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Colloidal Quantum Dots: Synthesis,
Photophysical Properties, and
Biofunctionalization Strategies

Kimihiro Susumu, Igor L. Medintz, and Hedi Mattoussi

1.1 Introduction

Fluorescence tagging of biological molecules is a commonly used approach in bio-
technology that has relied on conventional organic fluorophores and fluorescent
proteins [1-3]. All available organic fluorophores and fluorescent proteins, how-
ever, have some inherent limitations that reduce their effective use to develop bio-
logical sensing and imaging. Among these, the most limiting properties are narrow
excitation spectral windows, broad photoluminescence (PL) spectra, and low resis-
tance to chemical and photo-degradation [4, 5]. Luminescent semiconductor
nanocrystals—often referred to as quantum dots (QDs), such as those made of CdSe
and PbSe cores—in comparison offer several unique properties and promise signifi-
cant advantages in certain bioanalytical and imaging applications [4-8]. Because
they have broad absorption envelopes, extending from the ultraviolet (UV) to the
band edge, it is possible to simultaneously excite QDs of different emission colors at
a single wavelength, making them suitable for multiplexing applications. This
promising feature is very difficult to achieve with conventional organic
fluorophores. Depending on the materials used, QDs can emit light over a wide
range of wavelengths from the visible to near infrared (NIR) regions of the optical
spectrum [4, 5, 9-15]. Since the first reports on the use of QD in biology were pub-
lished, there have been several demonstrations showing that QDs conjugated with
biomolecular receptors (including peptides, proteins, and DNA) can be used in a
range of biological applications, such as sensing, imaging, and diagnostics. How-
ever, successful integration of QDs in biotechnology necessitates a thorough
understanding of the nanocrystals, namely their reproducible synthetic routes,
surface treatment/functionalization, and biocompatibility.

In this chapter, we provide an overview of the most commonly used synthetic
schemes to make colloidal nanocrystals, along with their photophysical and struc-
tural characterization. We will then describe some of the most effective schemes
reported to date to promote water solubility of these nanocrystals and discuss the
simplest conjugation techniques that can be reproducibly applied to colloidal QDs.
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1.2 Chemistry and Physics of Semiconductor Quantum Dots

1.2.1 Basic Physical Properties of Semiconductor Quantum Dots

Semiconductor nanocrystals (or QDs) are small crystalline assemblies of a given
material consisting of a few hundred to several thousand atoms. Their sizes range
anywhere from 10A to 1,000A in radius; the exact range depends on the constituent
elements used to make the nanocrystals. They can be divided into two main sub-
groups: (a) Self-assembled QDs are usually grown in vacuum via molecular beam
epitaxy or other lithography techniques; these tend to be anisotropic in shape, “pan-
cake like,” and overall larger at least within the 2-D plane (see Figure 1.1) [10, 16].
(b) Solution grown nanocrystals are colloidal in nature, and they can be spherical
with a radius of 10 ~ 2004, as well as cubic, rod-like, triangular, and so on (see Fig-
ure 1.1) [17]. Their colloidal feature stems from the fact that they are surface-capped
with organic ligands that promote their dispersion in the solution environment.

These nanoscale assemblies are neither wholly atomic nor bulk semiconductors.
Instead, they exhibit novel electronic properties attributed to what is commonly
referred to as quantum confinement effects: this is the spatial confinement of intrin-
sic electron and hole carriers to the physical dimensions of the nanocrystal material
rather than to bulk length scales. Because they somewhat combine properties that
are both bulk-like and atomic-like, they have often been described as “artificial
atoms.” These confinement effects manifest when the nanocrystal size becomes
comparable to, or smaller than, the bulk Bohr exciton radius [10, 18, 19]. One of the
best-known and -understood confinement effects is the widening of the energy band
gap with decrease of nanocrystal size. This manifests itself as a blue shift of the first
absorption peak and the photoluminescence maximum with decreasing particle size,
along with the appearance of discrete energy states in both the valence and conduc-
tion bands (Figure 1.1). However, resolution in the excited state energy levels and
separation between the valence and conduction band levels depends on the type of
semiconducting materials used.

2a,
| C————
+— Matrix ld 7=
S (211222221 1p b oY
ubstrate 15""' _____ I’

Eg(bulkg Abs PL |Eg(QD)

i
1d

(@ (b)

Figure 1.1 (a) Schematic representation of two QDs, a self-assembled “pancake” nanocrystal
(top) and a colloidal nanocrystal (bottom). (b) Representation of the discrete energy levels
expected and observed for a nanocrystal, due to quantum confinement effects.
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This phenomenon can be understood by a simple extension or adaptation of the
expected behavior of a quantum mechanical particle confined in a one-dimensional
box of length L to a three-dimensional box (or sphere) of radius a,, where the poten-
tial minimum represents the QD and the barrier to escape originates from the
abrupt termination of the semiconducting material at the QD surface (boundary
conditions) [10, 18, 19]. In this model/description, a carrier is localized within a
potential minimum between two infinite barriers. For a one-dimensional box,
effects of carrier confinement manifest in quantization of the carrier energies to dis-
crete values that exhibit inverse square dependence on the length of the box (E, o<
/L, with n=1,2,3,...).

For a spherical QD with a radius g, treated within the conditions of an infinite
potential barrier, the electron and hole energy levels in the particle can be written
using the following expression:

2 2
ESh = RIS (1.1)
2m, ,a;

I,n

Here 3, , is the nth root of the spherical Bessel function of order / (solution obey-

ing the boundary conditions), 72, , is the effective mass of the electron (e) or hole (h),

and g, is the radius of the QD. This treatment predicts discrete (quantized) elec-

tron-hole (exciton) transitions, along with an increase in the effective band gap

energy (or HOMO-LUMO transition) with decreasing particle size, which can also
be expressed as:

Wa®
E,(QD) = E (bluk) + (1.2)

2
e,h™0

Conversely, (1.1) and (1.2) also predict a decrease in the energy spacing
between states with increasing nanocrystal size. It should be noted that the physical
behavior of these nanocrystals is also affected by the Coulomb interactions between
the confined carriers (these are charged). However, because this contribution/term
has a weaker dependence on size (scales as 1/a, compared to ~1/a,” shown in (1.1)),
it is small and is often treated as perturbation to the overall energy values. For the
interested readers, there are several excellent review articles on the subject pub-
lished in the past decade, including those recently assembled by Yoffe [16, 19],
Gaponenko [18], Efros [10], and Kippeny [20].

Earlier work probing the optical properties of QDs was primarily focused on
understanding the correlation between size and spectral shifts in absorption and
luminescence based on confinement effects. Today, the absorption properties of
CdSe as well as other QDs are relatively well understood with up to 10 excited
states in the absorption assigned and theoretical avoided crossings observed [22]. A
representative experimental example of absorption spectra for II-VI colloidal QDs
is shown in Figure 1.2.

There is a unique spectroscopic property registered primarily for colloidal QDs,
but rarely reported for their self-assembled nanocrystal counterparts. Bawendi and
coworkers reported in 1996 that under CW laser excitation, the emission of isolated
TOP/TOPO-capped single-particle CdSe and CdSe-ZnS QDs was not continuous.
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Figure 1.2 Representative absorption spectra for CdS, CdSe, and CdTe QDs prepared using
high-temperature solution reaction. The spectra are shown at successive time intervals of
nanocrystal growth. The shift in the position of the first absorption peak reflects an increase in the
nanocrystal size. Reproduced from [21], with permission from the American Chemical Society.

Instead, they observed that QDs underwent intermittent on/off photoluminescence,
now widely identified as the PL “blinking” of single QDs [23]. Blinking of single QD
photoluminescence has since been widely reported in a variety of conditions, includ-
ing extremely dilute dispersions in polymeric films, surface tethered nanocrystals,
and more recently cellular media [24]. In particular, there is a nonvanishing proba-
bility for a QD to enter a long dark period. The on/off intermittency in QD emission
was attributed to Auger ionization of the QD [23, 25, 26]. Despite the remarkable
progress made, this phenomenon is still not fully understood.

