very well with those
presented above for the in vitro cell data. The following section introduces

a general mechanism explaining the experimental results.

9.9 Model for the Self-Assembly of Dendrimer-Filled
Lipid Vesicles

The experimental data shows that dendrimers are able to remove lipid
molecules from a membrane leaving behind defects. The data further
shows that the ability of the dendrimer to form the defects is sensitive to
both size and charge. This leads to the proposal that dendrimers can

remove lipid molecules off the substrate and form a dendrimer-filled
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Figure 16: Schematic cross section of proposed dendrimer-lipid vesicle. Number
of dendrimer end-groups (black circles) = M. Number of lipid head groups in con-
tact with dendrimer surface (inner ring of grey circles) = m. (Reprinted with
permission from A. Mecke et al., “Lipid bilayer disruption by polycationic poly-
mers: The roles of size and chemical functional group,” Langmuir, 21(23),

10348-10354, 2005. Copyright (2005) American Chemical Society.)

vesicle (Figure 16). Since these particles are no longer attached to the sub-
strate they cannot be imaged by the AFM tip. Dynamic light scattering
measurements as well as *'P NMR data support this hypothesis.'* In what
follows, a model is presented that analyzes the stability of dendrimer-lipid
vesicles. The model is then applied to explain the influence of dendrimer
generation — i.e. size — on the ability to remove lipids from lipid bilay-
ers as demonstrated in AFM experiments and cell culture.

Considering a G7 PAMAM, the experimentally determined den-
drimer diameter is about 8 nm.*?¢ Computer simulations have shown that
PAMAM dendrimers with fully extended branches (due to strong repulsive

end-group interactions) can reach somewhat larger sizes.”*’
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Extrapolating from those results, the expected total diameter of a
dendrimer-lipid vesicle with a bilayer thickness of 4.5 nm* is expected to
lie between 17 and 22 nm — depending on whether one assumes a more
compact or fully extended branching structure for the dendrimer. This is
below the diameter of small unilamellar vesicles (SUV’s), in the range of
25-30 nm, that can be obtained by ultrasonication of aqueous phospholipid
suspensions.?’ Therefore, the proposed dendrimer-filled vesicles will only
be able to self-assemble if a lipid double layer can form stabilizing bonds
to the dendrimer functional groups inside of the vesicle.

The geometry of lipid assemblies such as bilayers, micelles and
vesicles can be successfully predicted by considering the free energy
associated with molecular interaction coupled with geometric constraints
imparted by the choice of lipid. Although entropy favors structures with
small aggregation numbers, packing constraints of the double-chained
DMPC lipids energetically resist the formation of arbitrarily small struc-
tures below a critical radius R.***' Israelachvili er al. combined thermo-
dynamic and geometric principles to derive physical properties of
self-assembled lipid vesicles such as their size distribution. They used the
“opposing forces” model to describe the interaction between the lipid
molecules, each occupying a surface area a at the hydrocarbon water
interface of a lipid layer. In this approach the free energy u, per molecule
in a vesicle of aggregation number N is expressed as the sum of an attrac-

tive and a repulsive contribution

Uy =va+C/a. (D)
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Here 7 = 5-10% kJ/A? is the interfacial free energy per unit area
that seeks to decrease the molecular area a. The strength determined by the
constant C, which represents interactions between the lipid head groups of
the repulsive contributions in the free energy u, reaches its minimum
when the area per lipid molecule is equal to the optimum surface area
ay=+Cly .

Below the critical radius R, where the surface area a, can no
longer be maintained due to lipid chain crowding, the free energy per mol-
ecule can be written as a function , (R) of the vesicle radius R. In order to
describe bilayer vesicles enclosing a dendrimer (as depicted in Figure 16),
this model has been modified to allow for different surface free energies,
Y, and vy, for the inside and outside monolayer that can be adjusted to
account for the change in interfacial free energy due to the interaction with
the dendrimer.

Following the notation of Israelachvili et al.,”' the mol fraction
concentration X, of lipids incorporated into vesicles of aggregation num-

ber N is

N/Nref N (R)

e (P 1)

XN:N[ refj ekt T R<R,. 2)
Nref

The subscript “ref > denotes the quantities of the chosen reference
state, a vesicle of radius R.. The result for the modified free energy per

lipid in the dendrimer-lipid vesicle is

n
Hy =2y + 22 (@ = +2 2 ays —agyy). 3)
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Here a;=+/C/y, and a,=./C/y, are the optimum surface

areas for lipids respectively in the inside and outside monolayers, total
number of lipids N = 47 (R —t)’/a, + 47 R’/a,, t is the thickness of the
hydrocarbon layer, and n = 47R%a, is the number of lipids in the outer
monolayer. The effective surface free energy per unit area for molecules in
the inner monolayer is written as y, = Y, + Ay. Since Ay is assumed to be
the result of the interaction between dendrimer branch ends with the inside

of the vesicle it is of the form.

Me
Ay = 5
drr

4

with M = number of dendrimer end-groups, € = energy per bond (expected
to lie in the range of 12-30 kJ/mol for typical hydrogen bonds), r = den-
drimer radius.

For empty vesicles y, = 7y, which corresponds to the previously
studied case.’!

The vesicle size distributions X, both with and without the con-
tribution Ay is shown in Figure 8. These curves were obtained using
the values appropriate for G7 PAMAMs and DMPC lipids: M = 512,
r=45A, =45 A% 1 =29 A, length of carbon chains = 16.7 A, volume of
lipid tails = 667 A?, as well as &= 24 kJ/(mol-N, avogadro)s 1 =298 K (see also
Refs. 28 and 32). Considering the generic nature of the chosen model for
the lipid-lipid and lipid-dendrimer interactions, the results are in excellent
agreement with predictions. While the empty lipid vesicles are expected to

have a diameter of 28 nm (dashed line in Figure 17), the dendrimer-filled
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Figure 17: Probability distribution of unilamellar vesicle sizes according to Eq. (2)
without dendrimer (using g, = g, = 5-10 kJ/A?, dashed line) and with enclosed
dendrimer (using parameter g, = g, + Dg = 7-10%° kJ/A?, solid line). (Reprinted
with permission from A. Mecke et al., “Lipid bilayer disruption by polycationic
polymers: The roles of size and chemical functional group,” Langmuir, 21(23),

10348-10354, 2005. Copyright (2005) American Chemical Society.)

vesicles have a diameter of 18 nm (solid line in Figure 17). This is in the
range of 17-22 nm for the expected diameter of a dendrimer-filled vesicle
as described in Figure 16.

A G5 dendrimer, on the other hand, only has M =128
end-groups. Therefore Ay will be smaller than for a G7 dendrimer, see
Eq. (4). This in turn implies that the interaction between a single G5
PAMAM and the lipid bilayer would not be strong enough to create a
hole in the bilayer by forming a dendrimer-filled vesicle. It is however
possible that multiple dendrimers combined are still able to remove
lipids by forming larger aggregates. The experimental data suggests
that, in particular, edges of bilayer defects are more vulnerable to den-
drimer disruption, probably due to a different packing structure at the

rims, see Figures 13-15.
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A second argument for the stability of dendrimer-lipid vesicles can
be made by calculating the ratio m/M of lipid head groups in the inside
monolayer to the number of dendrimer branch ends, see Figures 16 and 17.
In order to arrive at a uniform increase in surface tension across the inside
lipid layer (as proposed in Eq. (4) this ratio should be small.

For a G7 PAMAM the number m is between 500 and 1400
25-27,33,34

for diameters ranging from 8—13 nm

lipids used above. Since a G7 PAMAM has 512 end-groups the ratio m/M

and the packing density of

of lipid head groups per dendrimer end-group is between 1 and 3. For the
example discussed in Figure 17, the ratio is 2:1. Figure 18 illustrates how
two factors — dendrimer size and end-group density — contribute to
dendrimer-vesicle stability. It shows m/M as a function of dendrimer gen-
eration. Although the maximum possible diameter for a G5-filled vesicle
is about 19 nm, the number m/M reaches 6 in this case. This implies that
the G5 dendrimer cannot easily form enough stabilizing bonds between
its functional groups and the lipid molecules. This analysis also explains
the observation that G3 PAMAMSs did not remove lipids from a bilayer
(Figure 14). They are much smaller, disk-like rather than spherical mole-
cules with only 32 end-groups.**

In addition to the number M, the parameter y which depends
on dendrimer end-group polarity plays an important role for vesicle
formation. As pointed out earlier, it is well-known that charge-neutral
dendrimers do not have as strong an effect on membrane integrity as
charged ones. This is consistent with the calculation presented above as
well as with the AFM experiments on lipid bilayers, i.e. while positively

charged G5-NH, PAMAMSs were able to remove lipids from the bilayer
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Figure 18. Measure for the stability of dendrimer-lipid vesicles (see Figure 7):
m/M = Average number of lipid head groups per dendrimer end-group given as
function of generation. The numbers inside the squares are the corresponding
maximum diameter of the dendrimer-lipid vesicle given in nm. (Reprinted with
permission from A. Mecke et al., “Lipid bilayer disruption by polycationic poly-
mers: The roles of size and chemical functional group,” Langmuir, 21(23),

10348-10354, 2005. Copyright (2005) American Chemical Society.)

(Figure 13), neutral G5-acetamide PAMAMs were not able to remove
lipids (Figure 15).

Although the energetics discussed above point to the possibility of
vesicle formation the reaction pathway and the barriers to formations are
unknown. A study has been performed to examine the energies of defor-
mation for dendrimers. The major question poised was, is there sufficient

binding energy in the dendrimer-surface interaction to cause the dendrimer
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o4

Figure 19: Simulation images of acetamide (a) and amine (b) PAMAMs after

interacting with surface. Shown are generations 2-5, q = — 0.05.

to flatten into a “pancake” shape thereby allowing the majority of charged
end groups to come in contact with the membrane. Figure 19 shows the
conformation of dendrimers of varying generation when attracted to a
sheet of positive charge. It is clear that the particles with the charged end
groups (amine dendrimers) bring many more of the branch termini in con-
tact with the surface than does the neutral acetimide dendrimer.

In this section we have focused on the analysis of a monodisperse
dendrimer-lipid complex in order to facilitate an analytical solution.
Although these simple pictures and conclusions allow forming a reason-
able hypothesis, we caution that more complex mixtures of dendrimers
and lipids could also follow the same general energetics outlined here (for
example aggregates of dendrimers nucleating a lipid vesicle). However,
our experimental data to date is most consistent with the monodendrimer

core model.
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9.10 Summary and Remarks on the Relevance of PAMAM
Dendrimer Nanoparticles to the Expected Behavior

of Other Nanoparticles

Amine-terminated PAMAM dendrimers, a monodisperse class of polyca-
tionic polymers, have been shown to create holes in supported DMPC lipid
bilayers. The experimental data revealed that the ability to generate holes
depends upon both the size and the charge of the dendrimer. Similar size
and charge densities are common for many classes of nanoparticles. Given
the generality of the model that is able to explain the observations, one
might expect that these results are indicative of a common trend for the
behavior of nanoparticles with supported lipid bilayers and by extension,
with cell membranes. The mechanistic model suggests a general ability of
nanoparticles to disrupt cell membranes, particularly if the nanoparticle is
similar in scale to the intrinsic small unilamellar vesicle size.

PAMAM dendrimers were employed for these studies because
they can be made with excellent control of size and surface modification.
How relevant is this work to other kinds of nanoparticles? The PAMAM
dendrimers fit into a large class of polycationic organic polymers includ-
ing poly-(L-lysine) (PLL), polyethyleneimine (PEI), and (diethyl-
aminoethyl)-Dextran (DEAE-Dextran). All of these materials form
nanoscale particles, are known to be efficient methods for inducing
permeability in cell membranes, and are effective methods of transfecting
cells via DNA translocation across the cell membrane.***’ Recall also that
gold particles with polycationic surfaces behave similarly.*®** The similar-

ities in practical applications and in detailed behavior at the cellular level
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suggest additional experimentation is called for to determine if the forma-
tion of nanoscale holes is also an important mechanistic step for these
materials.

The observations made for the dendrimer,'>* gold,*®** and
carbon® nanoparticle systems all indicate that control of surface chem-
istry is key to obtaining the desired degree of interaction with biological
membranes. The results from the dendrimer experiments also indicate that
the interactions can be altered by nanoparticle size. Given the wide range
of nanoparticle sizes and surface modifications, and the wide variety of
relevant environmental conditions, it is clear that additional research is
needed to understand and explore the ability of nanoparticles to induce
membrane permeability. The relationship of these parameters to
nanoscale hole formation and other permeation mechanisms, and the rel-
evance of all of these parameters to nanoparticle uptake and biodistribu-
tion needs to be determined. Finally, detailed toxicology studies are
required to see if the supported lipid bilayer models and the in vitro cell
models are useful predictors for the toxic effects of nanoparticles in the
environment.

In summary, the interaction of DMPC supported lipid bilayers has
been investigated by AFM and a novel physical mechanism for the
observed formation of holes in the bilayer has been proposed. High gener-
ation dendrimers (G7) caused the formation and growth of holes in model
membranes whereas the ability to remove lipids from bilayers was reduced
for G5 and completely lost for G3. Hole formation by G5 PAMAMs could

be avoided by replacing their amine end-groups with acetamide groups.
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A mechanism was developed to account for the effect of size and surface

chemistry on the propensity for hole formation. It is proposed that small

bilayer patches can wrap around the dendrimers forming dendrimer-filled

vesicles. Those assemblies are expected to be most stable for large den-

drimers with a high number of polar functional groups such as G7-NH,

PAMAMs. The results help elucidate the importance of size and charge for

understanding and controlling the toxicity of polymers and nanoparticles

used in biological applications.
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10.1 Introduction

The flexible and symmetric architecture of dendrimers makes them suitable
for many biological applications. Their structure, typically drawn (unrealisti-
cally) as concentric layers, one for each generation, suggests that the mass
density ought to be low in the core and increase towards the periphery. The
presumed “hollow” interior led to an interesting speculation that dendrimers

might be used to house small molecules in their cores and transport them into
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cells and, for this reason, dendrimers have been actively considered for drug
transport in the past decade or so. To design dendrimers that provide optimal
functionality, one needs to understand their structure and dynamics. Although
experimental techniques such as small-angle neutron scattering can provide
structure factors, which can be used to calculate the radius of gyration, the
detailed three-dimensional architecture of the dendrimer is not obtained from
such methods. Hence, several theoretical and computational studies have been
undertaken to investigate the dendrimer structure. For an excellent review arti-
cle of these studies, please refer to Ballauff and Likos.' Since the dendrimers
are hyper-branched polymers, the earliest theoretical attempts to characterize
dendrimers used simple theories similar to those applied to linear polymers.
Later, more refined coarse-grained and all-atom molecular simulations were
employed. In this chapter, we will briefly review the theoretical and simula-
tion studies that have been carried out to elucidate the structure and dynamics
of dendrimers. First (Section 10.2), we will describe theoretical and coarse-
grained studies in which the monomer units are treated in a continuum fash-
ion or as simplified, coarse-grained beads. Next (Section 10.3), we will review
studies in which the dendrimers are treated in an all-atom manner. In Section
10.4, we will briefly review simulations of the interaction of dendrimers with

biologically relevant molecules such as lipids and DNA.

10.2 Theoretical and Coarse Grained Models of Dendrimer
10.2.1 Neutral dendrimers

The earliest theoretical study of dendrimers by de Gennes and Hervet,’

using a modified form of the self-consistent field model, showed that the
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density profile for the monomer units of the dendrimer had a minimum at
the core and increased monotonically outward toward the edges. This is
consistent with the conventional “hollow core and dense shell” picture of
dendrimers. However, Lescanec and Muthukumar'' used a simple lattice
model to show that, in contrast to the findings of de Gennes and Hervet,’
the monomer density had a maximum at the core and decreased monoto-
nically toward the edges. This is known as the “dense core” model.
Several subsequent theoretical simulation studies**'** have lent support to
the dense core model. Currently, it is well accepted that dendrimers, at
least the uncharged ones, indeed have a dense core and a hollow shell.
The simple physical argument behind this? is that the dendrimer configu-
ration is decided by the interplay between entropic and energetic contri-
butions from its monomers, and it turns out that the monomers at the
periphery can easily access the interior regions of the dendrimer, leading
to significant back-folding and a dense core. It should be pointed out that
these results, achieved by simple theoretical models, do not take into
account the specific chemical structure of the monomers. Thus the exact
density profile will depend on the specific chemical structure, the nature
of the solvent, the ionization state of the monomers, etc. However, the
general conclusion that neutral dendrimers possess a dense core is still
largely valid.

Several coarse-grained simulations have been performed in order
to understand the dendrimer architecture. These simulations can be further
categorized as molecular dynamics, Brownian dynamics, or Monte Carlo.
A list of coarse-grained simulations has been summarized in Table 1,

adapted from the review article by Ballauff and Likos.'
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Tab. 1. Coarse-grained simulations of the structure of dendrimers.