1.2.2 Synthesis, Characterization, and Capping Strategies
1.2.2.1 Growth of Colloidal Nanocrystals in Doped Glasses

A range of experimental techniques such as e-beam lithography, X-ray lithography,
molecular beam epitaxy (MBE), ion implantation, and growth in size-restricted
environments has been reported for making small nanocrystallites not only of semi-
conductors but also of metals; colloidal QDs are a subset of those semiconducting
nanocrystals. However, the first reported discovery of QDs by Ekimov and
Onuschenko used doped silicate glasses [27-34]. The authors showed that if a
supersaturated solution of copper and chlorine in glass was heated at high tempera-
tures, controlled precipitation of CuCl within the glass matrix could take place.
They further demonstrated that additional heating and annealing of the glass melt
systematically creates collections of nano-scale particulates of crystalline CuCl con-
taining a finite number of atoms, ranging from tens to hundreds of angstroms; the
authors initially denoted these structures as quantum droplets. Following those
remarkable demonstrations, growth of QDs made of II-VI semiconductors (e.g.,
CdS and CdSe) in glass was achieved by doping the melt with salts of the desired
materials/precursors [27, 29, 35]. When the temperature of the glass rapidly
decreases, small nuclei of the semiconductor are generated. Following heat treat-
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ment over temperatures ranging from 400 to 1,000 degrees C, nucleation and
growth culminate in the formation of small spherical crystalline particles of semi-
conductor dispersed in the amorphous glass matrices. This technique provided
highly crystalline nanoparticles in glass host samples that can support very large (a
few hundred angstroms) QDs. However, because the QDs remain trapped within a
solid glass matrix, these nanocrystals cannot be easily manipulated to alter surface
chemistry or improve their size distribution.

1.2.2.2 Synthetic Routes of Dispersible and Highly Luminescent QDs

Solution-phase growth of semiconductor nanoparticles carried out within inverse
micelles was demonstrated shortly after the first realization of carrier confinements
in semiconductor crystallites using doped silicate glasses by Ekimov and coworkers
[28-31, 36-38]. This “wet chemistry” route allows preparation of functionalized,
and thus dispersible, nanocrystals, by essentially exploiting the natural geometrical
structures created by water-in-oil mixtures upon adding an amphiphilic surfactant
such as sodium dioctyl sulfosuccinate (AOT), cetyltrimethylammonium bromide
(CTAB), and tetraoctylammonium bromide (TOAB) (see schematics in Figure 1.3).
This route was in fact demonstrated for a variety of other inorganic nanoparticles.
In this technique, one can vary the water content of the mixture to control the size of
the water droplets (nanoscale reaction pools) suspended in the oil phase. Addition
of appropriate metal salts to the solution, which naturally migrate to the water
pools, initiates nucleation and growth of colloidal nanocrystals. This technique has
a few advantages including the fact that the reactions are carried out at room tem-
perature. Furthermore, it provides one the unique ability to perform postsynthesis
processing of these materials from solutions. This approach, however, was not able
to provide QDs that have good crystalline structure and high photoluminescence
quantum yields necessary for potential transition to technological use.

A major breakthrough took place in 1993, when Bawendi and coworkers
showed that high quality nanocrystals of CdSe QDs with crystalline cores, narrow
size distribution (~10 percent), and relatively high quantum yields can be prepared
using an organometallic synthesis based on the “pyrolysis” of metal-organic precur-
sors [9, 39]. This rationale was confirmed shortly thereafter by other groups includ-
ing Alivistaos and coworkers [40]. This reaction scheme initially employed

\M 2@

AOT

l::.
CdCl, + H,S - o
-

Water/Isooctane
at room temperature
~ 7y  HO

AN

Figure 1.3 Schematic representation of the growth of CdS semiconductor nanocrystals in inverse
micelles. Other materials such as CdSe and CdTe have also been prepared using the inverse
micelles approach.

TS
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dimethylcadmium (CdMe,) and trioctylphosphine selenide (TOP:Se), diluted in
trioctylphosphine (TOP), and their rapid injection into a hot (280-300 degrees C)
coordinating solution of trioctylphosphine oxide (TOPO) (see schematics in Figure
1.4) [39]. They also demonstrated that size distribution can be further improved by
postreaction processing. Following this breakthrough, colloidal QDs could be made
with quantum yields (QYs) on the order of § to 10 percent at room temperature,
making fluorescence-based studies of QDs viable and raising the potential for use in
technological applications. The QYs of these nanocrystals can reach near unity at
low temperature.

Subsequently, Peng and coworkers further refined the reaction scheme and
showed that additional precursors that are less volatile and less pyrophoric than
CdMe, could effectively be employed to prepare high-quality colloidal nanocrystals
[21, 43]. In those studies, they and other groups have eventually outlined the impor-
tance of impurities—usually acids coordinating to the metal precursors, such as
hexylphosphonic acid (HPA) and tetradecylphosphonic acid (TDPA)—in the reac-
tion progress, and showed that these impurities can be externally controlled. They
also applied this rationale to making other types of colloidal nanocrystals, including
CdTe and CdS as well as Pb-based QDs. In this route, high purity TOPO and con-
trolled amounts of metal coordinating ligands and metal precursors such as CdO,
cadmium acetate (Cd(OAc),), and cadmium acetylacetonate (Cd(acac),) were used
for preparing Cd-based nanocrystals. The high temperature synthetic route was
extended to making near-IR emitting QDs by Murray and coworkers (and further
confirmed by other groups), using oleic acid and Lead(II) acetate trihydrate or lead
oxide for PbSe QDs [14, 44, 45]. In most reported methods the selenium precursor
still relies on TOP:Se [14, 21, 43, 46, 47].

TOPO
Cy6H33NH,
HDDO
Cd(acac), + TOP: Se
Alternative Cadmium Precursors: 340~350°C
Cd(acetate)
CdO
Cd(ClO,),
@- ZnEt, + TMS,,S
5 3 TOP / TOPO
‘\'\_
)’j 3 \ 140~180 °C

Figure 1.4 (top) Schematic depiction of the high-temperature organometallic reaction and
growth method used for colloidal CdSe nanocrystals. (bottom) Reaction scheme for the
overcoating CdSe quantum dots with Zn$S using the same high-temperature solution route. Addi-
tional details can be found in [41, 42].
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In these high-temperature reaction schemes, it has been demonstrated that
applying size selective precipitation using polar solvents such as methanol or etha-
nol following nanocrystal growth could reduce the particle size distribu-
tion/polydispersity of the nanocrystals. In addition to reducing polydispersity, this
procedure also removes impurities and precipitated metals from the reaction solu-
tion [9, 39]. This cleaning step is crucial for nanocrystals made using less reactive
precursors and the various metal-coordinating molecules, since larger amounts of
unreacted metals, acids, and amines can be left in the final QD crude samples. Avail-
able techniques to characterize nanocrystals include high- and low-resolution trans-
mission electron microscopy (TEM), wide angle X-ray diffraction (XRD), small
angle X-ray scattering (SAXS), and absorption and fluorescence spectroscopy,
which extract information such as size, distribution width, crystal structure, band
edge value and emission energy level (see Figures 1.5 and 1.6 and Table 1.1) [9, 11,
21, 39, 41-43, 46-50]. TEM tends to provide slightly smaller values for the inor-
ganic core than SAXS, for example, because TEM does not take into account the
amorphous outermost atomic layer on the nanocrystal surface [51].

Additional details on the synthetic routes, structural characterization, physics
of quantum confinements effects, and their implications on the electronic and spec-
troscopic properties of colloidal QDs can be found in these thorough reviews [17,
52]. A summary of the reported synthetic methods for making colloidal QDs is pro-
vided in Table 1.2, with particular emphasis on preparations yielding colloidal QDs

@) CdSe/Te CdHgTe Alloys
H
< CdTe 3 PbSe /Te
Cdse s 2
UV< 250 400 «— Visible — > 700 2500 >IR
&— A (nm)
cds
H b
ZnSe .
H [y
ZnS 2
(ol §
A
2
<

Luminescence

T T T T

480 520 560 600 640 680 720
Wavelength (nm)

Figure 1.5 (a) Representative set of emission spectral windows for several types of QD materials.
Core materials of [I-VI, -V and hybrid “llI-VI” are shown. Partially reproduced from [5], with per-
mission from NPG. (b) A representative example of absorption and normalized emission spectra
collected for solutions of CdSe-ZnS QDs. Partially reproduced from [4], with permission from AAS.
Other materials not represented here include InP and InAs QDs. (See Color Plate 1.)
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Figure 1.6 (top) Three panels showing high TEM images collected from CdSe nanorods (left),
CdTe spherical dots (center), and CdTe nanorods. Reproduced from [46], with permission from
the American Chemical Society. (bottom) TEM images of ordered CdSe nanocrystals (diameter 3.6
nm), prepared by solvent evaporation of a colloidal solution in toluene. The nanocrystals were syn-
thesized using high temperature reaction of air-stable (and air sensitive) organometallic precursors.