Authors Year Method Comments
Lescanec and 1990 Monte Carlo Neutral dendrimer; dense core
Muthukumar!
Mansfield and 1993 Monte Carlo Neutral dendrimer; dense core
Klushin?!
Murat and Grest* 1996 Molecular Neutral dendrimer; dense core
Dynamics
Chen and Cui* 1996 Monte Carlo Neutral dendrimer; dense core
Lue and Prausnitz'® 1997 Monte Carlo Neutral dendrimer; dense core
Welch and 1998 Monte Carlo Charged dendrimer; transition
Muthukumar® from dense core to hollow
core as a function of salt
concentration.
Lyulin et al.® 2000 Brownian Neutral dendrimer; dense core
Dynamics
Karatasos et al.'® 2001 Molecular Neutral dendrimer; dense core
Dynamics
Sheng et al.*® 2002 Monte Carlo Neutral dendrimer; dense core
Timoshenko et al.’! 2002 Monte Carlo Neutral dendrimer; dense core
Gotze and Likos’ 2003 Monte Carlo Neutral dendrimer; dense core

While minor discrepancies were observed among the different

studies, the overwhelming conclusion was that neutral dendrimers have a

dense core,

validating the pioneering study by Lescanec and

Muthukumar." Dendrimers were found to be highly flexible, with a sig-

nificant amount of back-folding. The other important conclusion from
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most of these studies is that the radius of gyration scales is R, ~ N 13 where
N is the number of monomers in the dendrimer. This scaling behavior was
valid for a large range of N values, with slight deviations at extremely
small and extremely large values of N. The radius of gyration was also

found to be dependent on the quality of the solvent.

10.2.2 Charged dendrimers

While neutral dendrimers were shown to have a dense core, in charged
dendrimers, charge-charge repulsions are likely to force the monomers
apart. This may lead to a hollow core architecture with potential for appli-
cations as a delivery vehicle. Welch and Muthukumar,* using coarse-
grained model Monte Carlo simulations, hypothesized that the structure of
the dendrimers will depend not only on their charges but also on the pH
of the surrounding environment. They used a simple bead-spring model,
with the springs described by a FENE potential, the bead-bead interactions
described by a Morse potential, and the repulsive coulomb interactions by
a Debye-Hiickel potential. By varying the inverse Debye screening length,
they were able to change the effective added salt concentration. The poten-
tial falls off rapidly at high salt concentrations and is long-ranged at low
salt concentrations.

The most important conclusion from the study of Welch and
Muthukumar is that charged dendrimers exhibit “smart” behavior, in which
the structure of the dendrimer changes from a hollow core to a dense core
on addition of salt. This behavior is reversible, which they observed by
cycling the Debye screening length from a low to a high value. The results

are shown in Figure 1. At low electrostatic screening (low salt), the termini
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Figure 1: “Smart” behavior of dendrimers. Figure reproduced from Welch and
Muthukumar.** (Reprinted with permission from “Tuning the density profile of
dendritic polyelectrolytes,” Macromolecules, 31(17), 58925897, 1998. Copyright
(1998) American Chemical Society.)

of the dendrimer are at the periphery (hollow core), while at high salt con-
centrations, the termini sample all regions of the dendrimer. This observa-
tion has important implications for the application of dendrimers as drug

32 <«

delivery vehicles. As stated by Welch and Muthukumar,” “one might imag-
ine trapping a small molecule inside a polyelectrolyte dendrimer at low salt
concentration or low pH. Then, the small molecule, a drug for example,

may be delivered by placing the guest-host complex in a high salt or
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neutral pH medium to affect a rearrangement of the density profile. This
rearrangement may be expected to eject the guest from its dendritic cage.”
This result was the first simulation study to convincingly show the
possibility of using dendrimers as vehicles to deliver cargo into cells.
Following up this pioneering work, Gurtovenko et al.® recently
performed a coarse-grained MD simulation of charged dendrimers, with
explicit counter ions added to the system. They found that including
explicit counter ions can have a dramatic effect on the structure and
dynamics of charged dendrimers, and, under certain conditions, they can-
not be treated implicitly. Thus, implicit approaches, such as using the
Debye-Hiickel approximation used by Welch and Muthukumar,** have to
be used with caution. Nevertheless, coarse-grained simulations of charged
dendrimers have been able to predict qualitatively and correctly the dense-

core to hollow-core transition.

10.3 All-Atom Simulations of Dendrimers

Coarse-grained simulations (CG model) have been able to predict the size,
shape and density profile of dendrimers of different generations remark-
ably well, considering that the monomers are typically represented by just
one or two beads. There are several reasons for using coarse-grained mod-
els rather than the more accurate atomistic models. The most important
reasons are lower computational costs and the fact that the underlying
physics is universal and should not depend on the specific chemical archi-
tecture of the dendrimer. While CG models may be sufficient for studying
the overall shape and size of the dendrimers, atomistic models are required

in order to capture the more subtle interactions, such as those between the
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dendrimer and (1) an encapsulated drug or small molecule, (2) lipid mole-
cules, (3) DNA molecules, and others.

The first all-atom simulation of dendrimers was performed by
Naylor et al.,”” in 1989. They simulated the first seven generations of the
poly(amidoamine) (PAMAM) dendrimer in vacuum using the AMBER
force field. They found that generations 1-3 were highly asymmetric, while
generations 5—7 were nearly spherical. Large voids were found in the inte-
rior of the dendrimer, suggesting that these structures are capable of encap-
sulating small molecules. However, it is not clear from their work whether
the structures were well equilibrated or not, and no estimates of the size were
made. Another all-atom study was performed by Cavallo and Fraternali’ on
a poly(propylene-imine) dendrimer, in vacuum. This work showed that the
dendrimers had a dense core, as predicted by the earlier coarse-grained and
theoretical models. They also showed that the dendrimers had significant
back-folding, and the radius of gyration roughly followed the 1/3rd scaling
law. Around the same time, Peerlings and Meijer®® and Miklis et al. per-
formed simulations of a small molecule, “Bengal rose,” encapsulated in den-
drimers and including explicit solvent. These studies demonstrated that
atomic and theoretical models can be used to design and test dendrimer
encapsulation systems in advance of experiments.

Several subsequent simulation studies considered more accurate
dendrimer models, using explicit solvents, and for longer timescales, so
that true equilibration was achieved, enabling direct comparison of the
simulation results with experimentally obtained structural values. A list of
several of the all-atom simulations, in both implicit and explicit solvent, is

shown in Table 2.
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Tab. 2. Atomistic simulations of the structure of dendrimers.

Dendrimer

Authors Year Solvent Generations Comments

Naylor et al.”’ | 1989 | Vacuum GI1-G7 First atomistic simulations
of dendrimers

Cavallo and 1998 | Vacuum G1-GS5 Dense core predicted

Fraternali®
Lee et al." 2002 | Implicit G2-G6 Neutral and charged
Explicit G2 dendrimers

Maiti et al.”® 2004 | Vacuum GI1-Gl11 Dense core; limiting
generation explored

Han et al’® 2005 | Explicit G1-G7 Dense core; ~15 ns
simulations

Maiti et al® | 2005 | Explicit G4-G6 Neutral and charged;
dense core

Lin ef al.® 2005 | Explicit G5 Dynamics of water
explored

Lee et al.” 2006 | Explicit G5 Effect of solvent studied

Lee et al."* performed extensive simulations of G2 PAMAM den-
drimers in explicit water at different pH values. The dendrimers were fully
charged (terminal and interior amine groups charged), partially charged
(only terminal amine groups charged), or uncharged, corresponding to low,
neutral, or high pH, respectively. Simulations were performed for up to 2 ns.
The final configurations from these simulations are shown in Figure 2.
These simulations were compared to a series of G2 simulations in implicit

solvent to obtain an optimal set of parameters for implicit solvation. These
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(b)

Figure 2: Structure of G-2 PAMAM dendrimers at (a) high, (b) neutral, and
(c) low pH. Snapshots at the end of two independent simulations are shown in
each case. The figure is reproduced from Lee er al.'? (Reprinted with permission
from “Structural molecular dynamics studies on polyamidoamine dendrimers for
a therapeutic application: Effects of pH and generation,” Macromolecules, 35(11),

4510-4520, 2002. Copyright (2002) American Chemical Society.)
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parameters were then used to simulate larger dendrimers (G3-G6) in
implicit solvent. These simulations showed that at low pH (<4) the core is
hollow, while at neutral pH significant back-folding occurs. The simula-
tions also showed that a significant change in volume occurred between
the neutral and low pH regimes for generations 5 and larger, leading to the
possibility of cargo encapsulation in these dendrimers. This also explains
the experimentally observed improved levels of gene expression for gen-
erations G5 and larger when dendrimers are used as a gene-delivery vehicle.

Maiti et al."® simulated the first 11 generations of the PAMAM
dendrimer in vacuum to understand the structure, size, and back-folding
characteristics and to determine the number of generations to which a den-
drimer can grow before steric effects prohibit further growth, which is the
“limiting generation” issue first raised by de Gennes.” Computational costs
prohibited them from performing these simulations in explicit solvent.
Due to steric hindrances, the construction of dendrimers of larger genera-
tions is a major challenge. Maiti et al."” used a continuous configurational
Boltzman biased (CCBB) Monte Carlo method to generate the dendrimer
conformations. Since this was supposed to be a gas [vacuum] phase simu-
lation; all the termini were neutral. Once their initial configurations were
generated, the dendrimers were simulated for up to 200 ps, and the radii of
gyration for several generations were found to match the experimental
results, within the experimental error. They also calculated other properties
such as asphericity, terminal group distribution, and monomer density, and
their results largely matched those from earlier theoretical, CG, and exper-
imental results. They also observed large cavities in the interior of the den-

drimer, into which, presumably, small molecules can partition. Using an
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expression derived by de Gennes (1983) for PAMAM dendrimers, they
determined that the limiting generation is ~10.2. Maiti er al." calculated the
strain energy for all generations and found that it increased dramatically
for generations 10 and 11, providing an indirect confirmation of de Gennes’
prediction. However, the structures of the larger dendrimers in this study
are not very reliable due to the absence of solvent. Nevertheless, their study
provided good insights into various structural aspects of dendrimers.

In subsequent work, Maiti et al.*

performed all-atom simulations
of G4 to G6 dendrimers in explicit solvent. This more accurate treatment
enabled them to study the effect of pH (degree of ionization) on the den-
drimer structure and dynamics. For each generation, they studied the effect
of low, neutral, and high pH. Simulations were performed for 200 ps each,
which seemed sufficient to equilibrate properties such as the radius of
gyration. They found that the size of the dendrimer was highly dependent
on the pH, and the calculated radii of gyration matched the experimentally
measured values accurately. In a following study,” the same group of
researchers investigated in detail the structure of water inside and around
the dendrimers, which is important to understanding the binding of den-
drimers to small molecules, DNA, and proteins. Two distinct relaxation
behaviors were observed for water, one at the surface of the dendrimer and
the other inside the dendrimer. They also found that the protonation of the
amines increased the relaxation time scales of water in the interior of the
amines, suggesting that the binding of cargo molecules into the dendrimer
interior at low pH might be much slower than at high pH.

More recent all-atom simulations of the PAMAM dendrimers

by Han et al.’ include generations 1 through 7. They performed explicit
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Tab. 3. Radius of gyration (R,) of dendrimers. These values are compared with

experiments and other simulations.

Radius of Gyration (nm)
Experiment Simulation
Prosa | Choi Lee Maiti Lee Maiti
etal® |etal®| etal® etal” |etal'| et al®
Un-acetylated G5 — 2.50 [2.51+£0.01 |2.224+0.01 | 3.28 1.83
in water
Un-acetylated G5 2.41 — |2.57x£0.01 — — —
in methanol
90%-acetylated — 2.35 | 2.11£0.01 — — —
GS5 in water
90%-acetylated G5 | — — 12.33%£0.01 — — —
in methanol

* These simulations were performed without explicit water.

solvent simulations of unprotonated dendrimers of different generations
(1 to 7) for up to 15 ns. They also observed that Rg scales with the power
~1/3 as a function of the number of monomers. Significant back-folding of
the outer generations was also observed. In another study by Lee et al.,"
simulations were performed on uncharged and 10% charged dendrimers in
explicit water and methanol. Simulations were performed for ~5 ns, and
the results showed that the radii of gyration matched experimentally
observed values. Table 3 summarizes the values of the radii of gyration
from several all-atom MD simulations.

It is thus clear that all-atom simulations are able to predict

accurately the size, shape, and conformation of dendrimers of several
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generations, validating a large body of earlier work performed using theo-
retical and coarse-grained simulation methods. Although different all-atom
force fields were used, the various simulations have yielded similar quan-
titative results, indicating the inherent robustness of using all-atom simu-
lations. However, to date, not many studies have been performed on
the interactions of dendrimers with other biologically relevant molecules
such as drugs, protein, DNA and lipids. All atom-simulations are ideally
suited — and perhaps necessary — for such studies where the specific
interactions cannot be captured by coarse-grained models. We will briefly

discuss such simulations in the following sections.

10.4 Interactions of Dendrimers with Other Molecules

The desired use of dendrimers as vehicles to carry cargo into cells involves

the interaction of the dendrimers with several biological moieties.

1) With the cargo: Typically a drug or a small molecule is parti-
tioned into the dendrimer core.

2) With lipid bilayers: Dendrimers need to interact with and pene-
trate the exterior lipid bilayer membrane of the cell to facilitate
cargo delivery.

3) With proteins: Once inside the cells, the dendrimers are likely to
interact with specific protein targets.

4) With DNA: For gene therapy, DNA might itself be a cargo; the
positively charged dendrimers are also likely to interact with the

negatively charged DNA molecules inside the cell.
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It is important to study all of the above-mentioned interactions to get a
clearer picture of the mechanism of dendrimer-based cargo delivery. While
we have discussed the various CG and all-atom studies that have been carried
out to study the structure and dynamics of dendrimers in solution, very few
studies have looked at the interactions of dendrimers with other moieties.

However, Mecke er al.” studied the interactions of PAMAM den-
drimers with an atomically flat mica substrate. Like membranes, mica pos-
sesses a negative surface charge. While comparatively simpler than a
realistic biological membrane, mica is nevertheless a useful model that is
easier to study by experimental scanning probe techniques than are bio-
logical membranes. Their experimental work and molecular dynamics
simulations showed that the dendrimers in solution tended to flatten from
their oblate shape on contact with mica. Both charged and uncharged den-
drimers exhibited this behavior. Figure 3 shows the flattened dendrimer
profile on a mica substrate.

A more recent study by Lee and Larson'* used a coarse-grained

dendrimer model to investigate dendrimer-lipid interactions. AFM

Figure 3: Images of flattened PAMAM dendrimers (G2 to G5) on a mica substrate.
(a) Partially charged. (b) Fully charged. Image reproduced from Mecke et al.
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experiments had shown that unacetylated (charged) G7 PAMAM den-
drimers form large holes in dimyristoyl-phosphatidyl-choline (DMPC)
bilayers, while G5 dendrimers are capable of expanding smaller holes.”
The CG simulations by Lee et al.'"* used a simplified coarse-grained
model developed for lipid bilayers by Marrink et al.** In this model,
roughly four heavy (non-hydrogen) atoms are lumped into one CG bead,
and the PAMAM dendrimer can essentially be approximated by four dif-
ferent types of beads. After coarse-graining, a G5 dendrimer has 506 CG
beads, which is approximately half an order of magnitude smaller than
the corresponding all-atom system. Lee er al.'* systematically studied
the interactions of the CG dendrimer with CG lipid bilayers by varying the
surface charge density of the dendrimer from uncharged to 50% charged
to 100% charged (mimicking different pH values) and by varying the den-
drimer size (G3 and G5). The simulations were begun by placing the
equilibrated dendrimers close to the bilayer surface and were run for up
to 500 ns. These simulations showed that acetylated (uncharged) G3 and
G5 dendrimers were not inserted into the bilayer. The unacetylated (100%
charged) and partially acetylated (50% charged) G5 dendrimers fully
inserted into the bilayer. Snapshots from one of the simulations are shown
in Figure 4. The results from the simulations agree qualitatively with
experimental results and this is the only simulation study to date to offer
insights into the bilayer-penetrating mechanism of dendrimers.
DNA-dendrimer interactions have also been studied using simpli-
fied Brownian dynamics simulations'® of cationic dendrimers interacting
with oppositely charged linear polymers representing the DNA. The

results show that most of the linear chain monomers are present close to
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Figure 4: All-atom (left) and coarse-grained (center) representations of G5 den-
drimers. Right: Interaction of a coarse-grained G5 dendrimer with a DMPC

bilayer, leading to pore formation.

the dendrimer terminal groups. At linear chain lengths longer than neces-
sary for charge neutralization with the dendrimer, strong adsorption
between the dendrimer and linear polymers was observed. This adsorption,
in turn, has a strong effect on the chain radius of gyration and radial dis-
tribution of the dendrimer. These simulations provide qualitative insights
into DNA-dendrimer interactions, relevant for gene therapy and other

applications.

10.5 Conclusions and Future Outlook

Theories and simulations have shown definitively that for uncharged

dendrimers,

1) The monomer density is highest in the core (dense-core).

2) The dendrimers are extremely flexible, with a large degree of
back-folding of the outer generations

3) The radius of gyration scales as ~N'?, where N is the number of

monomers.
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The simulations also show that charged dendrimers undergo a structural
transition when moved from low pH to a high pH solution. Simple
coarse-grained simulations have been sufficient in predicting most of
the structural properties of dendrimers in solution rather accurately,
showing that the underlying physics is universal and does not depend on
the specific chemical structure of the monomer unit. However, there are
some issues that have not yet been conclusively demonstrated through
simulations. The issue of a “limiting-generation,” raised originally by
de Gennes and beyond which the dendrimers cannot be grown, is still
unresolved.

While coarse-grained modeling has helped to explain the physics
of dendrimers in solution, such modeling is not detailed enough to capture
the specific interactions of dendrimers with biological moieties such as
lipids, proteins and DNA. While CG models have indeed attempted to cap-
ture some of these interactions, the results are at best qualitative. This leads
to the inference that appropriately parameterized all-atom simulations are
indeed necessary to study the interactions of dendrimers with biological
molecules. The primary argument against all-atom simulations is the pro-
hibitive cost. However, over the past decade or so, as faster computers
have become available, all-atom molecular dynamics simulations of den-
drimers have become more common. Starting with the early simulations of
small (G1 to G5) dendrimers in vacuum or in implicit solvent, the most
recent simulations have been able to access tens of nanoseconds in explicit
solvent for dendrimers as large as the biologically relevant G7 dendrimers.

Over this time scale, most of the structural properties of dendrimers in
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solution are fully equilibrated. However, the next major challenge is to be
able to simulate the interaction of dendrimers with lipids, DNA, and other
materials using reasonably long time scales so that the desired property of
interest is well equilibrated.

The recent coarse-grained simulations of Lee and Larson'* on the
interactions of G5 dendrimers with DMPC lipid bilayers matched experi-
ments qualitatively. Their simulation system consisted of 512 CG lipids,
~20,000 CG water beads and a single G5 dendrimer. The simulations were
performed for 500 ns to observe pore formation. To perform the same sim-
ulation using an all-atom approach would require a system with ~100,000
atoms. Presumably, the same physical phenomenon of pore formation could
be simulated using the all-atom model over similar time scales (hundreds
of nanoseconds) and using accurate electrostatic calculations such as the
particle mesh Ewald (PME) method. While the CG simulation can be per-
formed in a matter of weeks on a single computational node, all-atom sim-
ulation would require several (tens of ) nodes and months of computation.
While this is still computationally expensive, with ever-increasing computer
speeds, all-atom simulations of such systems will become rather routine
within a few years. Thus, we can foresee all-atom simulations of higher
generation dendrimers interacting with lipids, DNA, proteins and drug mol-
ecules and providing useful insights into the medicinally relevant molecular
aspects that cannot be observed experimentally. Finally, all-atom simula-
tions can guide the design and engineering of newer classes of dendrimers,
which can be manipulated to achieve variable shapes and sizes while being

optimized for biological functionality.
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11.1 Introduction

In recent years, dendrimer-entrapped and dendrimer-stabilized metal nano-
particles (NPs) have received immense scientific and technological interest
because of their promising applications in a broad range of fields, such as
catalysis, optics, electronics, and biomedical applications. Dendrimers are a
class of highly branched, monodispersed, synthetic macromolecules with
well-defined composition and structure,' which makes them ideal templates

or stabilizers for the synthesis and modification of various metal, and
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semiconductor NPs. Dendrimer-entrapped NPs (DENPs) are formed using
dendrimers as templates, where each metal or other inorganic NP is entrapped
within each dendrimer molecule, while dendrimer-stabilized NPs (DSNPs)
are formed using dendrimers as stabilizers, where each metal or other inor-
ganic NP is surrounded or protected by multiple dendrimer molecules on its
surface. Detailed synthesis, characterization, and applications of DENPs and
DSNPs in catalysis, optics, or other applications not related to biomedical sci-
ences can be found in several reviews.”* The unique properties of dendrimers
as well as their excellent biocompatibility and non-immunogenicity lead to
the synthesis of various metal dendrimer composite NPs for a range of bio-
medical applications. The major advantage of using dendrimers to synthesize
NPs is their tunable surface chemistry, providing many opportunities for the
functionalization of NP surfaces. This chapter provides a glimpse of various
metal DENPs and DSNPs and how these nanocomposite materials have been

designed and used in biomedical applications.

11.2  Dendrimer-Entrapped Nanoparticles (DENPs)

DENPs are often formed using fast reduction (e.g., sodium borohydride
reduction) and nucleation chemistry. The formed DENPs are usually smaller
than 5 nm. The formation of DENPs consists of two steps. In the first step,
metal ions are preorganized by the dendrimer host through ligand/metal-ion
interactions, salt formation, acid-base and donor-acceptor interactions, cova-
lent bond formation, steric confinement, various types of weaker forces (van
der Waals, hydrogen bonding, etc.), and combinations thereof.> Meanwhile,
due to many possible overlapping equilibrium processes (involving several

different geometries), the binding of metal ions within dendrimer host
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usually appears as a non-stoichiometric process. The preorganization
results in dendrimer-metal complexes, which are in dynamic equilibrium
with the template and metal ions. The dynamic equilibrium permits equal
distribution of the metal ions between all the equivalent ligands in the den-
drimer molecules and diffusion provides a homogenous distribution of
metal ions among the dendrimer template. In the second step, a reduction
of preorganized metal ions results in the formation of DENPs. A scheme for
the synthesis of Au DENPs'*!? (Scheme 1) gives an example how the two
steps lead to the formation of metal DENPs. A wide range of metal ions
including Cu*, Au**, Ag*, Pd*, Pt**, Ni**, Ru’* can be preorganized with
PAMAM dendrimer hosts to form metal DENPs.> Dendrimer-entrapped
semiconductor quantum dots, such as CdS, can also be prepared by react-

13,14

ing Cd (II)/dendrimer complexes with sulfide (II) ions.

Charged dendrimer Dendrimer with
loaded with gold salt gold colloid inside

PAMAM dendrimer

Scheme 1: Dendrimer nanotemplating in aqueous solution. In a first step, the
dendrimer is loaded with a precursor salt (H*AuCl,), resulting in a charged den-
drimer with the precursor as counterions. In a second step, the chemical reduction
is performed which yields a colloid inside the dendrimer. (Reprinted with permis-
sion from [Grohn, et al. Macromolecules, 33, 6042-6050]. Copyright (2000)

American Chemical Society.)
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Compared with regular/classic composite materials, DENPs possess
nanometer-sized inorganic domains and organic host, which make them dis-
play unique physical and chemical properties that are characteristic of both
the nanosized host and the nanodispersed guest. A range of physical proper-
ties come from the nanodispersed inorganic domains, instead of PAMAM
dendrimer alone, which affords DENPs with many unique applications in a
wide range of areas, including catalysis, optics, environmental, sensing, etc.
While many unique properties and applications of DENPs are derived from
the nanodispersed inorganic domain, dendrimer in itself is also indispensa-
ble in the stabilization of the inorganic domains. In DENPs, most of the
interaction between guest atoms and their microenvironment (metal-metal
and metal-solvent interactions) are substituted with the metal-dendrimer and
dendrimer-solvent interactions, which makes the DENP solutions stable for
a relatively long time in appropriate solvent systems.

For biological applications, the surface of DENPs has to be mod-
ified in order to avoid toxicity and non-specific membrane binding. In lit-
erature, the absence of biological applications of DENP systems is largely
due to the technical difficulties with DENP toxicity and surface manipula-
tion. Gold NPs have recently received immense scientific and technologi-
cal interest because of their extensive applications in biology, catalysis,
and nanotechnology.'>'® Although functionalized dendrimers have been
used to prepare dendrimer-entrapped gold or other noble metal NPs with

different functionalities,'”'®

in most circumstances dendrimer-entrapped
gold NPs (Au DENPs) are prepared using amine-terminated PAMAM den-
drimers. This is due to the commercial availability of this material, but this

yields particles with high cytotoxicity and non-specific membrane binding
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due to the amine surface on the dendrimers, limiting the biological appli-
cation of these particles. Preparation of non-toxic, biocompatible {(Au) -
PAMAM]} DENPs is of great importance for applications in various
biological systems.

It is well documented that decreasing the surface charge of amine-
terminated PAMAM dendrimers toward neutral reduces their toxicity.'*
We have developed a new, facile approach to surface modification of Au
DENPs by replacing the terminal amine groups of the dendrimers after the
entrapment of Au NPs.*! Au DENPs formed using ethylenediamine core
amine-terminated generation 5 PAMAM dendrimers (G5.NH,) as templates
were reacted with acetic anhydride or glycidol molecules to form acetamide
or hydroxyl-functionalized Au DENPs (see Scheme 2). The formed Au
DENPs after surface functionalization are stable, water-soluble, and display
similar sizes, size distributions, and optical properties as the original DENPs,
however the surface charge changes and the biocompatibility is significantly
improved. Using this approach, one can directly tailor the surface function-

alities of preformed Au DENPs.

Acetic anhydride &
Methanol

—
N(CH,CHOHCH,0H),
Glycidol
Methanol

Scheme 2: Reactions to modifying Au DENPs prepared using amine-terminated

G5.NH, dendrimers as templates. (Soft Matter, 2007, 3, 71-74 — Reproduced by

permission of The Royal Society of Chemistry.)
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Figure 1: UV-Vis spectra of the synthesized and modified Au DENPs. (Soft Matter,
2007, 3, 71-74 — Reproduced by permission of The Royal Society of Chemistry.)

The optical properties of the modified Au DENPs were investigated
using UV-Vis spectrometry. {(Au’),,,—~G5.NH,}, {(Au’);, ,~G5.NHAc}, and
{(Au’),, ,—G5.NGlyOH} DENPs (Figure 1) exhibit a similar absorption
behavior, with surface plasmon bands around 510 nm, indicating their
similar size and size distribution. The corresponding surface modified den-
drimers in the absence of the Au NPs do not show any absorption features
at wavelengths above 250 nm. The Au DENPs are soluble and stable in
water, and no aggregates formed for at least 10 months after synthetic
modifications with either acetic anhydride or glycidol molecules.

The morphology and size distribution of the synthesized Au
DENPs were characterized by transmission electron microscopy (TEM)
imaging (Figure 2). All Au DENPs regardless of modification are rela-
tively monodispersed and small, with sizes ranging from 2.0 = 0.4 to 2.4 +

0.5 nm. The size range of the Au DENPs is consistent with their UV-Vis
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Figure 2: TEM micrographs of the {(Au"),, ,~G5.NH,} (a), {(Au’),, ,~G5.NHAc}
(©), {(Au°),, ,~G5.NGlyOH} (e) DENPs; (b), (d) and (f) are size distribution histo-
grams of the {(Au’), ,~G5.NH,}, {(Au’),,,~G5.NHAc}, and {(Au°),, ,—
G5.NGlyOH} DENPs, respectively. (Soft Matter, 2007, 3, 71-74 — Reproduced
by permission of The Royal Society of Chemistry.)
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absorption characteristics (Figure 1) exhibiting a surface plasmon band
around 510 nm.*** High-resolution TEM images show that all Au DENPs
are crystalline, as lattices of Au crystals are clearly observed. The crys-
talline nature of the Au DENPs was also confirmed using selected area
electron diffraction (SAED). The (111), (200), (220) and (311) rings in the
SAED patterns indicate the face-centered-cubic (fcc) crystal structures.
Energy dispersive spectroscopy (EDS) of each of the Au DENP samples
indicates the existence of Au elements.

Although the optical properties and sizes of all Au DENPs
are very similar, their surface charges change. Zeta potential measure-
ments show marked changes in the surface potentials of Au DENPs, with
{(Au’),,,~G5.NH,} at + 36.86 mV, {(Au’),,,—G5.NGlyOH} at + 23.47
mV, and {(Au’);, ,—G5.NHAc} at + 4.27 mV. The zeta potential changes
reflect the successful surface modification of {(Au’),, ,~G5.NH,} DENPs,
suggesting that the surface potentials of Au DENPs can be manipulated
through conventional organic reactions with the dendrimers.

Further PAGE analyses of the synthesized and modified Au
DENPs and the corresponding dendrimer derivatives (Figure 3) show that
Au DENPs exhibit migration patterns similar to those of the corresponding
dendrimer derivatives. {(Au’),, ,~G5.NGlyOH} migrates faster than
G5.NGlyOH dendrimer, which is due to the less complete hydroxylation
reaction with dendrimers in the presence of Au NPs. This is consistent with
our NMR results.

The cytotoxicity of the synthesized Au DENPs was evaluated by
an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

assay of KB cells (a human epithelial carcinoma cell line) (Figure 4).
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Figure 3: PAGE electropherograms of Au DENPs and the corresponding den-
drimers. Lane 1: G5.NH,; Lane 2: G5.NHAc; Lane 3: G5.NGlyOH; Lane 4:
{(Au°),, ,~G5.NH,}; Lane 5: {(Au", ,~G5.NHAc}; Lane 6: {(Au’) ,—
G5.NGIlyOH}. (Soft Matter, 2007, 3, 71-74 — Reproduced by permission of The
Royal Society of Chemistry.)
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Figure 4: An MTT assay of KB cell viability after treatment with {(Au°),, —
G5.NH,}, {(Au’), ,~G5.NHAc}, and {(Au’),, ,~G5.NGlyOH } DENPs for 24 hours.
The data are expressed as mean £ S. D. (Soft Matter, 2007, 3, 71-74 — Reproduced
by permission of The Royal Society of Chemistry.)
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Results show that all Au DENPs are non-toxic below the concentration of
1.0 uM. Above 1.0 uM, the cytotoxicity of Au DENPs follows the order of
{(Au’),,,~G5.NH,} > {(Au’), ,~G5.NGlyOH} > {(Au’), ,~G5.NHAc},
which was related to the degree of cationic surface charge. Acetylation of
{(Au’),, ,~G5.NH,} DENPs neutralizes the surface charges of Au NPs, as
confirmed by PAGE and zeta-potential measurements, making them
highly compatible with biological systems. In contrast to the acetylation
reaction, much less complete hydroxylation of {(Au°),, ,~G5.NH,} DENPs
(as compared with hydroxylation of G5.NH, dendrimers) cannot effec-
tively neutralize their positive charges; therefore, the formed
{(Au),,,—~G5.NGlyOH} DENPs still display some cytotoxicity at high
concentrations. It implies that post-synthetic modification of Au DENPs is
a straightforward approach to designing non-toxic Au NPs for biological
applications. It is interesting to note that we also attempted to synthesize
non-toxic Au NPs using preformed G5.NHAc and G5.NGIlyOH dendrimers
as templates under similar conditions. In both cases, black precipitates were
formed. It seems that the complexation of AuCl, ions with either the
acetamide or glycidol hydroxyl-terminated G5 dendrimer is much weaker
than that with amine-terminated G5 dendrimers, significantly decreasing
the stability of the Au NPs. The approach used for functionalization of Au
NPs may be applied to a range of different dendrimer-templated metal NPs
and different organic syntheses and opens a new avenue to tailoring the par-
ticle surface functionality for various applications.

In the area of targeted cancer imaging and therapeutics, one great
challenge is that the used NPs lack specific binding with cancerous cells.

The ability to chemically functionalize preformed Au DENPs without
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significantly changing their sizes and size distributions led us to develop
these Au DENPs as a multifunctional platform for cancer cell targeting,
imaging, and treatment as we have done with dendrimers.**** The Au
DENP-based nanoplatform should be able to be localized in targeted cells
and tissues due to the high electron density contrast of the Au NPs. It is
also possible that multifunctional Au DENPs can be used for targeted
hyperthermia treatment of cancers through inductive heating of cells that
have internalized these particles.

We demonstrate that dendrimer-entrapped gold nanoparticles (Au
DENPs) can be covalently linked with targeting ligands and imaging mol-
ecules for cancer cell targeting and imaging.”> Au DENPs linked with
defined numbers of folic acid (FA) and fluorescein isothiocyanate (FI)
molecules are water-soluble, stable, and biocompatible. We show that the
FA- and FI-modified Au DENPs can specifically bind to KB cells that
overexpress high affinity folate receptors and be internalized predomi-
nantly into lysosomes of target cells within 2 h. These findings document
a facile approach to use Au DENPs as a platform for the targeting and
imaging of cancer cells.