Table 1.1 Radii of CdSe Nanocrystals
Extracted from SAXS Measurements on
Solution Samples, Together with the
Corresponding Location of the First
Absorption Peak’

Location of the First a(A)
Absorption Peak A,

622-TBP/TBPO in hexane 29.7
600-TOP/TOPO in hexane 24.9
586-PIC in butanol 22.0
564-TOP/TOPO in hexane 21.3
562-TBP/TBPO in hexane 20.6
560-PYR in pyridine 19.7
550-TOP/TOPO in hexane 19.3
540-TOP/TOPO in hexane 18.8
520-TOP/TOPO in hexane 17.4
510-TOP/TOPO in hexane 14.5

*The type of ligands and solvent used are also
shown. In addition to TOP/TOP discussed in the
text, TBP, TBPO, PIC, and PYR designate
tributylphosphine, tributylphosphine oxide,
picoline, and pyridine cap, respectively. Repro-
duced partially from [51], with permission from
the American Institute of Physics.
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Table 1.2 Major Types of Colloidal Semiconductor QDs (Group II-VI) Prepared via Wet Chemistry
Along with the Method of Preparation and Representative References

Nanocrystal Literature

Type Preparation Method Citation

CdS Silica glass [32, 54-56]
Aqueous solutions, inverted micelles [13, 37, 38, 57]
Polymer and high-temperature coordinating solutions [39, 58-60]
Sol-gel glass, zeolite [61-65]
High-temperature coordinating solutions using air-stable precursors  [21]

CdSe Silica glass [32, 35, 66]
High-temperature coordinating solutions [39]
Polycrystalline films [67]
High-temperature coordinating solutions using air-stable precursors  [21, 46]

CdTe Silicate glass [68, 69]
Semiconductor-glass composite films [70]
High-temperature coordinating solutions [39]
High-temperature coordinating solutions using air-stable precursors  [21]

ZnSe High-temperature coordinating solutions [12, 71]
High-temperature coordinating solutions using air-stable precursors  [72]

PbSe High-temperature coordinating solutions [14, 45, 47]

CdSe-overco ZnSe using hybrid micelle/organometallics [73]

ating with

wider band

semiconduc-

tors
ZnS using high-temperature coordinating solutions [41, 42]
CdS using high-temperature coordinating solutions [49]

ZnSe using high-temperature coordinating solutions using air-stable  [46]

organometallic precursors

that have surface capping/passivating ligands. The fluorescence windows allowed
by these various colloidal nanocrystals spanning the full region from UV to NIR
regions of the optical spectrum are schematically depicted in Figure 1.5. The
absorption and PL spectra for the particular example of QDs having CdSe cores is
also shown in Figure 1.5.

In the following section we will provide a detailed description of two typical
laboratory scale organometallic preparations used to make CdSe-based QDs. We
will first describe the synthetic route using dimethylcadmium (CdMe,) and
trioctylphosphine selenide (TOP:Se) precursors, diluted in trioctylphosphine
(TOP), and follow that by detailing the steps involved in more recent routes using
air-stable organometallic precursors.

Synthesis of CdSe Nanocrystals Using Highly Reactive CdMe, Precursor

1. Load a 100-ml three-neck flask with ~20-30g of TOPO (90 percent) and
heat the contents to 150-180 degrees C for 2-3 hours under vacuum using a
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Schlenk line, while stirring. This allows removal of residual water and
oxygen.

2. In parallel or before, prepare a 1M stock solution of trioctylphosphine
selenide (TOP:Se) by adding 7.9g of amorphous Se (99.99 percent) shot to
100 ml of trioctylphosphine (TOP, 90 to 95 percent). It is recommended that
this stock solution is prepared in an inert atmosphere (e.g., in a glove box,
under nitrogen). Higher concentration (1.5 or 2M) stock solutions could also
be used.

3. Aninjection solution is usually made by diluting ~170-250 ul of CdMe, with
3.5-4 ml of 1M TOP:Se and ~15 ml of TOP. If 1.5M or 2M TOP:Se stock
solutions were used, volumes of the TOP used will have to be adjusted so
that the total volume of the Se precursor solution stays the same. This step
must also be handled in an inert atmosphere (glove box).

4. The reagents are thoroughly mixed and then loaded into a syringe equipped
with a large gauge needle for rapid injection.

5. After 2-3 hours heating and degassing (TOPO content is “dry”), the flask is
backfilled with inert gas (N, or Ar) and the temperature is raised to ~300
degrees C.

6. Remove the loaded syringe from the dry box and quickly inject the contents
into the flask containing TOPO, while vigorously stirring.

7. Upon injection, there is a rapid color change of the solution to light yellow,
and the temperature falls to ~250 degrees C. The absorption spectrum is
collected and should how sharp features with the peak of the first transition
usually located between 470 and 490 nm, similar to what is shown in Figure
1.2.

8. Raise the temperature slowly to 290-300 degrees C to promote growth and
annealing of the nanocrystals.

9. To verify the quality of the materials during growth, aliquots from the
reaction solution are periodically retrieved and their absorption spectra are
collected. The location of the first absorption peak gives an estimate of the
nanocrystal size as checked by TEM and small angle X-ray scattering (SAXS)
(see Figure 1.6 and Table 1.1) [50]. Furthermore, the relative width of the
transition peak gives a measure of size distribution of the sample.
Occasionally there is a decrease in the growth rate accompanied by an
increase in the relative size distribution. To overcome this growth
bottleneck, the temperature is raised by several degrees.

10.When the first absorption peak reaches a wavelength maximum indicative
of a desired size, lower the temperature to below 100 degrees C to stop the
crystal growth.

Synthetic Routes Using Air-Stable Cd-Based Precursors

The procedure described here represents one of several variations developed and
used by various research groups. This protocol is optimized for the condition
described earlier. However, other comparable precursors, including CdO and cad-
mium acetate, can also be used as Cd precursors.
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1. Prepare 1M stock solution of trioctylphosphine selenide (TOP:Se) by
dissolving 7.9g of Se (99.99 percent) into 100 mL of TOP (90-95 percent). A
1.5 or 2M solution of TOP:Se could also be used, but this higher
concentration must be taken into account when adding Se precursors to the
reaction mixture.

2. Load TOPO (20g), hexadecylamine (10g), and TOP (5 mL) into 100-mL
three-neck round bottom flask, fitted with a thermocouple temperature
sensor, condenser, and a nitrogen/vacuum inlet adapter, and heat to
120-140 degrees C under vacuum for 1 to 2 hours. This step removes water
and oxygen from the solution.

3. As the content of the round bottom flask is degassed, mix Cd(acac), (620
mg), 1,2-hexadecanediol, HDDO, (1.2g), and TOP (10 mL) in a separate 20
mL vial, and heat to 100 degrees C under vacuum. The solution should
become homogeneous after ~30 minutes.

4. Let the mixture cool to approximately 80 degrees C and add 10 mL of 1 M
TOP:Se (or 5 mL of 2 M TOP:Se) and mix thoroughly.

5. Switch the atmosphere in the three-neck flask to nitrogen and raise the
temperature to 340-350 degrees C.

6. Transfer the TOP:Se mixture to a syringe equipped with a large gauge
needle, and rapidly inject the solution mixture of cadmium and selenium
precursors into the hot flask containing the coordinating solvent; then
quickly cool the mixture down to ~100-200 degrees C. This prevents
further growth of the nanoparticles.

7. The resulting nanoparticles can be either collected for subsequent processing
and use or further grown to larger sizes with additional heating to 250-280
degrees C for several minutes.

8. The solution is then cooled to 60-80 degrees C, mixed with toluene (or
hexane) and butanol, and centrifuged to remove any unreacted metal salts
and other impurities.

9. Purification is carried out using a solution mixture with excess methanol
or ethanol followed by centrifugation and removal of the supernatant.

Overcoating the Native Cores with a Thin Layer of ZnS

Following the initial progress made in high temperature QD synthesis, it was demon-
strated that passivating the native QD cores with a layer of wider band gap mate-
rial(s) could dramatically enhance the PL quantum yield of the resulting core-shell
nanocrystals. Although the concept was previously known from work on band gap
engineering in semiconductors [73, 74], the optimal set of conditions for creating
strongly fluorescent overcoated QDs was not realized until 1996, when Hines and
Guyot-Sionnnest showed that overcoating CdSe QDs with ZnS could improve the
PL quantum yields to values of 30 percent or higher [41]. The complete reaction con-
ditions for preparing a series of core-shell nanoparticles that are strongly fluorescent
and stable were further detailed in two comprehensive reports by Dabbousi et al.
[42], and Peng et al. [49]. We should also stress the fact that as for core-only synthe-
sis, air-stable precursors were used for the overcoating reactions by various groups
(e.g., see [46]), following the reports by Peng and coworkers on the synthesis of CdS,
CdSe nanocrystals [21, 43]. Here we describe the reactions used in [41, 42].
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For overcoating CdSe with a thin layer of ZnS or CdS, the temperature of a solu-
tion containing CdSe QDs mixed with TOPO is raised to ~150 degrees C but kept
lower than 200 degrees C to prevent further growth of the QDs. A dilute solution of
Zn (or Cd) and S precursors is then slowly introduced into the hot stirring QD solu-
tion (see schematics in Figure 1.4). The amount of Zn and S precursors added varies
depending on the size of the CdSe QD and is calculated to yield a 2-6 atomic
monolayer coverage on the nanoparticle surface. The high dilution and relatively low
temperature of the mixture prevent separate nucleation of ZnS or CdS quantum dots.
Once the precursors have been added, the temperature is lowered to ~80 degrees C.
The reaction vessel can be left undisturbed for several hours, as this annealing was
shown to produce noticeable improvements in the PL quantum yield [42].