Au DENPs were prepared using G5.NH, dendrimers as templates
according to previously described procedures.""'*?* The formed Au
DENPs are relatively monodispersed with a mean diameter of 2.1 nm.*
The approach to functionalize the Au DENPs with defined numbers of tar-
geting molecules (e.g., FA) and dyes (e.g., FI) (Scheme 3) are slightly
modified from the methods been used to functionalize dendrimers (with-
out entrapped metal nanoparticles) for targeting and imaging of cancer

cells.'”?**” One of the key steps in the preparation of FA- and FI-modified
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Scheme 3: Schematic representation of the reactions involved in modifying Au
DENPs for cancer cell targeting and imaging. (Reprinted with permission from

Wiley-VCH GmbH & Co KG, Small, 2007, 3, 1245-1252.)

Au DENPs is to keep the surface charges on the particles neutral in order
to avoid toxicity and non-specific binding. This can be accomplished by a
final acetylation step to convert the remaining amine groups of G5.NH,
dendrimers to acetamides (Scheme 3). Zeta potential measurements show
that after the final acetylation step, the surface potentials of the formed
{(Au°),, ,—G5-FI-Ac} (& = —1.11 mV) and {(Au’),, ,~G5-FL-FA,-Ac}
(§ =-2.30 mV) DENPs (Ac denotes acetyl) are close to neutral, indicating
the success of the acetylation reaction. The slight negative charges of
both DENPs may be derived from the deprotonated carboxyl groups in
both FI and FA moieties being conjugated. The numbers of FI and FA moi-

eties conjugated onto each Au DENP can be estimated by comparing the
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differences between the integration values of '"H NMR signals associated
with dendrimers and the FI and FA moieties, as we did for dendrimer
(without entrapped Au nanoparticles) conjugation.”’?’ The average num-
bers of FI and FA moieties conjugated onto each Au DENP were estimated
to be 4.0 and 4.5, respectively.

A dynamic simulated image of Au DENP with Au NP size of 3 nm
is shown in Figure 5(a). It appears that the Au NP is not necessarily situ-
ated at the center of the G5 dendrimer interior. In this case, the conjugated
FI molecules display certain molecular space that would not allow the
complete quenching of the fluorescence in the presence of metal Au. This
is very important for Au DENPs to be used for confocal microscopic imag-
ing purposes. A dynamic simulated image of Au DENP with FI and FA

modified on the surface, followed by acetylation is shown in Figure 5(b).

(a) (b)

Figure 5: (a) A configuration of Au (diameter = 3 nm) NP entrapped in an amine-
terminated, fully protonated G5 dendrimer. (b) A configuration of Au (diameter =
3 nm) DENP with surface FI and FA moieties, followed by acetylation. This is

about 50 psec simulation image (simulated by Inhan Lee).
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This reflects that from both theoretical model and simulation and experi-
mental data, it is possible to modify the Au DENP platform for cancer cell
targeting and imaging.

TEM images show that the sizes of {(Au’);,,—G5-FL.-Ac} and
{(Au’),, ,—G5-FI.-FA.-Ac} DENPs are 3.4 £ 0.6, and 3.2 £ 0.7 nm
(Figures 6(a)—(d)), respectively. The somewhat larger size compared with
the pristine {(Au’);,,~G5.NH,} DENPs (2.1 nm) may be due to multiple
surface modifications, which facilitate Ostwald ripening of the Au DENPs.
UV-vis spectrometry (Figure 6(e)) verified the conjugation of FI and FA
moieties onto Au DENPs. The {(Au’), ,—G5-FI,-FA,-Ac} DENPs show
characteristic absorption peaks at both 500 nm and 280 nm for respective
FI and FA moieties, while only the characteristic absorption peak at
500nm related to FI moiety is observed with {(Au’),, ,—G5-FL-Ac}
DENPs. In addition, a band representing an overlap of the surface plasmon
resonance of Au DENPs (510 nm) with the absorption of FI moiety is also
observed. The functionalized Au DENPs are stable, and no precipitation of
the solution appeared even after periods of storage as long as nine months.
An MTT assay of KB cells shows that the functionalized Au DENPs are
not cytotoxic even at a concentration up to 2000 nM (Figure 6(f)), imply-
ing that the final acetylation step creates biocompatible nanoparticles.

FA has been extensively investigated for targeting various cancer
cells, including ovary, kidney, uterus, testis, brain, colon, lung, and myelo-
cytic blood that overexpress FA receptors (FAR).®7' The high-affinity
FAR for FA (K,;= 0.1-1 nM) affords specific binding and internalization of
FA-modified nanoparticles to cancer cells in the presence of normal cells

through receptor-mediated endocytosis. KB cells were selected for the
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Figure 6: Characterization and toxicity test of functionalized Au DENPs. (a) and
(c) TEM images of the functionalized {(Au’),, ,~G5-FL-Ac} and {(Au’),, ,~G5-
FL-FA;-Ac} DENPs, respectively. (b) and (d) The size distribution histograms
of {(Au’),,,~G5-FL-Ac} and {(Au’);, ,—G5-FL-FA,-Ac} DENPs, respectively.
(e) UV-vis spectra of the starting {(Au’),, ,—G5.NH,} and functionalized {(Au’),, ,—
G5-FL-Ac} and {(Au’),, ,~G5-FL-FA;-Ac} DENPs. (f) An MTT assay of KB cell
viability after treatment with {(Au’),, ,~G5-FI;-Ac} and {(Au’),, ,~G5-FL-FA;-
Ac} DENPs for 24 h. The data are expressed as mean = S. D. (Reprinted with per-
mission from Wiley-VCH GmbH & Co KG, Small, 2007, 3, 1245-1252.)
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specific binding with functionalized Au DENPs. KB cells with both high-
and low-levels of FAR were respectively incubated with {(Au’),, ,—G5-FI.-
FA,-Ac} and {(Au")Sl'z—GS—FIS—Ac} DENPs for 1h. Figures 7(a)—(d)
shows the flow cytometric analyses of KB cells that express both high- and
low-level FAR after exposure to functionalized Au DENPs (25 nM) for 1 h.
It is clear that the treatment of KB cells expressing high-level FAR with
{(Au’),, ,—G5-FIL-FA,-Ac} DENPs results in a significant increase in the
fluorescence signal within the cells. In contrast, the same KB cells treated
with {(AuO)SI'z—GS—FIS—Ac} DENPs without FA display a similar fluores-
cence signal to cells treated with PBS buffer (Figure 7(a)), suggesting no
binding of the {(Au°),,,~G5-FI-Ac} DENPs. KB cells with low-level
FAR treated with either {(Au°);, ,—G5-FI-FA,-Ac} or {(Au°),, ,—G5-FI,-
Ac} DENPs show a similar fluorescence intensity to the PBS control
(Figure 7(b)). These results indicate that the specificity of {(Au®),, ,—G5-
FI-FA,-Ac} DENPs binding to KB cells is restricted to cells containing
high levels of FAR. The cellular uptake of the FA-functionalized Au
DENPs shows a dose-dependent fashion, with saturation and 50% binding
occurring at approximately 50 nM and 18 nM, respectively (Figure 7(c)),
which is comparable with the binding capacity of FA-modified G5
dendrimers.* For KB cells with low-level FAR, neither {(Au’),, ,—G5-FI.-
FA,-Ac} nor {(Au")SI'z—GS—FIS—AC} DENPs shows any significant binding,
even at a concentration up to 300 nM (Figure 7(d)).

The conjugation of FI moiety onto Au DENPs also affords confo-
cal microscopic imaging of the intracellular uptake. Figures 7(e), 7(f), and
7(g) show that only KB cells with high-level FAR treated with FA-modi-
fied {(Au’),, ,—G5-FL.-FA-Ac} DENPs display fluorescence signals,
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Figure 7: Flow cytometric and confocal microscopic studies of the binding of func-
tionalized Au DENPs with KB cells. (a) and (b), Binding of {(Au°)5]42—G5—FIS-AC}
and {(Au°)5|'2—G5-FIS-FA5-Ac} DENPs (25 nM) with KB cells with high- and low-
levels of FAR, respectively. 1. PBS control; 2. {(Au®);, ,—G5-FI-Ac}; 3. {(Au®)5, ,—
G5-FI,-FA,-Ac}. (c) and (d), Dose-dependent binding of {(Au°)5,'2—G5—FIS—Ac} and
{(Au’),, ,—~G5-FI-FA.-Ac} DENPs with KB cells expressing high- and low-levels
of FAR, respectively. (e-g) Confocal microscopic images of KB cells with high-
level FAR treated with PBS buffer (e), {(AuO)SI'z—GS-FIS-Ac} (25 nM) (f), and
{(AuO)S]VZ—GS-FIS—FAS-Ac} (25 nM) (g) DENPs for 2 h, respectively. (Reprinted
with permission from Wiley-VCH GmbH & Co KG, Small, 2007, 3, 1245-1252.)
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which is associated with the specific internalization of {(Au’),, ,~G5-FI,-
FA,-Ac} DENPs into the cytoplasm of the cells (Figure 7(g)). In contrast,
the same KB cells treated with {(Au°),, ,—~G5-FI,-Ac} DENPs without FA
modification do not show any fluorescence signals (Figure 7(f)), which is
the same case as with KB cells treated with PBS buffer (Figure 7(e)). This
result suggests that the binding and intracellular uptake do not occur in the
cells treated with non-FA modified Au DENPs.

One major advantage of using functionalized Au DENPs to image
cancers is its ability to differentiate cancer cells from surrounding cells or
tissues by using contrast agents with high electron density. Dendrimers
without entrapped metal nanoparticles cannot achieve this goal.”*** By
using the TEM imaging technique, we can clarify the distribution of func-
tionalized Au DENPs in different compartments inside targeted cells. This
also aids in understanding the mechanism for targeted drug delivery and
therapeutics, using dendrimer-based nanodevices. Upon 2 h incubation of
functionalized Au DENPs, the FA-modified {(Au°)51‘2—G5—FIS—FA5—Ac}
DENPs were predominantly located in the lysosomes of KB cells with
high-level FAR expression (Figures 8(a) and (b)). We also observed that a
small portion of {(Au°)51'2—G5—FIS—FA5—Ac} DENPs situated in vacuoles
and the nucleus. However, we did not see any uptake of the {(Au’),, ,—G5-
FI.-Ac} DENPs without FA modification in the lysosomes of the same KB
cells (Figure 8(c)). A very small quantity of {(AuO)SLZ—GS—FIS—AC} DENPs
were observed in the vacuoles of some cells, and this was undetectable
using confocal microscopy. This uptake is believed to be associated with
diffusion-driven non-specific binding since control cells not exposed to

Au DENPs show no internalized metal nanoparticles. The TEM studies
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Figure 8: TEM images of cellular uptake of Au DENPs. (a—c), TEM images of
KB cells with high-level FAR treated with {(Au’);, ,—G5-FI-FA,-Ac} (a and b)
and {(Au’);, ,~G5-FI;-Ac} DENPs (c) for 2 h, respectively. (b) A magnified area
of the lysosome of the same cell shown in (a). The concentration for both Au
DENPs is maintained at 50 nM. (Reprinted with permission from Wiley-VCH
GMbH & Co KG, Small, 2007, 3, 1245-1252.)
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highlighted the high specificity of FA-modified Au DENPs for targeting
KB cells with high-level FAR expression, and corroborate the confocal
imaging data.

This approach to functionalizing Au DENPs can be applied to var-
ious other biological ligands (e.g., sugars, peptides, proteins, and antibod-
ies) for targeting and imaging various biological systems. It is anticipated
that drug molecules can be conjugated onto Au DENPs, thereby providing
an approach for imaging and targeted treatment to various forms of

cancers.

11.3  Dendrimer-Stabilized Nanoparticles (DSNPs)

DSNPs are referred to a nanostructure, where one metal or other inorganic
NP is surrounded with multiple dendrimer molecules. Metal DSNPs are
usually formed under mild reduction conditions to assist slow nucleation
of the particles. The formation of DSNPs also depends on the structure of
dendrimers used. In some cases, if low generation dendrimers (G1-G3) are
used as templates, even fast reduction and nucleation can still afford the
formation of DSNPs (instead of DENPs) because the limited terminal
amines and open structures cannot entrap metal NPs inside the dendrimers.
Besides the metal DSNPs, other inorganic metal sulfide DSNPs can also
be formed using dendrimers as stabilizers.?*

Several groups pioneered the research on dendrimer stabilized
metal NPs as well as specifically on Au DSNPs.***® The preparation of
dendrimer-stabilized Au NPs (Au DSNPs) usually involves complexation
of gold salts (e.g. HAuCl,) with PAMAM dendrimers, followed by physi-

cal or chemical reduction.”® It is well established that the size of the
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Au DSNPs is mainly dependent on the molar ratio between dendrimers and
Au atoms.” The mechanistic studies show that dendrimer terminal amines
are extremely effective in the stabilization of Au NPs."*® Although there
are a number of reports showing that DSNPs can be formed by simple
thermo treatment,*>*® UV-irradiation,’®**' or laser ablation* of the den-
drimer-metal complexes, a majority of the work related to the synthesis of
DSNPs were performed by chemical reduction.

In our previous work,* we utilize amine-terminated PAMAM den-
drimers of generation 2 through 6 as stabilizer to synthesize Au DSNPs by
hydrazine reduction chemistry. For all Au-DSNPs, the molar ratio between
dendrimer terminal amines (DTA) and Au atoms are kept consistent at
1:0.4. Figure 9(a) shows the UV-Vis spectra of Au DSNPs prepared using
G2.NH, through G6.NH,. The plasmon peak at around 525 nm, which is
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Figure 9: UV-Vis (a) and fluorescence (b) spectra of Au DSNPs. Curves 1, 2, 3,
4, and 5 correspond to {(Au’)—~G2.NH,}, {(Au"),,~G3.NH,}, {(Au"),,~G4.NH,},
{(Au’);,—G5.NH,}, and {(Au®),—G6.NH,}, respectively. In (b), 6 and 7 indicate
gold colloids with diameter of 5 and 100 nm, respectively. (Reprinted with per-
mission from Nanotechnology, 2006, 17, 1072—1078, IOP Publishing Limited.)
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attributed to collective oscillation of free electrons in gold NPs,? is
clearly observed for all samples. The gradual increase of absorption below
400 nm for all samples is due to the interband transition of gold. The
absorbance peak at 283 nm for all Au DSNPs is assigned to certain car-
bonyl compounds formed presumably by oxidation of the dendrimers.*
The same UV-Vis spectrometric features related to Au DSNPs were also
observed by other groups.***" Figure 9(b) shows the fluorescence spectra
of Au DSNPs and commercial Au colloid particles (5 nm and 100 nm). All
Au DSNPs were found to be fluorescent and display strong blue photolu-
minescence. The maximum excitation and emission wavelengths were
around 397 nm and 458 nm, respectively, in agreement with the literature
data.* In contrast, commercial gold colloids (5 nm and 100 nm) that are
prepared using citric acid reduction and protection approach do not exhibit
fluorescence emission, suggesting that the dendrimer stabilizers contribute
to the fluorescence properties of the formed Au DSNPs. A recent report
from Imae’s group shows that both PAMAM and polypropyleneimine
(PPI) dendrimers exhibit strong intrinsic fluorescence emission at certain
concentration ranges.” They proposed that the backbone of dendrimers
plays a key role in forming the fluorescence center. The fluorescent prop-
erties of the formed Au DSNPs make them potentially useful as fluores-
cent markers for cell labeling and biological sensing studies.

The size distribution and morphology of the synthesized Au
DSNPs were studied by TEM. Figure 10 shows TEM images of Au DSNPs
prepared using PAMAM dendrimers of different generations. The sizes
of the formed Au DSNPs are 15.4 £ 5.8 nm, 12.0 £ 2.8 nm, 9.1 £ 3.2 nm,
8.6 +2.8 nm, and 7.1 £ 1.9 nm for {(Au’),—G2.NH,}, {(Au"),,—G3.NH,},
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Figure 10: Large scale TEM images of (a) {(Au’),—G2.NH,}; (b) {(Au"),—
G3.NH, }; (¢) {(Au"),,~G4.NH,}; (d) {(Au");,—G5.NH, }; and (e) {(Au’),.—G6.NH,}.
The plot of their sizes as a function of the number of dendrimer generations
is shown in (f). (Reprinted with permission from Nanotechnology, 2006, 17,
1072-1078, 10P Publishing Limited.)