A typical laboratory scale ZnS overcoating process for CdSe QDs includes the
following steps [42]:

1. Mount a round-bottom flask (100 or 250 mL) with a pressure equalizing
addition funnel.

2. Load 20-30g of TOPO into the round bottom flask and dry/degas at
120-140 degrees C for two to three hours under vacuum.

3. Add purified CdSe QD solution (dispersed in hexane or toluene) at 70-80
degrees C to a final Cd concentration of ~0.1-0.5 mM.

4. Evaporate the solvent under vacuum.

5. Increase the temperature of the QD/TOPO solution to between 140 degrees
C and 180 degrees C, depending on the initial core radius (lower
temperatures are used for smaller core sizes).

6. Separately, to a vial containing 4-5 mL of TOP, add equimolar amounts of
diethylzinc (ZnEt,) and hexamethyldisilathiane (TMS,S) precursor that
correspond to the desired overcoating layer for the appropriate CdSe
nanocrystal radius. Use an inert atmosphere (e.g., glove box) to carry out this
step since ZnEt, is highly reactive with oxygen and water.

7. Load the Zn and S precursor solution from step 6 into a syringe (inside the
glove box) and transfer the content to the addition funnel.

8. Slowly add the Zn and S precursor solution to the QD/TOPO solution at a
rate of about 0.3-0.5 mL/min.

9. Once the addition is complete, lower the solution temperature to 80 degrees
C and leave the mixture stirring for several hours.

10.Cool down the flask content, then add ~10 mL of butanol and hexanes
and precipitate the ZnS-overcoated QDs with methanol to recover the QD
product by centrifugation.

We should remark that an extra annealing step carried out postovercoating is
recommended, as this often produces an improvement in the quality, stability, and
PL quantum yield of the final core-shell nanocrystals.

Purification of the Nanocrystals

Size selective precipitation can be applied to core-only as well as to core-shell
nanocrystals as a means of removing extra unreacted metals and ligands and obtain-
ing narrow size distribution. This involves adding a nonsolvent (bad solvent) mix-
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ture for the TOP/TOPO-capped nanocrystals [39, 51]. This method is widely
employed for polymers and colloids to reduce polydispersity after synthesis. The
absorption spectra of core-shell QDs are usually not as well resolved as those mea-
sured for core only, in particular for samples using thick overcoating shells. Further-
more, the photoluminescence experiences a slight red shift combined with slight
broadening compared with what is measured for the initial core-only nanocrystals.
Shifts of the emission are usually more pronounced for lower band gap overcoating
materials, such as CdS and ZnSe versus ZnS. A smaller mismatch between the crys-
tal structures of the core and shell presumably allow smoother surface structures
and potentially more epitaxial growth of the shell layer [42]. These changes are
expected and often attributed to leakage of the exciton wavefunction outside the
native core to within the overcoating shell. It is also caused by a slight broadening of
the size distributions of the initial nanocrystals since overcoating is carried at
relatively high temperatures.

1.3 Strategies for Surface-Functionalization and Conjugation to
Biomolecules

1.3.1 Water-Solubilization Strategies

The easiest and most obvious approach to prepare water-soluble QDs is to grow the
nanocrystals directly in aqueous environments using inverse micelles or
coprecipitation as reported for some CdTe nanocrystals [75]. However, most highly
luminescent QDs that have found effective use in biological studies are prepared
using high-temperature solution routes and are essentially capped with TOP/TOPO
ligands mixed with small fractions of amine and carboxyl molecules. They thus
require use of water solubilization strategies to make them compatible with biologi-
cal environments. Several strategies aimed at achieving this goal have been devel-
oped since the first reports on developing colloidal QDs as biological labels were
published [76-78]. These strategies can essentially be loosely divided in two main
categories: ligand-exchange and encapsulation (see Table 1.3) [5].

1.3.1.1 Ligand Exchange

This method involves the replacement of the original hydrophobic surface ligands
(TOP/TOPO and such) with bi- and/or multifunctional hydrophilic ligands. The
hydrophilic ligands are usually comprised of anchor group(s) for binding to the
inorganic nanocrystal surface (typically via a thiol group) at one end. At the other
end the ligands present hydrophilic groups (carboxyl, amine, or poly(ethylene gly-
col)) that promote affinity to aqueous solutions.

Cap exchange with molecular-scale ligands has been attempted by several
groups in the past decade, because of its ease of implementation. The most com-
monly reported examples used monothiol-terminated alkyl carboxylic acids,
including mercaptoacetic acid (MAA) [77, 79], mercaptopropionic acid (MPA) [79,
80], mercaptoundecanoic acid (MUA) [79, 81], poly(ethylene glycol) derivatives
[82-85], and cysteine [86, 87]; most of these ligands are commercially available.
Though the cap exchange strategy with these ligands is straightforward, the stabil-
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Table 1.3 Surface-Functionalization Methods Reported in the Literature

Surface Capping Strategies  Preparation Method Literature Citation
Ligand exchange (i) Single thiol
Mercaptoacetic acid (MAA) [77, 79]

Mercaptopropionic acid (MPA) [79, 80]
Mercaptoundecanoic acid (MUA) [79, 81]

PEG derivatives [82-85]
Cysteine [86, 87]
Dendron (88, 89]
(ii) Multiple thiols
Dihydrolipoic acid (DHLA) [78]
DHLA-PEG conjugates [90, 92, 93]
(iii) Peptides (94, 95]
(iv) Oligomeric phosphine (oxide) [96, 97]
(v) Amines [98-100, 112]
(vi) Silica coating [76, 101, 113]
Encapsulation (i) Di- or triblock copolymers [102-106, 114, 115]
(ii) Phospholipids [107,108]
(iii) Calixarene derivatives [109-111, 116]

ity of the resulting QDs in buffer solutions is often poor. For instance, with MAA,
MPA, and MUA, the nanocrystals tend to progressively aggregate in physiological
conditions within a relatively short period of time concomitant with a decrease of
fluorescence quantum yield. This is most likely due to desorption of the ligands from
the QD surface [5]. Peng and coworkers tried to resolve this problem by preparing
hydroxyl-terminated dendron ligands that were also end-fucntionalized with thiol
groups to promote anchoring on the QD surface [88]. In a subsequent study, they
used amine-terminated dendrimers for cap exchange, which allowed cross-linking
of the ligands to form “dendron-boxed” QDs [89]. Another approach to addressing
the long-term stability of QDs prepared via cap exchange relied on the use of
bidentate thiol ligands such as dihydrolipoic acid (DHLA) [78]. These
bidentate-thiol ligands have significantly improved the stability of the QDs in aque-
ous environments, as DHLA-capped nanocrystals could reproducibly be made sta-
ble in aqueous buffer solutions with usable lifetimes of several months. Most of the
thiol-terminated ligands mentioned earlier (e.g., MAA, MPA, MUA, and DHLA)
have carboxyl terminal groups, and water-solubility of the QDs relies on
deprotonation of the carboxyl groups, which has limited the ability of preparing
homogeneously dispersed solutions of QDs in acidic pHs [5, 78]. To overcome these
pH limitations, we have recently developed a new set of DHLA ligand derivatives,
where poly(ethylene glycol) (PEG) segments with variable chain-lengths were
appended onto dihydrolipoic acid via an ester linkage [90]. Our results showed that
QDs capped with DHLA-PEG ligands are well dispersed in aqueous media and sta-
ble over an extended period of time and over a relatively broad pH range from
weakly acidic to strongly basic conditions. The DHLA-PEG-capped nanocrystals
additionally benefited from the strong anchoring provided by the dithiol end
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groups, and were also compact in size [91]. PEGs are known for low toxicity and
also minimize nonspecific binding with biological molecules [2]. The physiological
compatibility of PEG-coated QDs is thus very promising for various cellular assays.
Moreover, the long-term stability of the QDs has a significant impact not only for in
vitro biological assays but also for cellular tracking experiments.

More recently, the terminal groups of DHLA-PEG ligands were further
improved by functionalization with additional bioreactive groups, such as biotin,
amine, and carboxyl groups to promote bioconjugation of the QDs capped with
DHLA-PEG ligands [92, 93]. Overall, this design provided modular ligand struc-
tures, containing a PEG single chain with variable size to promote water solubility,
a DHLA at one end of the PEG chain for strong anchoring onto the QD surface, and
a biological functional group at the other end of the PEG (see Figure 1.7). These
QDs have indeed demonstrated easy access to biological molecules through
avidin-biotin binding or EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)
coupling [92, 93].