{(Au"),,—G4.NH,}, {(Au");,—G5.NH,}, and {(Au’),,—G6.NH,}, respec-
tively. It is clear that all the Au DSNPs are relatively monodispersed except
{(Au®)—~G2.NH,}. {(Au’),—G2.NH,} displays larger size and higher poly-
dispersity, which is attributed to limited number of amines of G2.NH, den-
drimer to stabilize Au NPs. This result is in good agreement with the
reported data.*® The size of the Au DSNPs decreases with the increase of
the number of dendrimer generations (Figure 10(f)), suggesting the differ-
ent nucleation and growth mechanisms for gold nanocrystals in the pres-

ence of PAMAM dendrimers. At basic pH conditions (pH = 10.4 when
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dendrimers are dissolved in water), AuCl; anions bind preferably to the
protonated amines of PAMAM dendrimers through electrostatic interac-
tion. Larger generation PAMAM dendrimers have denser structures that
would significantly limit the nucleation, movement, and growth of gold
nanocrystals. In contrast, smaller generation PAMAMs have relatively
open structures, which hinder the growth of gold nanocrystals less signif-
icantly than larger generation PAMAMs. It is interesting to note that the
synthesized Au DSNPs in this work are significantly larger than Au
DENPs reported in the literature.'*'**'¢ The reduction potential of NH,-
NH, (=0.09 V) used in this work is significantly smaller than NaBH,
(—0.481 V) which was used by other groups.”’*® Therefore, the slower
reaction rate favors the formation of larger Au DSNPs, accordingly the
formed Au DSNPs are covered with a monolayer of dendrimer molecules.
Compared with Au DENPs synthesized using NaBH, reduction chemistry,
the size dispersity of Au DSNPs is rather large, mainly due to the fact that
slow nucleation process of NPs occurs because of slow reduction reaction.
However, the size dispersity of Au DSNPs synthesized using hydrazine
reduction chemistry is comparable with those synthesized under UV or
laser radiation.’*** All the synthesized Au DSNPs are highly polycrys-
talline as shown by both the high- resolution TEM images and SAED pat-
terns (Figure 11).* These larger Au nanoparticles will be very useful in
cellular labeling and imaging studies.

Zeta potential measurements confirmed that all the synthesized Au
DSNPs are positively charged with zeta potentials ranging from 26.42 to
41.11 mV. This further indicates that after the formation of the hybrid

nanostructures the terminal amines of dendrimers are still available to be
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Figure 11: High-resolution TEM images of {(Au’),,~G3.NH,} (a) and {(Au")s,—
G5.NH,} (b) DSNPs, a typical SAED pattern of {(Au’),,—G6.NH,} DSNPs
(c) and an EDS spectrum of {(Au’),,—~G4.NH,} DSNPs (d). (Reprinted with
permission from Nanotechnology, 2006, 17, 1072—1078, IOP Publishing Limited.)

protonated. The surface charge polarity of Au DSNPs is similar to the
protonated corresponding dendrimers, which was further confirmed by
polyacrylamide gel electrophoresis (PAGE) measurements (Figure 12).%
Shown in Figure 12 is the PAGE electropherograms of both Au DSNPs
and the corresponding dendrimer stabilizers. The Au DSNPs display very
similar migration patterns as those of their respective dendrimer stabilizers.
In some cases, the difference is that the Au DSNPs exhibit somewhat lower

electrophoretic mobility than their corresponding dendrimer stabilizers
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Figure 12: PAGE electropherograms of Au DSNPs and their corresponding den-
drimer stabilizers. Lane 1: G2.NH,; Lane 2: G3.NH,; Lane 3: G4.NH,; Lane 4:
G5.NH,; Lane 5: G6.NH,; Lane 6: {(Au"),—G2.NH,}; Lane 7: {(Au’),,—G3.NH, };
Lane 8: {(Au’),,—G4.NH,}; Lane 9: {(Au’);,~G5.NH,}; and Lane 10: {(Au®)y—
G6.NH,}. (Reprinted with permission from Nanotechnology, 2006, 17,
1072-1078, 10P Publishing Limited.)

due to their lower charge/mass ratios after “loading” with Au nanocrystals.
PAGE measurements verified the existence of dendrimers for each Au
DSNPs, because the comassie-stained bands of Au DSNPs are exclusively
related to stained dendrimers. In contrast, commercial negatively citric
acid-protected Au NPs migrate reversely to upside of the gel (toward cath-
ode) during electrophoresis under the reverse polarity. The PAGE results
also indicate that the formed Au DSNPs are highly stable and both Au
nanocrystals and dendrimers do not separate from each other during the
electrophoresis at pH 8.3.

The biological application of metal DSNPs is inherently related to
the properties of metal NPs. For example, Ag DSNPs have been found to

display antimicrobial activity without the loss of solubility and activity,
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even in the presence of sulfate or chloride ions.* Radioactive Au'*® NPs
can be used to detect the organ/tissue biodistribution of the NPs.* In most
cases, metal DSNPs have been widely used as biomarkers for cellular
imaging because of the high electron density contrast as compared with
cellular or tissue structures.

In a previous work, Bielinska et al. utilized positively charged Au
DSNPs as DNA carriers to transfect gene with similar efficiency to the cor-
responding dendrimers in the absence of Au NPs.”! It appears that in this
gene transfection process, large pPDNA-PAMAM clusters form (containing
many DNA molecules and many dendrimers), which then undergo endo-

cytosis after surface binding (Figure 13). Another example was the case of

Figure 13: Visualization of gene transfection with plasmid DNAgold/ PAMAM
nanocomposite complex aggregates. (A) Cell surface attachment, (B) complex
aggregate just undergoing endocytosis, (C) complexes localized in lysozome.
(Reprinted with permission from Springer, Journal of Nanoparticle Research,

2002, 4, 395-403.)
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lipid bilayers, where the positively charged Au DSNPs easily penetrated
into the polar zone of the bilayer structure thereby rendering them visible
by TEM. The use of Au DSNPs makes the gene tranfection process visi-
ble through TEM imaging, which is impossible for the use of dendrimers
in the absence of metal NPs. The diffusion of various metal DSNPs is
controlled rather by the surrounding dendrimers than by the stabilized
metal NPs. Therefore, by varying the charge and lipophilicity of the den-
drimers, the metal particle can be internalized and interact with various
biologic entities.

In another recent study, we have shown that Ag DSNPs synthe-
sized using amino-, hydroxyl-, and carboxyl-terminated ethylenedi-
amine core generation 5 poly(amidoamine) dendrimers (G5.NH,,
G5.NGIlyOH, and G5.NSAH) as stabilizers are biocompatible, fluores-
cent and can be used as cell labeling markers.*’ The Ag DSNPs were
synthesized by UV irradiation of Ag (I)-dendrimer complexes and
are water-soluble and stable. The fluorescent properties of Ag DSNPs
are from the dendrimer templates, which has been demonstrated by our
groups and others.**** The {(Ag"),,~PAMAM_G5.NH,}, {(Ag%),—
PAMAM_G5.NGlyOH}, and {(Ag’),—PAMAM_G5.NSAH} DSNPs
are fluorescent in the wavelength range of 400-500 nm. The fluores-
cence properties of Ag DSNPs allow us to image the intracellular uptake
of Ag DSNPs using confocal microscopy. Figure 14 displays represen-
tative TEM images collected for NIH3T3 (A and B) and U937 (C and
D) cell lines incubated with {(Ag")zs—GS.NHz} DSNPs. After 1 h incu-
bation at 37°C, Ag DSNPs were observed in the form of randomly dis-

persed single particles or agglomerates on the surface of cellular
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(a) (b)

(© (@)

Figure 14: Representative TEM images of NIH3T3 and U937 cell lines incu-
bated with {(Ag"),s—G5.NH,} nanoparticles for 1 h at 37°C and at 500 nM DSNP
concentration. (a and b) NIH3T3 cell showing DSNPs located on the surface
of the cell and randomly dispersed single particles in the cytoplasm, respectively;
(c and d) U937 cell viewing the agglomerates of DSNPs located on the surface of
the cell and trapped in the phagocytic or endocytic vesicles. (Reprinted with per-
mission from Nano Lett., 5(11), 2123-2130. Copyright (2005) American Chemical
Society.)

membranes, in the cytoplasm, or trapped by the phagocytic or endocytic
vesicles. It seems that internalization of the polycationic {(Ag"),s—
G5.NH,} DSNPs may occur through two distinct mechanisms: both
phagocytosis and diffusion via cell walls may take place. Similar results

were obtained for the polyanionic {(Ag’),,~PAMAM_G5.NSAH}
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DSNPs, whereas cellular uptake of {(Ag?),s—G5.NGlyOH} with charge
close to neutral was low.

The cellular uptake and potential application of {(Ag’),—
G5.NH,}, {(Ag"),~G5.NGlyOH}, and {(Ag"),,—G5.NSAH} DSNPs as
cell labels was further studied by confocal microscopy. Rat2 cells incu-
bated with {(Ag’),,—G5.NH,} DSNPs exhibited a measurable increase of
intracellular fluorescence proving that (a) the fluorescence is not quenched
and (b) the nanoparticles were internalized within the cells and visibly
located in the cytoplasm. There are also small areas exhibiting relatively
strong fluorescence; we speculate that these areas might correspond to the
nanocomposite aggregates trapped in the endocytic or phagocytic vesicles,
as seen in TEM images. Similar results were obtained for the negatively
charged {(Ag‘))ZS—GS.NSAH} DSNPs, whereas incubation of Rat2 cells
with {(Ag"),s—G5.NGlyOH} DSNPs with charge close to neutral did not
result in elevated intracellular fluorescence. Overall, the results indicate
that the toxicity and uptake of investigated silver DSNPs correlate with the
surface charge of nanoparticles and testing of different cells indicates that

the presented behavior of silver DSNPs is not limited to specific cell lines.

114 Concluding Remarks and Outlooks

This review has described the synthesis, characterization, and biomedical
applications of metal DENPs and DSNPs. The unique aspects of den-
drimer structure (the chemistry of the terminal groups, the generation-
dependent size, the 3-dimensional structure, and the interior coordination
chemistry) afford immense interest in the preparation of these nanostruc-

tured materials. Metal DENPs and DSNPs prepared using dendrimers as
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templates and stabilizers offers a wide range of opportunities for biomed-
ical applications because of the functionalizable nature of the dendrimer
materials and the controlled size, dimension, and crystalline structures of
the metal NPs. The synthesized metal DENPs and DSNPs will find a wide
range of biomedical applications, including imaging, sensing, and treat-
ment of various biological systems.

Many efforts have been devoted to surface modification of metal
DENPs and DSNPs for biological applications. Since the discovery of
metal dendrimer nanocomposite in 1998, the fabrication and biomedical
applications of these NPs still remains an open area and great challenges.
For example, metal DSNPs currently used in biological systems lack
specificity to particular biological systems, which is largely due to the
technical difficulty in modifying them with specific biological moieties.
TEM imaging of in vivo tumor models is expected to be very difficult
because of the 3-dimensional heterogeneity of tumor structures.
Hyperthermia treatment of cancer using the current metal DENPs or
DSNPs will be limited to skin tumors because the laser wavelength used
for hyperthermia is short (e.g., 510-530 nm for Au DENPs and Au
DSNPs in order to match their surface plasmon resonance absorption).
Developing Au DENP or DSNP-based Au nanoshell structure will be nec-
essary to overcome the disadvantage, in the latter case, the Au nanoshell
structure displays surface plasmon resonance absorption at near infrared
(NIR) wavelength range (700-1100 nm), which allows the used laser at
this range of wavelength to penetrate tissues and bloods for deep tumor
therapy. All these challenges will drive the effective collaboration of sci-

entists working in chemistry, materials, engineering, and biomedical
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fields to develop effective dendrimer-related nanostructures for various

biological applications.

11.5

1.

References

D. A. Tomalia, H. Baker, J. R. Dewald, M. Hall, G. Kallos, S. Martin,
J. Roeck, J. Ryder, and P. Smith, A new class of polymers: Starburst®-
Dendritic Macromolecules, Polymer J., 17, 117, 1985.

D. A. Tomalia, H. Baker, J. R. Dewald, M. Hall, G. Kallos, S. Martin,
J. Roeck, J. Ryder, and P. Smith, Dendritic macromolecules:
Synthesis of starburst dendrimers, Macromolecules, 19, 24662468,
1986.

D. A. Tomalia, A. M. Naylor, and W. A. Goddard III., Starburst den-
drimers: Control of size, shape, surface chemistry, topology and flex-
ibility in the conversion of atoms to macroscopic materials, Angew.
Chem. Int. Ed. Engl., 29, 138, 1990.

D. A. Tomalia and J. M. J. Frechet, Dendrimers and Other Dendritic
Polymers, John Wiley & Sons Ltd., New York, 2001.

R. M. Crooks, M. Zhao, L. Sun, V. Chechik, and L. K. Yeung,
Dendrimer-encapsulated metal nanoparticles: Synthesis, characteri-
zation, and applications to catalysis, Accounts Chem. Res., 34,
181-190, 2001.

R. W. J. Scott, O. M. Wilson, and R. M. Crooks, Synthesis, charac-
terization, and applications of dendrimer-encapsulated nanoparticles,
J. Phys. Chem., B 109, 692—704, 2005.

K. Esumi, Dendrimers for nanoparticle synthesis and dispersion sta-

bilization, Top. Curr. Chem., 227, 31-52, 2003.

386



8.

10.

11.

12.

13.

14.

15.

16.

Dendrimer-Entrapped and Dendrimer-Stabilized Metal Nanoparticles |

K. Esumi, Dendrimer-metal nanocomposites, Encyclopedia of
Nanoscience and Nanotechnology, 2, 317-326, 2004.

T. Goodson III., O. Varnavski, and Y. Wang, Optical properties and
applications of dendrimer-metal nanocomposites, International
Reviews in Physical Chemistry, 23, 109-150, 2004.

F. Grohn, B. J. Bauer, Y. A. Akpalu, C. L. Jackson, and E. J. Amis,
Dendrimer templates for the formation of gold nanoclusters,
Macromolecules, 33, 6042—-6050, 2000.

A.Manna, T. Imae, K. Aoi, M. Okada, and T. Yogo, Synthesis of den-
drimer-passivated noble metal nanoparticles in a polar medium:
Comparison of size between silver and gold particles, Chem. Mater.,
13, 1674-1681, 2001.

Y.-G. Kim, S.-K. Oh, and R. M. Crooks, Preparation and charac-
terization of 1-2 nm dendrimer-encapsulated gold nanoparticles
having very narrow size distributions, Chem. Mater., 16, 167-172,
2004.

B. I. Lemon and R. M. Crooks, Preparation and characterization of
dendrimer-encapsulated CdS semiconductor quantum dots, J. Am.
Chem. Soc., 122, 12886-12887, 2000.

X. C. Wu, A. M. Bittner, and K. Kern, Synthesis, photoluminescence,
and adsorption of CdS/dendrimer nanocomposites, J. Phys. Chem. B.,
109, 230-239, 2005.

N. L. Rosi and C. A. Mirkin, Nanostructures in biodiagnostics, Chem.
Rev., 105, 1547-1562, 2005.

M.-C. Daniel and D. Astruc, Gold nanoparticles: Assembly,

supramolecular chemistry, quantum-size-related properties, and

387



| Xiangyang Shi & Su He Wang

17.

18.

19.

20.

21.

22.

23.

applications toward biology, catalysis, and nanotechnology, Chem.
Rev., 104, 293-346, 2004.

S.-K. Oh, Y.-G. Kim, H. Ye, and R. M. Crooks, Synthesis, characteriza-
tion, and surface immobilization of metal nanoparticles encapsulated
within bifunctionalized dendrimers, Langmuir, 19, 10420-10425, 2003.
M. R. Knecht, J. C. Garcia-Martinez, and R. M. Crooks, Hydrophobic
dendrimers as templates for Au nanoparticles, Langmuir, 21,
11981-11986, 2005.

A. Quintana, E. Raczka, L. Piehler, I. Lee, A. Myc, 1. Majoros,
A. K. Patri, T. Thomas, J. Mule, and J. R. Baker Jr., Design and func-
tion of a dendrimer-based therapeutic nanodevice targeted to tumor
cells through the folate receptor, Pharm. Res., 19, 1310-1316, 2002.
J. F. Kukowska-Latallo, K. A. Candido, Z. Cao, S. S. Nigavekar, . J.
Majoros, T. P. Thomas, L. P. Balogh, M. K. Khan, and J. R. Baker Jr.,
Nanoparticle targeting of anticancer drug improves therapeutic
response in animal model of human epithelial cancer, Cancer Res.,
65, 5317-5324, 2005.

X. Shi, S. Wang, H. Sun, and J. R. Baker Jr., Improved biocompati-
bility of surface functionalized dendrimer-entrapped gold nanoparti-
cles, Soft Matter, 3, 71-74, 2007.

J. C. Garcia-Martinez and R. M. Crooks, Extraction of Au nanopar-
ticles having narrow size distributions from within dendrimer tem-
plates, J. Am. Chem. Soc., 126, 16170-16178, 2004.

M. M. Alvarez, J. T. Khoury, T. G. Schaaff, M. N. Shafigullin,
I. Vezmar, and R. L. Whetten, Optical absorption spectra of nanocrys-
tal gold molecules, J. Phys. Chem. B, 101, 3706-3712, 1997.