In a somewhat different rationale that utilizes a similar process, Weiss and
coworkers have used phytochelatin-related peptides having multiple termi-
nal-repeats of cysteines for anchoring on QDs [94, 95]. This strategy has a few
unique advantages. Similar to DHLA, it relies on the multidentate thiol interactions
with the inorganic surface of the nanocrystals, which improves the stability of the
ligand/QD system. In addition, using peptides as the actual ligands makes it possible
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Hydrophilic groups
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Figure 1.7 (top) Schematic representation of a QD capped with modular hydrophilic ligands
based on the DHLA motif. Each ligand molecule has a central tunable length PEG segment, an
anchoring dithiol head, and a terminal functional group that can be chemically modified. Repro-
duced from [92], with permission from the American Chemical Society. (bottom) Schematic repre-
sentation of the strategy based on encapsulation of QDs with di-block copolymer shell. The
polymer chain contains hydrophobic and hydrophilic blocks. The hydrophobic block is expected
to strongly interact with the TOP/TOPO cap while the hydrophilic block promotes compatibility
with aqueous environments. (See Color Plate 2.)
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to combine improved affinity to aqueous media and potential biological targeting.
Peptide structure and length can potentially be modified and controlled. The
authors have applied these peptide-coated nanocrystals in various functional assays
ranging from live cell imaging to FRET (see Chapter 3 by Bentolia et al.). One of the
potential limitations, however, is the need for rather large amounts of peptide lig-
ands to carry out an effective cap exchange, as this process is mass-action driven and
necessitates a large excess of ligands for effective cap exchange. Preparation of large
amounts of peptides is time consuming and can be rather costly.

Another attempt aimed at improving the stability of hydrophilic QDs prepared
via cap-exchange strategy was reported by Bawendi and coworkers, who have
described the synthesis of oligomeric phosphine (oxide) ligands comprised of an
inner phosphine layer, a linking layer between the phosphines and an outer
functionalized “network” [96, 97]. The inner phosphine layer served to passivate
and protect the QD surface, while the outer layer was functionalized with carboxyl
or PEG groups to promote water solubility. Though this approach uses phosphine
anchoring groups, which are similar to the native TOP/TOPO, synthesis and purifi-
cation of the ligands is tedious. In other studies, several groups used amine-rich
polymers to functionalize the QD surfaces. Nann showed phase transfer of QDs into
water using amphiphilic hyperbranched polyethyleneimine [98]. Nie and coworkers
suggested that poly(ethylene glycol)-grafted polyethylenimine could provide the
ability to realize endosome-disrupting surface coatings for QDs [99]. Winnik and
coworkers used a poly(ethylene glycol-b-2-N,N-dimethylaminoethyl methacrylate)
(PEG-b-PDMA) diblock copolymer, in which the DMA groups served as multiden-
tate anchoring sites on core only CdSe QDs [100]. These examples rely on the avail-
ability of multiple amine groups for anchoring on the QD surface, due to weak
binding of single amine groups. In both cases the authors concluded that the poly-
mer removes the native TOP/TOPO shell due to the affinity of amines groups to
inorganic ZnS and CdS surfaces, which makes their approach in essence a
cap-exchange method.

The first reported study introducing the use of QDs in biology by Alivisatos and
coworkers used QDs cap-exchanged with thiol-terminated silane ligands, followed
by further cross-linking to form a silica shell coating as a means to enhance stability
and promote hydrophilicity of CdSe-CdS(ZnS) core-shell nanocrystals [76, 101].
The “silica-shell coating” method is conceptually a very effective method for surface
passivation due to the robustness of silica; it also provides the option of adding func-
tional groups onto the shell for further functionalization. This strategy is, however,
time consuming and control of the shell growth is difficult.

Studies with the DHLA-PEG-amine and DHLA-PEG-carboxyl ligands indicate
that thiol-binding to the QD surface is stronger than amine and carboxyl groups
when both end groups are presented on the same ligands [92, 93]. With this strategy,
the nature of the anchoring group to the QD surface (e.g., monodentate versus
multidentate) can make a substantial difference in terms of the long-term stability of
the hydrophilic QDs; stability of the QD-ligand interactions is substantially
improved with multidentate capping molecules. The cap exchange strategy main-
tains the QD size compact, and this is especially true for molecular-scale ligands.
This can be crucial for fluorescence resonance energy transfer (FRET) assays with
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QDs since close proximity between energy donor and acceptor is directly correlated
to the energy transfer efficiency (see Chapter 4).

1.3.1.2 Encapsulation within Block Copolymer Shells and Phospholipid Micelles

This method uses bifunctional amphiphilic molecules having distinct hydrophobic
and hydrophilic segments (Figure 1.7). The hydrophobic units selectively interact
and interdigitate with the native TOP/TOPO shell, while the hydrophilic units inter-
act with the aqueous environment, thus promoting dispersion of the QD in aqueous
media. Water solubility of the resulting QDs is mostly ensured by the presence of
charged groups (such as amine or carboxyl groups) and/or poly(ethylene glycol)
(PEG) chains within the hydrophilic units.

Di- and triblock copolymers have been widely used as the amphiphilic coating
shell for QDs coated with original hydrophobic ligands [102-105]. Generally, these
polymers have a poly(acrylic acid) main chain, where substitution of some of the
carboxyl groups with alkyl chains allows a controlled balance of hydrophobic and
hydrophilic blocks within the polymers. This balance is crucial for stabilization of
the polymer coating on the TOP/TOPO-cap and promotion of water solubility of
the resulting QDs. Wu and coworkers used a block copolymer shell consisting of 40
percent octylamine-modified polyacrylic acid [102]. The latter is currently used
with commercial QDs offered by Invitrogen (www.invitrogen.com). Pellegrino and
coworkers used poly(maleic anhydride alt-1-tetradecene) for QD encapsulation
[106]. Following adsorption on the TOP/TOPO QDs, further addition of
bis(6-aminohexyl)amine formed cross-linked polymers on the QDs. Hydrolysis of
the unreacted anhydride units made the QDs water soluble. The use of block copol-
ymers can take advantage of the wealth of knowledge about block copolymers
gained over the years and the ability to form sophisticated phases and structures
that can be controlled on the nanoscale. Nonetheless, the resulting hydrophilic
nanoparticles inevitably have rather large sizes [4, 5]. Further, the affinity for the
QD surface may not be very strong, as the polymer shell could swell or shrink
depending on natural paramaters such pH and ionic strength of the surrounding
media.

The second encapsulation method employed phospholipid derivatives, which
formed micelles. In particular, the first demonstration of this strategy was reported
by Dubertret and coworkers, who used phospholipids containing 40 percent
1,2-dipalmitoyl-szn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene gly-
col)-2000] (mPEG-2000 PE) and 60 percent of 1,2-dipalmitoylglycero-3-
phosphocholine (DPPC) to carry out encapsulation of CdSe-ZnS QDs and their
transfer to buffer solutions. This technique is simple to implement, as most
phopholipids are commercially available (though not reasonably cheap) [107, 108].
Nanocrystals prepared via this route were stable in embryonic cells and did not
show measurable toxicity effects. However, this strategy has some of the stability
issues at very low concentrations encountered by micelles in general. In addition, it
is possible that more than a single nanocrystal could be contained within each
micelle.

Cyclic molecules such as calixarene have also been demonstrated as potential
compact surface coating materials. Jin et al. used calix[4]arene with carboxylic acid
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groups for QD coating, and successfully prepared compact CdSe-ZnS QDs (<10 nm
in diameter) [109]. They also reported that the emission peaks of QDs can be shifted
to longer wavelengths with increasing the ring size of the calix[n]arene used (17 = 4,
6, 8) [110]. CdSe QDs coated with calixarene analogues with alkyl chains and
saccharide moieties were also employed as endosome markers [111].

Each surface-functionalization strategy has both inherent advantages and disad-
vantages. In particular, the cap exchange approach is simple and can be versatile in
light of recently developed reproducible methods for the synthesis of modular lig-
ands such as DHLA-PEG-FN motifs, where the PEG chain length can be tuned and
the terminal functional groups (FN) can be varied (see Figure 1.7). It also provides
compact-size nanocrystals. It does, however, tend to produce QDs with decreased
PL quantum yields compared to the native TOP/TOPO-capped nanocrystals.
Encapsulation approaches on the other hand can produce nanocrystals with higher
quantum vyields, because it is expected that this method keeps the native ligands
attached to the QD surface. This method, however, tends to produce rather large
nanocrystals and does not allow for control over the number of encapsulating chains
wrapped around a given QD and the number of reactive groups available for further
functionalization. Thus, when applied, the advantages of each strategy need to be
carefully balanced against potential drawbacks.