388



24.

25.

26.

27.

28.

29.

30.

31.

Dendrimer-Entrapped and Dendrimer-Stabilized Metal Nanoparticles |

Y. Choi, T. Thomas, A. Kotlyar, M. T. Islam, and J. R. Baker Jr.,
Synthesis and functional evaluation of DNA-assembled polyami-
doamine dendrimer clusters for cancer cell-specific targeting, Chem.
Biol., 12, 3543, 2005.

X. Shi, S. Wang, S. Meshinchi, M. Van Antwerp, X. Bi, and J. R.
Baker Jr., Dendrimer-encapsulated gold nanoparticles as a platform
for cancer cell targeting and imaging, Small, 3, 1245-1252, 2007.
B. L. Cushing, V. L. Kolesnichenko, and C. J. O’Connor, Recent
advances in the liquid-phase syntheses of inorganic nanoparticles,
Chem. Rev., 104, 3893-3946, 2004.

J. R. Baker Jr., A. Quintana, L. T. Piehler, M. Banazak-Holl,
D. Tomalia, and E. Raczka, The synthesis and testing of anti-cancer
therapeutic nanodevices, Biomed. Microdevices, 3, 61-69, 2001.

I. G. Campbell, T. A. Jones, W. D. Foulkes, and J. Trowsdale, Folate-
binding protein is a marker for ovarian cancer, Cancer Res., 51,
5329-5338, 1991.

P. Garin-Chesa, I. Campbell, P. E. Saigo, J. L. Lewis Jr., L. J. Old, and
W. J. Rettig, Trophoblast and ovarian cancer antigen LK26. Sensitivity
and specificity in immunopathology and molecular identification as a
folate-binding protein, Am. J. Pathol., 142, 557-567, 1993.

D. Weitman, R. H. Lark, L. R. Coney, D. W. Fort, V. Frasca, V. R.
Surawski, and B. A. Kamen, Distribution of the folate receptor GP38
in normal and malignant cell lines and tissues, Cancer Res., 52,
3396-3401, 1992.

J. F. Ross, P. K. Chaudhauri, and M. Ratnam, Differential regulation

of folate receptor isoforms in normal and malignant tissues in vivo

389



| Xiangyang Shi & Su He Wang

32.

33.

34.

35.

36.

37.

38.

39.

and in established cell lines. Physiologic and clinical implications,
Cancer, 73, 2432-2443, 1994.

K. Sooklal, L. H. Hanus, H. J. Ploehn, and C. J. Murphy, A blue-
emitting CdS/dendrimer nanocomposite, Adv. Mater., 10, 1083—-1087,
1998.

J. Huang, K. Sooklal, C. J. Murphy, and H. J. Ploehn, Polyamine-
quantum dot nanocomposites: Linear versus starburst stabilizer
architectures, Chem. Mater., 11, 3595-3601, 1999.

X. Shi, K. Sun, L. Balogh, and J. R. Baker Jr., Synthesis, characteri-
zation, and manipulation of dendrimer-stabilized iron sulfide
nanoparticles, Nanotechnology, 17, 4554-4560, 2003.

N. C. Beck Tan, L. Balogh, S. FE. Trevino, D. A. Tomalia, and J. S. Lin,
A small angle scattering study of dendrimer-copper sulfide nanocom-
posites, Polymer, 40, 2537-2545, 1999.

K. Esumi, A. Suzuki, N. Aihara, K. Usui, and K. Torigoe, Preparation
of Au colloids with UV irradiation using dendrimer as stabilizer,
Langmuir, 14, 3157-3159, 1998.

L. Balogh, R. Valluzzi, K. S. Laverdure, S. P. Gido, G. L. Hagnauer,
and D. A. Tomalia, Formation of silver and gold dendrimer nanocom-
posites, J. Nanoparticle Res., 1, 353-368, 1999.

M. E. Garcia, L. A. Baker, and R. M. Crooks, Preparation and char-
acterization of dendrimer-gold colloid nanocomposites, Anal. Chem.,
71, 256-258, 1999.

X. Sun, S. Dong, and E. Wang, One-step preparation and characteri-
zation of poly(propyleneimine) dendrimer-protected silver nanoclus-

ters, Macromolecules, 37, 7105-7108, 2004.

390



40.

41.

42.

43.

44.

45.

46.

47.

48.

Dendrimer-Entrapped and Dendrimer-Stabilized Metal Nanoparticles

X. Sun, X. Jiang, S. Dong, and E. Wang, One-step synthesis and size
control of dendrimer-protected gold nanoparticles: A heat-treatment-
based strategy, Macromolecular Rapid Communications, 24,
1024-1028, 2003.

W. Lesniak, A. U. Bielinska, K. Sun, K. W. Janczak, X. Shi, J. R.
Baker Jr., and L. P. Balogh, Silver/dendrimer nanocomposites as bio-
markers: Fabrication, characterization, in vitro toxicity, and intracel-
lular detection, Nano Lett., 5, 2123-2130, 2005.

K. Hayakawa, T. Yoshimura, and K. Esumi, Preparation of Gold-den-
drimer nanocomposites by laser irradiation and their catalytic reduc-
tion of 4-nitrophenol, Langmuir, 19, 5517-5521, 2003.

X. Shi, T. R. Ganser, K. Sun, L. P. Balogh, and J. R. Baker Jr,
Characteization of crystalline dendrimer-stabilized gold nanoparti-
cles, Nanotechnology, 17, 1072-1078, 2006.

J. Zheng, J. T. Petty, and R. M. Dickson, High quantum yield blue
emission from water-soluble Aug nanodots, J. Am. Chem. Soc., 125,
7780-7781, 2003.

D. Wang, and T. Imae, Fluroscence emission from dendrimers and its
pH dependence, J. Am Chem. Soc., 126, 13204—-13205, 2004.

K. Esumi, A. Suzuki, A. Yamabhira, and K. Torigoe, Role of Poly(ami-
doamine) dendrimers for preparing nanoparticles of gold, platinum,
and silver, Langmuir, 16, 2604-2608, 2000.

J. A. Dean, Lange’s Handbook of Chemistry, 14th Edition, MaGraw-
Hill, Inc, New York, 1992.

D. R. Lide, CRC Handbook of Chemistry and Physics, 83rd Edition
2002-2003, CRC Press LLC, New York, 2002.

391



| Xiangyang Shi & Su He Wang

49.

50.

51.

52.

L. Balogh, D. R. Swanson, D. A. Tomalia, G. L. Hagnauer, and A. T.
McManus, Dendrimer silver complexes and nanocomposites as
antimicrobial agents, Nano Lett., 1, 18-21, 2001.

M. K. Khan, S. S. Nigavekar, D. L. Minc, M. S. T. Kariapper, B. M.
Nair, W. G. Lesniak, and L. P. Balogh, /n vivo biodistribution of den-
drimers and dendrimer nanocomposites — Implications for cancer
imaging and therapy, Technology in Cancer Research & Treatment,
4, 603-613, 2005.

A. Bielinska, J. D. Eichman, 1. Lee, J. R. Baker Jr., and L. Balogh,
Imaging {Au0-PAMAM} gold-dendrimer nanocomposites in cells,
J. Nanoparticle Res., 4, 395-403, 2002.

W. 1. Lee, Y. Bae, and A. J. Bard, J. Am. Chem. Soc., 126, 8358-8359,
2004.

392



' Index

o,B, 131-133

o, integrin 131, 133

(3-(4,5-dimethylthiazol-2-y1)-2,
5-diphenyltetrazolium
bromide) 362

1-[3-(dimethylamino)-propyl]-
3-ethylcarbodiimide hydrochlo-
ride (EDC) 146

3D MRI 277

5 poly(amidoamine) dendrimers

5-fluorouracil 191

6-carboxytetramethylrhodamine
succinimidyl ester (6T) 70, 71

6-TAMRA (6T) 123

382

absorption characteristics 362

Ac-Asp(OBu-1)-Glu(OBu-1)-
Val-Asp(OBu-1)-CO2H 232

acceptor fluorophore 224-227, 237,
238

Ac-DEVD-AFC 220

acetylated dendrimer molecules 114

acetylated G5 dendrimer 112, 114,
130, 136

advanced medicines

AFM experiments

AFM imaging 307

AFM studies 306, 313

Ag DSNPs 380, 382

Ag nanocomposites 85

aggregation number 315, 316

Alexa Fluor-NHS 133, 138

AlexaFluor® 488 (AF488)
133

290
313, 315, 320

123, 124,

alginate/PEG 28

alginates 27, 28

alkylammonium acetate salt 116

all-atom model 349

all-atom molecular dynamics

348

all-atom simulations 337, 338,
342-344, 348, 349

AMBER force field 338

American Physical Society 3

amidation 42, 43, 46, 48

amine terminated dendrimers 391

amine-terminated PAMAM
dendrimers 358

antibody 178, 185, 186, 189-191

antibody fragments 26

apoptosis 110, 135, 143, 178, 181,
184, 191, 195-197, 199, 209-218,
220-224, 226, 227, 229, 231, 233,
234-237, 243, 245, 246

apoptosis agents 212

apoptosis detection 217, 218, 221,
226, 235, 237, 245

apoptosis-detecting agent 184

apoptosis detection methods 217,
218

apoptosis pathway 196

apoptosis sensors 209, 210, 212,
218, 229, 245

apoptosis sensors delivery system
(ASDS) 210

apoptotic cascade 214, 215

apoptotic cell 212, 217, 222, 223,
231, 234, 236, 245

simulations



| Index

214, 218, 223
196, 214, 215,

apoptotic events
apoptotic process
218, 220-223
apoptotic sensor 111
apoptotic UMSCC-38 243
Arg-Gly-Asp (RGD) 131, 132, 275
Arg-Gly-Asp (RGD) targeting 131
artificially synthesized light-
harvester 63
(Asp)2-R110 single dye sensor
(Asp)2-Rh110 212, 236
atomic force microscopy (AFM)
214, 299, 306-309, 311-314, 319,
323
atomistic models

212

337

Au colloid particles 376

Au DENP 357-360, 362-374, 378,
385

Au nanocrystals 380

Au NPs 359, 360, 362, 364, 365,
374, 375, 377, 380, 381

back-folding characteristics 341
background (auto) fluorescence 120
bifunctional dendritic device 151
bifunctional nanodevice 153
bilayer defects 308, 310, 311, 318
bilayer-penetrating mechanism 346
biochemical processes 4, 7, 12
biocompatible 65, 74
biodegradable 36, 37

biological functionality 349
biological systems 18

biological tasks 199
biomacromolecules 179, 185
biomedical applications 61
biophotonic applications 59

block copolymers 20

block polymers 23, 27

Boltzmann equilibrium 265
261, 262
Boltzmann relationship 260
Boltzmann spin polarization 261
bone marrow 182

branched polymers 20

breast §, 10
Brownian dynamics

Boltzmann levels

333, 346

calixarene 179

cancer chemotherapy 126

cancer lesions 256

cancer therapy 131

cancer treatment 65, 103, 104, 109,
140

capillary electrophoresis (CE)
147, 155, 156

carboxylates 125

cardiotoxicity 177

carrier-drug complex 178

caspase-3 211, 212, 215, 216, 218,
220, 224, 226, 227, 231, 243, 245

caspase-3 activity 218, 220

caspase-9 216

caspase activity 211, 214, 216, 217,
219, 220, 223

caspases 211,212,214

cationic surface charge 364

cell membrane permeability 289,
301

cell membrane permeable 294

cell-specific therapeutic approach
177

cellular receptors 7, 12

characterization 49

characterization for dendrimers 49

charged dendrimers 335, 337,
343-345, 347, 348

chelated gadolinium 256

131,

394



chemotherapeutic drug  105-107,
110, 140, 143

chemotherapy 104, 126

chitosan avidity 29

chitosans 27, 28

chronic myelogenous leukemia 10

coarse-grained modeling 348

coarse grained models of dendrimer
332

coarse-grained simulation 333, 334,
337, 344, 348, 349

colon 8

colorectal cancer 7

complex drug delivery systems 111

condensation (amidation) 180

confocal imaging 374

confocal microscopic 66, 67

confocal microscopic imaging 367,
370

confocal microscopic studies
371

confocal microscopy 181, 186, 193,
245, 246, 372, 382, 384

conjugated folic acid 154

conjugated methotrexate 153, 154

contrast agents 256, 257, 259, 261,
264, 266, 269, 270, 272,
275-279

contrast in MRI 255, 272

contrast molecules 257

controlled drug delivery 36

controlled drug delivery systems
109, 112

controlled drug release
109

convergent method 38, 42, 43

covalent dendrimer-drug conjugate
184

cytometry 65, 69,72, 73, 77

106, 108,

Index |

cytosolic compartments 127

cytosolic enzyme release 299

cytosolic enzymes 293, 303

d(+)-glucosamine 39

(d)(#+)-glucosamine-6-sulfate 40

DAB dendrimer contrast 278

DAPI 218, 219, 223

de Gennes 332, 333, 341, 342, 348

de Gennes and Hervet 332, 333

de Gennes dense packed 38

de Gennes dense-packing effect 44

Debye-Hiickel 335, 337

Debye-Hiickel potential 335

DeepRed 74-76

degree of polymerization 45

delivery of agents 4,5,7,9

delivery of drug carriers 29

delivery vehicle 335, 336, 341

dendrimer 6, 20, 24-26, 29, 36-53,
61-67, 69-71, 75, 78, 79, 88, 91,
103, 105, 108-125, 127-145,
147-151, 153-157, 178-183,
186, 187, 192, 193, 197-199,
217, 228-231, 235, 237-243,
245, 246, 255, 257, 259, 261,
269-272, 275-281, 289-311,
313-324, 331-349, 355-360,
362-367, 370, 372, 374-382,
384-386

dendrimer-antibody conjugates 189

dendrimer architecture 333

dendrimers as vehicles 337, 344

dendrimer-based contrast agents 269,
277

dendrimer-based FRET apoptosis
sensor 235

dendrimer-based multifunctional
nanoparticles 195

395



| Index

dendrimer-based nanodevice 124,
131, 136, 140, 156, 372
dendrimer-based nanoparticles 197
dendrimer-based nanoparticles for
tumor MRI imaging 197
dendrimer-based targeted apoptosis
209
dendrimer composite NPs 356
dendrimer configuration 333
dendrimer conjugate 61, 66, 69, 70,
72,75, 76,91, 103, 105, 109, 110,
121, 124, 134, 139, 141-145, 154,
181, 183, 184, 192, 193, 196
dendrimer-conjugated material 150
dendrimer contrast agents 255, 259,
261, 275-279
dendrimer-drug 181, 183, 184
dendrimer encapsulation systems
dendrimer end-groups 314, 317
dendrimer-entrapped gold 358, 365
dendrimer-entrapped nanoparticles

338

355, 356

dendrimer-filled lipid vesicles 289,
314

dendrimer-filled vesicles 315, 318,
324

dendrimer-FITC conjugates 296, 298

dendrimer-Gd complexes 197
dendrimer host through 356
dendrimer-induced enzyme leakage
289, 294
dendrimer-induced membrane perme-
ability 289, 298
dendrimer/inorganic composite
nanoparticles 125
dendrimer-lipid complex 321
dendrimer-lipid interactions 345
dendrimer-lipid vesicle 314, 315,
316, 319, 320

dendrimer macromolecules 257, 259,
280
dendrimer membrane interactions
306
dendrimer-metal complexes
dendrimer metal nanoparticle
composites (DNC) 79-86, 87-91
356, 357, 374,