1.3.2 Methods for Conjugating QDs with Biomolecular Receptors

Strategies reported thus far for conjugating hydrophilic QDs to biomolecular recep-
tors can essentially be divided into three groups (see Figure 1.8): (1) The first
employs the common EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) cou-
pling of carboxyl groups on the QD surface and target amines on biological entities
such as peptides, proteins, and antibodies [92, 93, 99, 102]. (2) The second employs
metal-affinity driven self-assembly using either thiolated peptides or polyhistidine
(His)-appended tracts and noncovalent self-assembly using engineered proteins [94,
117]; metal-affinity driven self-assembly is versatile and has a high binding constant
(Kpieodarion ~ 107°-107° M) [117]. (3) Avidin-biotin binding, which involves the use of
an avidin (or streptavidin) bridge between two biotinylated biomolecules (peptides
and proteins), can benefit from the strong avidin-biotin binding (Kp;...ie ~ 107
M) [2]. Each conjugation technique has certain advantages but also a few limita-
tions, as remarked earlier for water-solubilization strategies. For example, EDC
condensation applied to QDs capped with thiol-alkyl-COOH ligands often pro-
duces intermediate aggregates due to poor QD stability in neutral and acidic buffers
[5, 78]. However, insertion of a PEG segment between the thiol anchoring group
and COOH groups (modular ligands) has successfully allowed EDC coupling to
QDs [92]. This constraint can also be removed by using QDs capped with functional
peptides, where solubility is now driven by the peptide ligands [94]. EDC coupling
has also been applied to QDs encapsulated with polymeric shells bearing COOH
groups [102]. It can however produce large conjugates with less control over the
number of biomolecules per QD-bioconjugate. This approach has been used by
Invitrogen to prepare QD-Streptavidin conjugates having ~20 proteins per QD. Due
to the rather large number of charges on these QD-conjugates, care must be paid to
the fact that they can bind all biotinylated proteins in the sample and may result in
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Figure 1.8 Schematic representations of three conjugation techniques described in this chapter:
(a) EDC coupling between carboxyl terminal groups on the QD coating and amines on target
biomolecules. (b) Self-assembly driven by metal-histidine interactions. For the metal-His conjuga-
tion DHLA and DHLA-PEG ligands are shown on the QD surface; R, or R, designate the N- or C-
termini of a peptide or a protein. (c) Avidin-biotin bridging through avidin between bio-
tin-functionalized QDs and biotinylated target protein and peptides. Reproduced partially from
[117], with permission from the American Chemical Society.

aggregate formation. Self-assembly of peptides/proteins onto the QD using, for
example, metal-histidine driven interactions can reduce aggregation and permit
control over the bioconjugate valence. However, it still requires that the bioreceptor
is engineered with the desired His-tag before use. Furthermore, we have shown in a
recent study that this conjugation strategy also requires that the His tract is
extended/exposed laterally for direct interactions with the nanocrystal surface
[117]. For instance, QDs capped with DHLA-PEG (MW ~600 and ~1000) could
not allow self-assembly of QDs with His;-appended proteins, due to steric
hindrance, even though conjugation to peptides was effective regardless of the
His-tag length [117].

1.4 Concluding Remarks and Future Outlook

In their early days, quantum dots were somewhat of a novelty in the field of
low-dimensional semiconductor physics. The last two decades have witnessed a tre-
mendous scientific interest and progress in understanding the fundamental proper-
ties of these materials and in developing techniques to make them better. This was
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prompted by the realization that these materials are of great conceptual and techno-
logical interests. There has also been a drive to develop and commercialize various
technological applications.

Advances in the synthesis and characterization of luminescent and
nonluminescent QDs have provided a wide array of nanocrystals with a range of
unique properties (optical and spectroscopic, metallic, and magnetic properties). In
particular, there has been a clear progress in developing reproducible synthetic
routes for making high-quality luminescent QDs emitting over a broad range of
wavelengths and dispersible in solution phases. The high temperature solution reac-
tion route (originally developed by Bawendi and coworkers but rapidly expanded by
his and other groups including Alivisatos and his groups, Murray and coworkers
and Peng and coworkers) was shown to be extremely versatile. The reaction scheme
and variation of that scheme have now allowed making of QDs with a wide range of
material combinations. It has been further expanded to making magnetic
nanoparticles (e.g., see Chapter 2, Chapter 10, and Chapter 11).

Development of luminescent QDs as biological probes, for example, has rapidly
grown in the past decade. Clearly these materials offer a great potential for use in a
whole array of applications such as in vivo cellular and tissue imaging. Fluores-
cence-based cellular and tissue imaging and sensing using direct one- and two-pho-
ton excitation, or FRET, are the areas where QDs should experience substantial
development and expansion. For example, multiplexed and two-photon driven
FRET have been explored in proof-of-concept demonstrations, but applications in
real in vivo set have been rather scarce.

Despite the remarkable progress made for QD use in biology (described, for
example, in Chapter 3 by Bentolia et al., Chapter 4 by Medintz et al., and Chapter 6
by Pons et al.), there still remain several issues that are not fully solved yet, and
understanding and eventually solving them will increase their utility in biology.
These issues can be summarized in the following order: (1) Still needed are improve-
ment and likely consolidation of most available water-solubilization strategies into
a simple scheme able to provide QDs that are stable in a wide range of biologically
relevant conditions (acidic and basic pHs, excess salt, and so on). (2) Still needed are
improvement and simplification of the conjugation strategies reported by various
groups. This will require a coordinated effort to develop simple and reproducible
conjugation schemes, capable of providing compact multifunctional conjugates. (3)
Due to the unavailability of a simple and general strategy that allows effective
translocation of QDs across the cell membrane and into the cytoplasm, more effort
geared toward developing easy-to-implement approaches for intracellular delivery
is needed.

Acknowledgments

The authors acknowledge the NRL and the Office of Naval Research, the Army
Research Office, and the DTRA for support.



Acknowledgments 21

References

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

(18]

[19]

[20]

[21]

Schrock, E., et al., “Multicolor Spectral Karyotyping of Human Chromosomes,” Science,
Vol. 273, 1996, pp. 494-497.

Hermanson, G. T., Bioconjugate Techniques, San Diego: Academic Press, 1996.
Roederer, M., et al., “8 Color, 10-parameter flow cytometry to elucidate complex leuko-
cyte heterogeneity,” Cytometry, Vol. 29, 1997, pp. 328-339.

Michalet, X., et al., “Quantum Dots for Live Cells, in vivo Imaging, and Diagnostics,” Sci-
ence, Vol. 307, 2005, pp. 538-544.

Medintz, I. L., et al., “Quantum dot bioconjugates for imaging, labelling and sensing,” Nat.
Mater., Vol. 4, 2005, pp. 435-446.

Mattoussi, H., et al., Colloidal Semiconductor Quantum Dot Conjugates in Biosensing, In:
Optical Biosensors: Present and Future. Edited by Ligler, F. S. and C. A. Rowe Taitt.
Amsterdam, The Netherlands: Elsevier: 2002, 537-569.

Hotz, C. Z. and M. Bruchez (eds.): Quantum Dots: Applications in Biology. Totowa, NJ:
Humana Press, 2007.

Alivisatos, P., “The use of nanocrystals in biological detection,” Nat. Biotechnol., Vol. 22,
2004, pp. 47-52.

Murray, C. B., C. R. Kagan and M. G. Bawendi, “Synthesis and Characterization of
Monodisperse Nanocrystals and Close-Packed Nanocrystal Assemblies,” Annu. Rev.
Mater. Sci., Vol. 30, 2000, pp. 545-610.

Efros, A. L. and M. Rosen, “The Electronic Structure of Semiconductor Nanocrystals,”
Annu. Rev. Mater. Sci., Vol. 30, 2000, pp. 475-521.

Klimov, V. L., “Mechanisms for Photogeneration and Recombination of Multiexcitons in
Semiconductor Nanocrystals: Implications for Lasing and Solar Energy Conversion,” ].
Phys. Chem. B, Vol. 110, 2006, pp. 16827-16845.

Hines, M. A. and P. Guyot-Sionnest, “Bright UV-Blue Luminescent Colloidal ZnSe
Nanocrystals,” J. Phys. Chem. B, Vol. 102, 1998, pp. 3655-3657.

Weller, H., et al., “Photochemistry of colloidal semiconductors. Onset of light absorption
as a function of size of extremely small CdS particles,” Chem. Phys. Lett., Vol. 124, 1986,
pp- 557-560.

Murray, C. B., et al., “Colloidal synthesis of nanocrystals and nanocrystal superlattices,”
IBM ]. Res. Dev., Vol. 45, 2001, pp. 47-56.

Pietryga, J. M., et al., “Pushing the Band Gap Envelope: Mid-Infrared Emitting Colloidal
PbSe Quantum Dots,” J. Am. Chem. Soc., Vol. 126, 2004, pp. 11752-11753.

Yoffe, A. D., “Low-dimensional systems: quantum size effects and electronic properties of
semiconductor microcrystallites (zero-dimensional systems) and some quasi-two-dimen-
sional systems,” Adv. Phys., Vol. 42, 1993, pp. 173-262.

Peng, X. and J. Thessing, Controlled Synthesis of High Quality Semiconductor
Nanocrystals, In: Semiconductor Nanocrystals and Silicate Nanoparticles, Vol. 118, Berlin:
Springer Berlin / Heidelberg: 2005, 79-119.

Gaponenko, S. V., Optical Properties of Semiconductor Nanocrystals, Vol. 23, Cambridge:
Cambridge University Press, 1998.

Yoffe, A. D., “Semiconductor quantum dots and related systems: electronic, optical, lumi-
nescence and related properties of low dimensional systems,” Adv. Phys., Vol. 50, 2001,
pp. 1-208.

Kippeny, T., L. A. Swafford and S. J. Rosenthal, “Semiconductor Nanocrystals: A Powerful
Visual Aid for Introducing the Particle in a Box,” J. Chem. Educ., Vol. 79, 2002, pp.
1094-1100.

Peng, Z. A. and X. Peng, “Formation of High-Quality CdTe, CdSe, and CdS Nanocrystals
Using CdO as Precursor,” J. Am. Chem. Soc., Vol. 123, 2001, pp. 183-184.



22 Colloidal Quantum Dots: Synthesis, Photophysical Properties, and Biofunctionalization Strategies

[22]
(23]
[24]
[25]
[26]
[27]
(28]
[29]
[30]
[31]
[32]

[33]

[34]
[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Norris, D. J. and M. G. Bawendi, “Measurement and assignment of the size-dependent opti-
cal spectrum in CdSe quantum dots,” Phys. Rev. B, Vol. 53, 1996, pp. 16338-16346.

Nirmal, M., et al., “Fluorescence intermittency in single cadmium selenide nanocrystals,”
Nature, Vol. 383, 1996, pp. 802-804.

Dahan, M., et al., “Diffusion Dynamics of Glycine Receptors Revealed by Single-Quantum
Dot Tracking,” Science, Vol. 302, 2003, pp. 442-445.

Chepic, D. L, et al., “Auger ionization of semiconductor quantum drops in a glass matrix,”
J. Lumin., Vol. 47,1990, pp. 113-127.

Efros, A. L. and M. Rosen, “Random Telegraph Signal in the Photoluminescence Intensity
of a Single Quantum Dot,” Phys. Rev. Lett., Vol. 78, 1997, pp. 1110-1113.

Ekimov, A. L., A. A. Onushchenko and V. A. Tsekhomskii, “Exciton absorption by cop-
per(I) chloride crystals in a glassy matrix,” Fiz. Khim. Stekla, Vol. 6, 1980, pp. 511-512.

Ekimov, A. I. and A. A. Onushchenko, “Quantum size effect in three-dimensional micro-
scopic semiconductor crystals,” JETP Lett., Vol. 34, 1981, pp. 345-349.

Ekimov, A. I. and A. A. Onushchenko, “Quantum Size Effect in the Optical-Spectra of
Semiconductor Micro-Crystals,” Sov. Phys. Semicond., Vol. 16, 1982, pp. 775-778.

Ekimov, A. 1. and A. A. Onushchenko, “Size quantization of the electron energy spectrum in
a microscopic semiconductor crystal,” JETP Lett., Vol. 40, 1984, pp. 337-340.

Ekimov, A. L., et al., “Size quantization of excitons and determination of their energy spec-
trum parameters in cuprous chloride,” Sov. Phys. JETP, Vol. 88, 1985, pp. 1490-1501.

Ekimov, A. L., A. L. Efros and A. A. Onushchenko, “Quantum size effect in semiconductor
microcrystals,” Solid State Commun., Vol. 56, 1985, pp. 921-924.

Ekimov, A. 1., et al., “Absorption and intensity-dependent photoluminescence measure-
ments on CdSe quantum dots: Assignment of the first electronic transitions,” J. Opt. Soc.
Am. B, Vol. 10, 1993, pp. 100-107.

Ekimov, A., “Growth and optical properties of semiconductor nanocrystals in a glass
matrix,” J. Lumin., Vol. 70, 1996, pp. 1-20.

Borrelli, N. F., et al., “Quantum confinement effects of semiconducting microcrystallites in
glass,” J. Appl. Phys., Vol. 61, 1987, pp. 5399-5409.

Henglein, A., “Photodegradation and fluorescence of colloidal cadmium sulfide in aqueous
solution,” Ber. Bunsen-Ges. Phys. Chem., Vol. 86, 1982, pp. 301-305.

Rossetti, R., S. Nakahara and L. E. Brus, “Quantum size effects in the redox potentials, res-
onance Raman spectra, and electronic spectra of CdS crystallites in aqueous solution,” J.
Chem. Phys., Vol. 79, 1983, pp. 1086-1088.

Rossetti, R., et al., “Size effects in the excited electronic states of small colloidal CdS crystal-
lites,” J. Chem. Phys., Vol. 80, 1984, pp. 4464-4469.

Murray, C. B., D. J. Norris and M. G. Bawendi, “Synthesis and Characterization of Nearly
Monodisperse CdE (E=S, Se, Te) Semiconductor Nanocrystallites,” J. Am. Chem. Soc., Vol.
115, 1993, pp. 8706-8715.

Bowen Katari, J. E., V. L. Colvin and A. P. Alivisatos, “X-ray Photoemission Spectroscopy
of CdSe Nanocrystals with Applications to Studies of the Nanocrystal Surface,” J. Phys.
Chem., Vol. 98, 1994, pp. 4109-4117.

Hines, M. A. and P. Guyot-Sionnest, “Synthesis and Characterization of Strongly Luminesc-
ing ZnS-Capped CdSe Nanocrystals,” J. Phys. Chem., Vol. 100, 1996, pp. 468-471.
Dabbousi, B. O, et al., “(CdSe)ZnS Core-Shell Quantum Dots: Synthesis and Characteriza-
tion of a Size Series of Highly Luminescent Nanocrystallites,” J. Phys. Chem. B, Vol. 101,
1997, pp. 9463-9475.

Qu, L., Z. A. Peng and X. Peng, “Alternative Routes toward High Quality CdSe
Nanocrystals,” Nano Lett., Vol. 1, 2001, pp. 333-337.

Du, H., et al., “Optical Properties of Colloidal PbSe Nanocrystals,” Nano Lett., Vol. 2,
2002, pp. 1321-1324.



Acknowledgments 23

[45]

[46]

[47]

(48]

[49]

[50]
[51]

[52]

[53]
[54]
[55]
[56]
[57]

[58]

[59]
[60]
[61]
[62]

[63]

[64]
[65]

[66]

Yu, W. W., etal., “Preparation and Characterization of Monodisperse PbSe Semiconductor
Nanocrystals in a Noncoordinating Solvent,” Chem. Mater., Vol. 16, 2004, pp.
3318-3322.

Reiss, P., J. Bleuse and A. Pron, “Highly Luminescent CdSe/ZnSe Core/Shell Nanocrystals
of Low Size Dispersion,” Nano Lett., Vol. 2, 2002, pp. 781-784.

Wehrenberg, B. L., C. Wang and P. Guyot-Sionnest, “Interband and Intraband Optical
Studies of PbSe Colloidal Quantum Dots,” J. Phys. Chem. B, Vol. 106, 2002, pp.
10634-10640.

Gaponenko, S. V. and U. Woggon, ZnSe, HgS, CdS, (Zn,Cd)S, (Zn,Mn)S, ZnS, CdO, ZnO
quantum dots-nanocrystals: II-VI Quantum dots I - Nanocrystals, In: Optical Properties,
Part 2, Vol. 34C2, Berlin: Springer Berlin Heidelberg: 2004, 284-347.

Peng, X., et al., “Epitaxial Growth of Highly Luminescent CdSe/CdS Core/Shell
Nanocrystals with Photostability and Electronic Accessibility,” J. Am. Chem. Soc., Vol.
119, 1997, pp. 7019-7029.

Mattoussi, H., et al., “Characterization of CdSe Nanocrystallite Dispersions by Small
Angle X-ray Scattering,” J. Chem. Phys., Vol 105, 1996, pp. 9890-9896

Mattoussi, H., et al., “Properties of CdSe nanocrystal dispersions in the dilute regime:
Structure and interparticle interactions,” Phys. Rev. B, Vol. 58, 1998, pp. 7850-7863.
Gublin, S. P., N. A. Kataeva and G. B. Khomutov, “Promising avenues of research in
nanoscience: chemistry of semiconductor nanoparticles,” Russ. Chem. Bull., Int. Ed., Vol.
54,2005, pp. 827-852.

Peng, Z. A. and X. Peng, “Mechanisms of the Shape Evolution of CdSe Nanocrystals,” J.
Am. Chem. Soc., Vol. 123, 2001, pp. 1389-1395.

Potter Jr., B. G. and J. H. Simmons, “Quantum size effects in optical properties of CdS-glass
composites,” Phys. Rev. B, Vol. 37, 1988, pp. 10838-10845.