357

dendrimer molecule
378

dendrimer nanocomposites 120

dendrimer nanodevice 130, 131, 142

dendrimer nanoparticle 272, 290,
322

dendrimer nanotemplating 357

dendrimer/PEG 28

dendrimer quenching rate 64

dendrimer-related nanostructures 386

dendrimer structure 43, 43, 44, 46,
47,49, 332, 342, 384

dendrimer surface functionalization
289, 299

dendrimer-stabilized 355, 356, 374

dendrimer-stabilized nanoparticles
(DSNPs) 355-385

dendrimer-surface interaction 320

dendrimer synthesis 36, 4244, 47,
48

dendrimer-templated metal 364

dendrimer-vesicle stability 319

dendritic carrier 110, 111, 146, 152

dendritic device 122, 128, 149-151

dendritic macromolecular 63

dendritic macromolecule 6, 109

dendritic nanodevice 231

dendritic polymer 291

dendronized polymers 20

dendrons 24

dense shell 333

devices 2-4,6,9

396



diamagnetic relaxation 255, 260

dihydrofolate reductase (DHFR)

dimyristoyl-phosphatidyl-choline
(DMPC) 346

dipole-dipole contribution 268, 272

dipole-dipole correlation time 269

dipole-dipole coupling 262

dipole-dipole interaction 64, 238,
239, 262-264, 266-270, 272

disrupt cell membranes 292, 322

divergent 36, 38, 42, 43

divergent “excess reagent” syntheses
38

divergent method 38, 42, 43

divergent methodology 36

DMPC 299, 307-312, 315, 317, 322,
323

DMPC bilayer 307, 346, 347

DMPC lipid bilayers 322, 349

DMPC lipids 315, 317

DMPC lipids energetically 315

DNAgold/ PAMAM 381

DNC particles 80, 81

donor-acceptor interactions 356

donor and acceptor fluorophores
224,226, 227, 237, 238

double-chained 315

double-dye fluorescence resonance
energy transfer (FRET) 212,
216, 219, 224-227, 231, 235,
237-239, 246

doxorubicin 191

drug 18, 19, 23-28

drug carrier 18-20, 29, 30, 36, 39

drug delivery 20, 24-30, 35-38, 41,
60, 65, 69, 72,91, 107, 109, 111,
112, 128, 134, 135, 142, 143, 157,
178, 179, 184, 185

drug delivery platforms

140

179

Index |

drug delivery system 107, 109, 111,
112, 143
drug delivery techniques
drug delivery technology
drug-dendrimer nanodevice
drug-induced apoptosis 195
drug release 25
drug resistance 36
drug targeting platform 181
drug transport 332
dendrimer-based nonlinear
electro-optical devices 78
DSNPs 356, 374-385
dye-based imaging 120
dynamic light scattering 314

106, 142
143
142

EDA core 42-46

EDA-cored PAMAM 44

EDC 232, 233, 242, 243

efficient light-absorbing molecular
antenna 62

efficient light-harvesting antenna
62

EGF regulation 134

EGFR expression 134

EGFR-targeted therapeutic
strategies 135

EGFR-targeting macromolecules
135

electron magnetic dipole moment
272

electron microscopy 217

266-270

encapsulated drug 338

Encyclopedia Britannica 3

endocytosis 300, 306

endogenous esterase 301

energy dispersive spectroscopy (EDS)
362, 379

electron-nuclear

397



| Index

engineered dendrimer conjugate 143

engineered molecules 106

engineered PAMAM nanodevice
212,239

entrapped metal nanoparticles
372

environmental and toxicological

enzymatic cleavage 110

enzymes 293, 303, 313

epidermal growth factor (EGF)
134-136, 275

epidermal growth factor receptor
(EGFR) 6,7, 26, 134, 135, 186

ethylene diamine 38, 42

365,

290

FA-conjugate 127, 128

FA-functionalized 370

FA-mediated targeting systems 129

FA-modified 368, 370, 372, 374

FA receptor (FAR) 185-187, 192

FA-receptor (FAR)-positive cells 212

FA-receptor-expressing KB cells 128

FAR-negative MCA207 tumors 71

FAR-negative UMSCC-38 cells 243

FAR-positive KB cells 71

FAR-targeting 185

FGF 186

FI-conjugated 198

FI-fluorescence 136

FITC 120-123, 130, 131, 135, 141,
142, 144-152. 193

flow cytometer 72, 75, 76, 303, 304,
305

flow cytometric 370, 371

flow cytometric analyses 370

flow cytometry 65, 69, 72, 73, 77,
181, 190, 212, 214, 217, 218, 220,
223, 226, 245, 246

fluorescein dendrimer conjugates 70

fluorescein diacetate (FDA) 301,
303, 305
fluorescein isocyanate 130
fluorescein isothiocyanate (FI) 66,
120, 144, 152, 365-373
fluorescence 181, 187, 189,
196-198, 212, 214, 216, 220, 221,
224-227, 234, 235, 239, 243-246
fluorescence detection 66, 69, 72, 76
fluorescence intensity 301, 303
fluorescence microscopy 214, 221
fluorescence resonance energy transfer
(FRET) 196, 212, 216, 219,
224-227, 231, 235, 237-239, 245,
246
fluorescence signals
fluorescence-detecting agent
184
fluorescent dye 221
fluorescent emissions 225
fluorescent images 122
fluorescent molecule 65

370, 372
135,

fluorescent tracer 105

fluorescently labeled dendrimers 293
fluorochrome 110, 120, 236
fluorophore donor and acceptor 237

fluorophore donor transfers 224

fluorophores 219, 224-227, 237-239

folate 6

folate binding protein 6

folate receptors 120

folic acid (FA) 26, 61, 65-71, 75-77,
121-131, 140-142, 144, 146-155,
183, 185-187, 192-196, 198, 212,
227-229, 233-235, 237, 239-244,
365-374

folic acid (FA) targeting
146

folic acid receptor (FAR) 277, 300

126, 141,

398



fourier transform 258, 273

fragmentation 47, 48

free energy per lipid 317

FRET-based agent (PhiPhiLux™
GID2) 212,239

FRET-based detectors 231

FRET-based dye 212

FRET donor 238

FRET effect 224-227, 235, 239

FRET pairs 238

FRET reagent 237

functional end-groups 291, 307

functionalized 358, 368-372

functionalized dendrimers 358

G4 PAMAM 278
G5-Ac(96) 230, 231, 240-242
G5-Ac(96)-FA 240-243
G5-Ac(96)-FA-PhiPhiLux™
G1D2 240,243, 244
G5-Ac(96)-FA-PhiPhiLux™
G1D2 nanodevice 243,244
G5-Ac-FA-(N-(Ac-Asp-Glu-Val-Asp)-
N “-pentafluoro-benzoylrhodamine
110) 233,234
G5-Ac-FA-PhiPhiLux™ G1D2 239,
240, 243
G5-Ac-PAMAM dendrimers
297
G5-Alexafluor 190
G5-Alexafluor-Herceptin - 190
G5 dendrimer 61, 70, 112-114, 123,
130, 133, 136, 147, 150, 346-349
G5 dendrimer interior 367
G5 PAMAM 113, 123, 124, 129,
147, 157, 230
G5 PAMAM dendrimer 239, 240
G5 PAMAM dendrimer-based
conjugates 147

295,

Index |

G5 PAMAM dendrimer-based
nanodevices 124

gadolinium 125

Gadolinium ion (Gd**) 256, 266,
267,276, 277

Gd{II) 266, 275, 278

Gd complex 266, 268, 269, 270,
272

gel electrophoresis 276

gel permeation chromatography
(GPC) 49-51, 113-115, 126,
147, 149-151, 228, 230, 239,
240

gene delivery 40

gene therapy 4,7, 8

generation-5 PAMAM dendrimer
80

glycidylated dendrimer conjugate
141, 142

glycosylphosphatidylinositol (GPC)-
anchored membrane proteins
126

gold/PAMAM nanocomposites 83

gold-, silver- and drug-based nanopar-
ticles 184

gold/dendrimer nanocomposite (DNC)
80

GPC refractive index (RI) 230

green fluorescent protein (GFP) 218

growth factor receptor 187

guluronic acid 27

HNMR 367

half-generation dendrimers 52
half-generation PAMAM 43

head and neck cancer (HNSCC) 7,8
HER?2 receptor 178

HER2-antibody 65
HER2-expressing MCA 207 190

399



| Index

Herceptin 275

Herceptin® 135, 139, 178, 189-191

high affinity FA-receptor (FAR) 126,
228

high-frequency ultrasonic detections
87

high-level FAR 370-374

high-level FAR expression 372,
374

high-performance liquid chromatogra-
phy (HPLC) 51, 139, 147, 156,
239, 242

High-resolution TEM images
379

Hoechst 222,223

Hoechst dyes 222, 223

hollow core 333-337

human EGF receptor 2 (HER2)
136, 178, 186, 188-191

human epidermal growth factor
receptor (HER-2) targeting 135

hybrid glycol 20

362,

135,

imaging 107, 110, 112, 118-120,
124, 125, 132, 135, 144

imaging agent 180, 184, 198

imaging apoptosis 218

in vitro 175, 181, 184, 186, 188,
189, 192, 193, 195, 198, 199

invivo 175,178, 180-182, 186,
189-192, 199

in vivo imaging 118, 120

inorganic NP 356, 374

intermolecular coupling 47, 48

intermolecular interactions 48

internalization 293, 294, 296, 299,
300, 306

intracellular fluorescence 384

intra-molecular 262

intramolecular cyclization 47, 48
iron oxide nanoparticles 256

KB cells 6, 229, 234-236, 243, 245
KB tumors 192, 195

KBpLuc 295-297

kidney 11

lactate dehydrogenase (LDH)
293-296, 298-303

Larmor frequency 259, 261-266,
268, 269, 271

laser-induced optical breakdown
(LIOB) 80, 81, 85

LDH release 294-296, 298-302

leutenizing hormone-releasing
hormone (LHRH) 188

light-emitting diodes 62, 64

light-harvesters 62

light-harvesting efficiency 64

light-harvesting systems 62

linear and nonlinear optical
properties 61

lipid bilayer 292, 293, 295, 297-300,
302, 304-314, 318-320, 322, 323,
344, 382

lipid double layer 315

lipid-dendrimer interactions 317

lipid vesicle 289, 313-317, 319-321

longitudinal magnetization 261, 274

low-level FAR treated 370

low-level of FAR 369

Luc gene 296

luciferase Luc 293, 294, 296, 297, 303

lung 8

macromolecular carrier 178
magnetic field 258-260, 264, 265,
269, 270, 272, 279

400



258, 272
259, 265,

magnetic field gradient

magnetic field strengths
279

magnetic resonance 256, 257, 261,
273

magnetic resonance imaging (MRI)
119, 186, 197, 229, 255-258, 260,
261, 264, 266, 270, 272-2717,
279-281

malignancy 5

manuronic acid 27

MCA207 cell line 70

MCAZ207 xenograft tumors 70

MCEF 7 cell line 135

Mechanism of Nanopartical
Penetration 289, 306

melanoma 10, 11

membrane permeability 289, 294,
298, 299, 301, 303, 323

metal-dendrimer nanocomposites 88,
125

metal DENPs and DSNPs
385

metal nanocomposite imaging 124

metal nanoparticles 184, 355, 365,
372

metal NPs
385

metal-solvent interactions 358

methotrexate MTX) 6, 25, 26, 61,
65, 108, 130, 140, 141, 152-155,
191-196, 235

methyl acrylate (MA) 38, 42, 43, 46,
47, 180

Michael addition 42-44, 47, 48,

356, 384,

358, 364, 374, 380, 382,

180
Michael reaction 48
microbubble 85, 87-90

microtubule depolymerization 143

Index |

microtubules 143
missing primary amine groups 113

molecular 3,5,9

molecular dynamics simulations 345,
348

molecular engineering 105-107, 109

molecular engineering possesses 105

molecular nanotechnology 3

molecular targeted therapeutics 9

molecular weight distribution (MWD)
115, 149, 150

mono- and multi-functional 130

mono- and multi-functional dendrimer
nanodevices 130

mono-, bi-, tri-functional conjugates
147, 149, 150

monoclonal antibodies 7

monofunctional dendritic device 151

Monte Carlo simulations 335

MRI agents 127, 186, 197

MRI contrast agents 264, 270, 275,
279

MRI technology 277

multi angle laser light scattering
(MALLS) 114, 149

multifunctional 22, 23

multifunctional Au DENPs 365

multifunctional conjugates 60

multifunctional dendrimer-based
nano-devices 65

multi-functional dendrimer conjugate
193

multifunctional dendritic device 149

multifunctional dendritic drug carrier
109

multifunctional device 60, 111

multifunctional drug delivery devices
107

multifunctional nanodevice 60, 66

401



| Index

multifunctional PAMAM nanodevices
156
multivalent polymers 20

N-(Ac-Asp-Glu-Val-Asp)-
N’-pentafluorobenzoyl-
rhodamine 110 232

N-[Ac-Asp(OBu-t)-Glu(OBu-t)-Val-
Asp(OBu-t)]-N’-
pentafluorobenzoyl-
rhodamine 110 232

N-acetyl-D-glucosamine 27

nanocomposite 356, 381, 384, 385

nanocomposite aggregates 384

nanocomposites 183, 184

nanocrystals 377, 378, 380

nanodevice 19, 22, 60, 61, 65, 66,
68, 69, 121-124, 129-131, 136,
140-143, 146, 147, 150, 151, 153,
155, 156, 212, 231, 234-237, 239,
243-246, 275, 276, 277

3,4,12

nanomedicine drug delivery
techniques 142

nanoparticle 289-291, 306, 322-324

nanoparticle transmembrane
transport 306

nanoparticles 35, 39, 41, 80, 83, 120,
123-125, 128, 129, 179, 184,
192, 195, 197, 355, 356, 365,
367, 368, 372, 374, 378,

383, 384

nano-scale molecular engineering
105-107

nanostructure 25, 292, 374, 378,
384, 386

nanotechnology 3, 26, 105, 107

N-ethylmaleimide 139

neutral dendrimers 332-335

nanomedicine

N-hydroxysuccinimido diphenyl phos-
phate 145

NIH3T3 382, 383

nitric oxide 25

NMR 255-261, 272, 273, 276, 280,
281

NMR analysis 153

NMR research 280

NMR spectroscopy 276

NMR spectrum 118, 153-155

non-biodegradable 36

nonlinear electro-optical devices 78

nonlinear optical effects 78, 82

nonlinear optical properties 61, 78,
85

nonspecifically targeted 112

non-targeted dendrimer-dye
conjugates 76

N-pentafluorobenzoyl-rhodamine
110, 231-234

nuclear magnetic resonance (NMR)
115-119, 131, 133, 134, 137, 138,
147, 153-156, 239, 241

nuclear spins 256, 257, 259

number of terminal groups 46

number of tertiary amines 46

N-vinyl pyrrolidone 24

oligonucleotides 186

optical applications 59

optical imaging 120

optical properties of dendrimers 61,
78

organic light-emitting diodes (OLEDs)
64, 65

organ-specific toxicity

overexpress 4, 5,7

overexpress FA receptors (FAR) 368,
370-374

177

402



Paclitaxel (Taxol) 108, 143-146

PAGE analyses 362

PAGE electropherograms 363, 379,
380

PAGE measurements 379, 380
PAMAM 37, 38, 42-44, 46, 47, 49,
50, 52, 53, 66, 80, 81, 83, 84, 89,
175, 179-184, 188, 191-193, 197,
199, 257, 275-279, 290-294, 299,
301, 303, 306-308, 310, 311, 314,
317-324, 357, 358, 359, 374-378,
381-383
PAMAM-based contrast agents
PAMAM-based drug conjugates
PAMAM-based targeting 199
PAMAM conjugates 188
PAMAM dendrimer 37, 38, 42-44,
46, 47, 49, 50, 52, 53, 80, 81, 83,
88, 110-113, 122-124, 128, 129,
134, 135, 147, 149, 150, 154,
156, 175, 180-184, 191-193,
197, 199, 229, 239, 240, 339,
340, 342, 345, 346, 357-359,
374-378
PAMAM dendrimers
279, 292
PAMAM dendrimer-based contrast
agents 278
PAMAM dendrimer-based functional
nanodevices 129
PAMAM dendrimer carrier 149, 150
PAMAM dendrimer device 128
PAMAM dendrimer nanodevice 175
PAMAM dendrimer nanoparticles
290, 322
PAMAM dendrimer synthesis
PAMAM terminal groups 156
PAMAM-DTPA 278
PAMAM-Gd complexes 197

277
182

275, 276, 2717,

42, 47

Index |

PAMAM-TU-DTPA 275, 276

pancreatic 8, 11

paramagnetic contrast agents 266

paramagnetic relaxation enhancement
(PRE) 255, 266-268

parenteral administration 23

partial acetylation 112, 113, 130,
230, 240

partially acetylated dendrimer
133, 137

partially acetylated dendrimer
conjugate 141

partially acetylated PAMAM
134

pDNA-PAMAM 381

pentafluorobenoyl chloride 231

peptide derivatives 20

pH 112, 114, 136, 142, 156

phagocytic or endocytic vesicles

phagocytic vesicles 384

pharmacokinetics 40

phase simulation 341

PhiPhiLux-G1D2 223, 243

phiphiluxG1D2 apoptosis sensor 25

PhiPhiLux™ G1D2 212, 223, 239,
243, 245

photobleaching 224

photodisruption 87, 91

photoluminescence 64

physicochemical properties 52

physiological properties 6

physiological temperature 296

116,

122,

383

pigment epitheliumderived factor
(PEDF) 27

pingyangmycin 25

PLGA 29

polyacrylamide gel electrophoresis
(PAGE) 50, 139, 362, 363, 364,
379, 380

403



| Index

poly(amidoamine) 37, 39, 47, 179,
291, 292, 295, 297, 298, 299, 300,
302, 304, 305

poly(amidoamine) dendrimer 125,
144. 229, 291, 295, 297, 298, 299,
300, 302, 305, 307

poly(amidoamine) (PAMAM) 80,
88, 109-113, 122-125, 128, 129,
134, 135, 144, 147, 149, 150, 154,
156, 157

poly(amidoamine) (PAMAM)
dendrimer 37, 47, 89, 212, 338

poly(aryl ether) 179

poly(propylene-imine) dendrimer
338

poly(propylene imine) (PPI) 179

polycation-mediated endocytosis

polydispersity index 291

polyelectrolyte dendrimer 336

polyethylene glycol (PEG) 24, 28

polyethylenimine 24

polymer-based drug carrier 23

polymer-drug conjugates 22

polymer carrier 19, 37

polymer chemistry 19

polymer nano-device 19

polymer synthesis 47

polymer types 37

polymeric micelles 23

polymeric molecules 23

polymer-protein conjugates 21, 23

polymers 19, 20-22, 24, 25, 27, 29,
36, 37, 41, 42

polyplex/polymer-DNA conjugates 22

polypropyleneimine (PPI) dendrimers
376

polysaccharides 27

polyvinylpyrrolidone (PVP)
25

306

19, 24,

POPAM 109

positively charged dendrimers 344

potentiometric titration 49, 50, 230,
239, 240

pre-malignancy 5

primary amine 20, 50, 52, 113, 115,
116, 118, 119, 147, 230, 240

primary amine groups 113, 118, 119,
147

primary amine groups acetylated

primary amines 310

primary amino groups 108, 109, 111,
112, 118, 128, 131, 229, 230, 240,
241

primary and tertiary amines
114

pro-caspase-3 216, 245

programmed cell death (PCD) 211,
213, 226, 245

propidium iodide (PI) 218, 222

prostate 8, 11

prostate specific membrane antigen
(PSMA) 6, 26, 189

protein  185-187

119

113,

quadratic hyperpolarizability 78

R110 single dye sensor 212

R2D2 10

radiation 7

radiation therapy 7

radii of gyration 341-343

radioactive Aul98 NPs 381

radio frequencies (RF) 258-261,
264, 274

radius of gyration 332, 335, 338,
342, 343, 347

Rat2 384

Rat2 cells 294, 296, 298, 302-305

404



Rat2pLuc 295, 296, 297

Rat2pLuc cell 295, 296, 297

receptor characteristics 6

receptor mediated endocytosis 127,
300, 368

refraction index (RI) 149, 151, 114

refractive index (RI) detector 114

relaxation mechanism 259, 262

47, 48

retro-Michael reaction 47, 48

RGD 131-134

RGD 4C 132-134

RGD peptides 6, 26

110 216, 218-221, 223,

retro-Michael

rhodamine
231-234
root-mean square radius 115

SCID 187, 190, 194, 195

SCID mice 70, 187, 190, 194, 195,
280

SDPP 145

secondary dendrimer structures 40

second-order susceptibility 79

selected area electron diffraction
(SAED) 362,378, 379

self-assembled lipid vesicles
315

silver dendrimer nanocomposite 89,
90

silver DSNPs 384

silver nanocomposites 85

simulations of dendrimers
339, 348

single- and double-dye apoptosis
sensors 218

single dye apoptosis sensor (SDAS)
231

size exclusion chromatography (SEC)
49, 50, 131

331, 337,

Index |

small-angle neutron scattering 332

specific molecular targeting 256

spin-lattice relaxation 258, 261, 264,
268, 272

stabilize Au NPs 377

Starburst® PAMAM dendrimers 38

stars 20

steady-state 64

structural analysis of dendrimers 49

structural defects 47, 49-51

structural deviations 47

surface amino groups 182

surface free energy 316, 317

surface plasmon resonance 368,
385

surface primary amino groups 229

surface receptor 5, 6

synergistic toxicity 177

synthetic polymers 36

target fast-replicating cells 140

targeted approaches 2,4,5,7

targeted cells 4,9

targeted chemotherapy 6, 26

targeted contrast agents 257, 272

targeted delivery 70, 105, 126, 131,
212

targeted dendrimer conjugates 72

targeted dendrimer fluorescent
conjugates 75

targeted dendrimer therapy 6

targeted drug delivery 2, 4, 11, 41,
60, 71, 128, 135, 157, 178, 184,
185, 372

targeted drug delivery system 185

targeted drug therapy 4

targeted imaging 25

targeted magnetic resonance (MR)
imaging contrast agents 125

405



| Index

targeted therapeutics 12

targeted therapy 2, 3, 177, 183

targeted therapy technology 3

targeting 107, 109-112, 126-133,
135, 141, 144, 146

targeting agent 228, 245, 257, 275,
276, 279

targeting apoptosis detectors 246

targeting moiety 19, 22

targeting platform 181

taxol 6, 26, 65, 108, 143-146, 191,
192

Taxol-2’-hemisuccinate 144

Taxol-hemisuccinate 145

Taxol-induced apoptosis 143

Taxol-NHS 145

Taxol-NHS ester 145

TEM images 362, 368, 369, 373,
376-379, 382-384

TEM imaging technique 372

tertiary amines 113, 114, 156

tertiary amino groups 111

tetra-peptide-N-pentafluorobenzoyl-
rhodamine 110 234

thermosensitive hydrogel 28

thiourea bond 122

three-dimensional architecture 332

time-resolved optical spectroscopy
64

toxicity of dendrimers 41

TPOFF probe 68-70

TPOFF readings 71

traditional drug therapies 35

transmission electron microscopy
(TEM) 360-362, 368, 369,
372,373, 376-379, 382-385

treatment strategies 5

tree-like electro-mechanical circuits
44

trifunctional device 152

Trojan Horse 18, 177

tubulin assembly 143

tumor cell apoptosis 191

tumor contrast agents 40

tumor MRI imaging 197

tumorogenesis 5

TUNEL 218, 219, 221

TUNEL method 218, 219, 221

two-photon absorption 79

two-photon excitation spectrum 68

two-photon excited fluorescence 66,
73

two-photon flow cytometer 75

two-photon flow cytometry 72, 73,
77

two-photon flow cytometry
measurement 72

two-photon fluorescence (TPF) 68,
70, 75

two-photon microscopy 217

two-photon optical fiber 246

two-photon optical fiber fluorescence
(TPOFF) 181, 187

two-photon optical fiber fluorescence
probe (TPOFF) 66, 68-71

U937 382, 383

ultrasonic detection 87

ultrasound imaging 85, 87

ultrasound transducer 87

ultraviolet spectroscopy (UV) 131,
133, 137, 138, 147, 150-153, 156,
242

unique macromolecules 39

UV absorbance 53

UV spectra  150-152

UV-Vis 360, 368, 369, 375, 376

UV-Vis spectra 360, 369, 375

406



Index |

UV-Vis spectrometric 376 vehicles for drug delivery 2
UV-Vis spectrometry 131, 133, 138,
156 Z-DEVD-AMC 220
(Z-DEVD)2-Rh 110 220, 221
van der Waals forces 184 Zeta potential measurements 362,
vehicle 29 364, 366, 378

407



	Contents
	Preface
	Contributors
	Chapter 1: Targeted Drug Delivery in General, New Technology in Medicine Brent B. Ward & James R. Baker Jr.
	1.1 Introduction
	1.2 Historical Perspective
	1.3 Targeted Drug Delivery
	1.4 Systemic Delivery of Agents with a Selective Advantage to Cells which Abnormally Express or Overexpress a Surface Receptor that is Targeted
	1.5 Delivery of Agents which Replace Disease Rendering Defective Biochemical Processes with Competent Alternatives (Gene Therapy)
	1.6 Delivery of Agents or Devices which Inhibit Specific Cellular Pathways Present in Targeted Cells
	1.7 Immune Boosting for Direct Destruction of Desired Cells
	1.8 Conclusion and Future Direction in Research and Technology
	1.9 References

	Chapter 2: General Carriers for Drug Delivery Thomas H. Dunham, Brent B. Ward & James R. Baker Jr.
	2.1 Introduction: “The Trojan Horse”
	2.2 Polymers Introduction
	2.2.1 Synthetic polymers
	2.2.1.1 Polyethylene glycol (PEG)
	2.2.1.2 Polyvinylpyrrolidone (PVP)
	2.2.1.3 Dendrimers

	2.2.2 Naturally occurring polymers
	2.2.2.1 Chitosans
	2.2.2.2 Alginates

	2.2.3 Combination therapeutics

	2.3 Delivery of Drug Carriers
	2.4 Future Directions and Conclusions
	2.5 References

	Chapter 3: Poly(amidoamine) Dendrimer Synthesis and Characterization István J. Majoros & Daniel E. Carter
	3.1 Introduction
	3.2 Dendrimer as a Unique Macromolecule
	3.3 Dendrimer Synthesis
	3.4 Mathematical Description of Theoretical Dendrimer Structure
	3.5 Structural Deviations in Poly(amidoamine) Dendrimers
	3.6 Characterization
	3.7 Physicochemical Properties
	3.8 References

	Chapter 4: Optical and Biophotonic Applications of Dendrimer Conjugate Jing Yong Ye & Theodore B. Norris
	4.1 Introduction
	4.2 Linear Optical Properties of Dendrimers and Their Conjugates
	4.2.1 Dendrimer light-harvesters and light-emitting diodes
	4.2.2 Real-time biosensing with dendrimer fluorescent biomarkers
	4.2.3 Multicolor two-photon flow cytometry using targeted dendrimer conjugates

	4.3 Nonlinear Optical Properties of Dendrimers and Their Conjugates
	4.3.1 Dendrimer-based nonlinear electro-optical devices
	4.3.2 Characterization of Dendrimer metal Nanoparticle Composite (DNC) enhanced Laser-Induced Optical Breakdown (LIOB) using Third Harmonic Generation (THG) measurements
	4.3.3 Dendrimer metal Nanoparticle Composite (DNC) enhanced microbubble generation for ultrasound imaging

	4.4 Conclusions
	4.5 References

	Chapter 5: Dendrimer Conjugates for Cancer Treatment István J. Majoros, Andrew Becker, Thommey Thomas, Rameshwer Shukla & Xiangyang Shi
	5.0 Introduction
	5.1 Dendrimer Conjugates for Cancer Treatment
	5.2 Partial Acetylation
	5.3 Imaging
	5.3.1 Dye based imaging
	5.3.2 Fluorescein isothiocyanate
	5.3.3 6-TAMRA
	5.3.4 AlexaFluor®
	5.3.5 Metal nanocomposite imaging. Dendrimer-assisted synthesis of inorganic nanoparticles for biomedical imaging

	5.4 Targeting
	5.4.1 Folic Acid (FA) Targeting
	5.4.2 Arg–Gly–Asp (RGD) targeting
	5.4.3 Drug delivery through the epidermal growth factor receptor (EGFR)
	5.4.4 Human epidermal growth factor receptor (HER-2) targeting

	5.5 Drugs
	5.5.1 Methotrexate (MTX)
	5.5.2 Paclitaxel (Taxol)

	5.6 Characterization
	5.6.1 High-Performance Liquid Chomatography (HPLC)
	5.6.2 Gel Permeation Chromatography (GPC)
	5.6.3 Ultraviolet Spectroscopy (UV)
	5.6.4 Nuclear Magnetic Resonance (NMR)
	5.6.5 Capillary Electrophoresis (CE)

	5.7 Future Directions
	5.8 References

	Chapter 6: Biological Application of PAMAM Dendrimer Nanodevices in vitro and in vivo Thommey P. Thomas & Jolanta F. Kukowska-Latallo
	6.1 Introduction
	6.2 The Applicability of PAMAM Dendrimers as a Drug Targeting Platform
	6.2.1 Methods for biological analysis of dendrimer conjugates
	6.2.2 Biological compatibility of PAMAM dendrimers
	6.2.3 PAMAM-based drug conjugates as macromolecular targeting agent independent of enhanced permeability and retention
	6.2.4 Applicability of PAMAM dendrimers as carriers through non-covalent interaction with molecules
	6.2.5 PAMAM dendrimer conjugates containing different functionalities for targeting, drug delivery and detection
	6.2.6 Targeting agents — small molecules (for example, FA peptides) and biomacromolecules (for example, proteins and antibodies)
	6.2.7 Chemotherapeutic drugs for inducing tumor cell apoptosis
	6.2.8 Dendrimer-based multifunctional nanoparticles for quantification of apoptosis

	6.3 Dendrimer-Based Nanoparticles for Tumor MRI Imaging
	6.4 Cluster Dendrimers Designed for Easy Conjugation of Multiple Functions
	6.5 Summary
	6.6 References

	Chapter 7: Dendrimer-based Targeted Apoptosis Sensors for Medical Application Andrzej Myc, Chandan B. Mehta & István J. Majoros
	7.1 Introduction
	7.2 Apoptosis as a Biological Event
	7.3 Apoptosis Detection Methods
	7.4 Single- and Double-Dye Apoptosis Sensors
	7.5 Characterization of Folic Acid as a Targeting Component
	7.6 Characterization of Poly(amidoamine) Dendrimer as a Platform for Synthesis of Apoptosis Sensors
	7.7 Synthesis and Biological Activity of a Dendrimer-Based Single Dye Sensor Detect Apoptosis in Targeted Cells
	7.7.1 The synthesis of N-pentafluorobenzoyl- rhodamine 110
	7.7.2 The synthesis of N-[Ac-Asp(OBu-t)-Glu(OBu-t)-Val-Asp(OBu-t)]-N-pentafluorobenzoyl-rhodamine 110
	7.7.3 The synthesis of N-(Ac-Asp-Glu-Val-Asp)-N-pentafluorobenzoyl-rhodamine110
	7.7.4 The synthesis of G5-Ac-FA-(N-(Ac-Asp-Glu-Val-Asp)-N-pentafluorobenzoyl-rhodamine 110
	7.7.5 Biological function of G5-Ac-FA-(N-(Ac-Asp-Glu-Val-Asp)-N-pentafluorobenzoyl-rhodamine 110

	7.8 Synthesis and in vitro Function of Dendrimer-Based FRET Apoptosis Sensor to Target Cancer Cells
	7.8.1 Syntheses of G5-Ac-FA-PhiPhiLux™ G1D2
	7.8.1.1 Acetylation of G5 PAMAM
	7.8.1.2 Synthesis of G5-Ac(96)-FA
	7.8.1.3 Synthesis of G5-Ac(96)-FA- PhiPhiLuxTM G1D2

	7.8.2 In vitro function of G5-Ac-FA-PhiPhiLux™ G1D2

	7.9 Summary and Future Directions
	7.10 References

	Chapter 8: MRI Using Targeted Dendrimer Contrast Agents Scott D. Swanson & Christopher R. Williams
	8.1 Introduction
	8.2 Principles of MRI
	8.2.1 Basics of NMR
	8.2.2 Diamagnetic relaxation of water
	8.2.3 Paramagnetic Relaxation Enhancement (PRE) of water
	8.2.4 Image acquisition and contrast in MRI

	8.3 Dendrimer Contrast Agents
	8.3.1 Targeted dendrimers
	8.3.2 Dendrimer contrast agents: Practice

	8.4 Conclusion and Future Directions
	8.5 References

	Chapter 9: Nanoparticle — Membrane Interactions: Mechanism for Enhanced Permeability Seungpyo Hong, Almut Mecke, Pascale Leroueil, Mark M. Banaszak Holl & Bradford G. Orr
	9.1 Introduction
	9.2 Cellular Membrane Disruption Upon Exposure to Dendrimers
	9.3 Dendrimer-Induced Enzyme Leakage from Cells
	9.4 Reversibility of Dendrimer-Induced Membrane Permeability
	9.5 The Role of Dendrimer Surface Functionalization: Amine vs. Acetamide
	9.6 Effect of Dendrimer Generation on Cell Membrane Permeability
	9.7 Tests for Diffusion of Dyes
	9.8 Mechanism of Nanopartical Penetration of Membranes
	9.9 Model for the Self-Assembly of Dendrimer-Filled Lipid Vesicles
	9.10 Summary and Remarks on the Relevance of PAMAM Dendrimer Nanoparticles to the Expected Behavior of Other Nanoparticles
	9.11 References

	Chapter 10: Computer Simulations of Dendrimers Senthil K. Kandasamy, Hwankyu Lee & Ronald G. Larson
	10.1 Introduction
	10.2 Theoretical and Coarse Grained Models of Dendrimer
	10.2.1 Neutral dendrimers
	10.2.2 Charged dendrimers

	10.3 All-Atom Simulations of Dendrimers
	10.4 Interactions of Dendrimers with Other Molecules
	10.5 Conclusions and Future Outlook
	10.6 References

	Chapter 11: Dendrimer-Entrapped and Dendrimer-Stabilized Metal Nanoparticles for Biomedical Applications Xiangyang Shi & Su He Wang
	11.1 Introduction
	11.2 Dendrimer-Entrapped Nanoparticles (DENPs)
	11.3 Dendrimer-Stabilized Nanoparticles (DSNPs)
	11.4 Concluding Remarks and Outlooks
	11.5 References

	Index