Liu, L.-C. and S. H. Risbud, “Quantum-dot size-distribution analysis and precipitation
stages in semiconductor doped glasses,” J. Appl. Phys., Vol. 68, 1990, pp. 28-32.

Zhao, X. S., et al.,, “Resonant-Raman-scattering and photoluminescence studies in
glass-composite and colloidal CdS,” Phys. Rev. B, Vol. 43, 1991, pp. 12580-12589.
Woggon, U., et al., “Electro-optic properties of CdS embedded in a polymer,” Phys. Rev. B,
Vol. 48, 1993, pp. 11979-11986.

Artemyev, M. V., et al., “Irreversible photochemical spectral hole burning in quan-

tum-sized CdS nanocrystals embedded in a polymeric film,” Chem. Phys. Lett., Vol. 243,
1995, pp. 450-455.

Misawa, K., et al., “Superradiance quenching by confined acoustic phonons in chemically
prepared CdS microcrystallites,” J. Chem. Phys., Vol. 94, 1991, pp. 4131-4140.

Wang, Y., et al., “Linear- and nonlinear-optical properties of semiconductor clusters,” J.
Opt. Soc. Am. B, Vol. 6, 1989, pp. 808-813.

Nogami, M., k. Nagasaka and M. Takata, “CdS microcrystal-doped silica glass prepared
by the sol-gel process,” J. Non-Cryst. Solids, Vol. 122, 1990, pp. 101-106.

Minti, H., M. Eyal and R. Reisfeld, “Quantum dots od cadmium sulfide in thin glass films
prepared by sol-gel technique,” Chem. Phys. Lett., Vol. 183, 1991, pp. 277-282.

Spanhel, L., E. Arpac and H. Schmidt, “Semiconductor clusters in the sol-gel process: syn-
thesis and properties of CdS nanocomposites,” J. Non-Cryst. Solids, Vol. 147-148, 1992,
pp- 657-662.

Mathieu, H., et al., “Quantum confinement effects of CdS nanocrystals in a sodium boro-
silicate glass prepared by the sol-gel process,” J. Appl. Phys.,Vol. 77,1995, pp. 287-293.
Herron, N., et al., “Structures and Optical Properties of CdS Superclusters in Zeolite
Hosts,” J. Am. Chem. Soc., Vol. 111, 1989, pp. 530-540.

Gaponenko, S. V., et al., “Nonlinear-optical properties of semiconductor quantum dots
and their correlation with the precipitation stage,” J. Opt. Soc. Am. B, Vol. 10, 1993, pp.
1947-1954.



24 Colloidal Quantum Dots: Synthesis, Photophysical Properties, and Biofunctionalization Strategies

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]
[78]
[79]
[80]

[81]

[82]
[83]
[84]
(85]

(86]

[87]

[88]

Hodes, G., et al., “Three-dimensional quantum-size effect in chemically deposited cadmium
selenide films,” Phys. Rev. B, Vol. 36, 1987, pp. 4215-4221.

Potter Jr., B. G. and J. H. Simmons, “Quantum-confinement effectsin CdTe-glass composite
thin films produced using rf magnetron sputtering,” J. Appl. Phys., Vol. 68, 1990, pp.
1218-1224.

Liu, L. C., et al., “High-resolution electron microscopy and microanalysis of cadmium sul-
fide and cadmium telluride quantum dots in glass matrixes,” Philos. Mag. B, Vol. 63, 1991,
pp. 769-776.

Ochoa, O. R, et al., “Quantum confinement effects on the photoluminescence spectra of
CdTe nanocrystallites,” Solid State Commun., Vol. 98, 1996, pp. 717-721.

Chestnoy, N., R. Hull and L. E. Brus, “Higher excited electronic states in clusters of ZnSe,
CdSe, and ZnS: Spin-orbit, vibronic, and relaxation phenomena,” J. Chem. Phys., Vol. 85,
1986, pp. 2237-2242.

Li, L. S., et al., “High Quality ZnSe and ZnS Nanocrystals Formed by Activating Zinc
Carboxylate Precursors,” Nano Lett., Vol. 4, 2004, pp. 2261-2264.

Kortan, A. R., et al., “Nucleation and Growth of CdSe on ZnS Quantum Crystallite Seeds,
and Vice Versa, in Inverse Micelle Media,” J. Am. Chem. Soc., Vol. 112, 1990, pp.
1327-1332.

Steigerwald, M. L., et al., “Surface Derivatization and Isolation of Semiconductor Cluster
Molecules,” J. Am. Chem. Soc., Vol. 110, 1988, pp. 3046-3050.

Mamedova, N. N., et al., “Albumin—-CdTe Nanoparticle Bioconjugates: Preparation, Struc-
ture, and Interunit Energy Transfer with Antenna Effect,” Nano Lett., Vol. 1, 2001, pp.
281-286.

Bruchez Jr., M., et al., “Semiconductor Nanocrystals as Fluorescent Biological Labels,” Sci-
ence, Vol. 281, 1998, pp. 2013-2016.

Chan, W. C. W. and S. Nie, “Quantum Dot Bioconjugates for Ultrasensitive Nonisotopic
Detection,” Science, Vol. 281, 1998, pp. 2016-2018.

Mattoussi, H., et al., “Self-Assembly of CdSe~ZnS Quantum Dot Bioconjugates Using an
Engineered Recombinant Protein,” J. Am. Chem. Soc., Vol. 122, 2000, pp. 12142-12150.

Aldana, J., Y. A. Wang and X. Peng, “Photochemical Instability of CdSe Nanocrystals
Coated by Hydrophilic Thiols,” J. Am. Chem. Soc., Vol. 123, 2001, pp. 8844-8850.
Mitchell, G. P., C. A. Mirkin and R. L. Letsinger, “Programmed Assembly of DNA
Functionalized Quantum Dots,” J. Am. Chem. Soc., Vol. 121, 1999, pp. 8122-8123.
Breus, V. V., C. D. Heyes and G. U. Nienhaus, “Quenching of CdSe-ZnS Core-Shell Quan-
tum Dot Luminescence by Water-Soluble Thiolated Ligands,” J. Phys. Chem. C, Vol. 111,
2007, pp. 18589-18594.

Akerman, M. E., et al., “Nanocrystal targeting in vivo,” Proc. Natl. Acad. Sci., Vol. 99,
2002, pp. 12617-12621.

Hong, R., et al., “Control of Protein Structure and Function through Surface Recognition by
Tailored Nanoparticle Scaffolds,” J. Am. Chem. Soc., Vol. 126, 2004, pp. 739-743.
Derfus, A. M., W. C. W. Chan and S. N. Bhatia, “Intracellular Delivery of Quantum Dots
for Live Cell Labeling and Organelle Tracking,” Adv. Mater., Vol. 16,2004, pp. 961-966.
Kang, E. C., et al., “Preparation of Water-soluble PEGylated Semiconductor Nanocrystals,”
Chem. Lett., Vol. 33, 2004, pp. 840-841.

Shi, L., N. Rosenzweig and Z. Rosenzweig, “Luminescent Quantum Dots Fluorescence Res-
onance Energy Transfer-Based Probes for Enzymatic Activity and Enzyme Inhibitors,”
Anal. Chem., Vol. 79, 2007, pp. 208-214.

Liu, W., et al., “Compact Cysteine-Coated CdSe(ZnCdS) Quantum Dots for in Vivo Appli-
cations,” J. Am. Chem. Soc., Vol. 129, 2007, pp. 14530-14531.

Wang, Y. A., et al., “Stabilization of Inorganic Nanocrystals by Organic Dendrons,” J. Am.
Chem. Soc., Vol. 124, 2002, pp. 2293-2298.



Acknowledgments 25

[89] Guo, W., et al., “Conjugation Chemistry and Bioapplications of Semiconductor Box
Nanocrystals Prepared via Dendrimer Bridging,” Chem. Mater., Vol. 15, 2003, pp.
3125-3133.

[90] Uyeda, H. T., et al., “Synthesis of Compact Mutidentate Ligands to Prepare Stable Hydro-
philic Quantum Dot Fluorophores,” J. Am. Chem. Soc., Vol. 127, 2005, pp. 3870-3878.

[91] Pons, T., et al., “Hydrodynamic Dimensions, Electrophoretic Mobility, and Stability of
Hydrophilic Quantum Dots,” J. Phys. Chem. B, Vol. 110, 2006, pp. 20308-20316.

[92] Susumu, K., et al., “Enhancing the Stability and Biological Functionalities of Quantum
Dots via Compact Multifunctional Ligands,” J. Am. Chem. Soc., Vol. 129, 2007, pp.
13987-13996.

[93] Liu, W., et al., “Compact Biocompatible Quantum Dots Functionalized for Cellular Imag-
ing,” J. Am. Chem. Soc., Vol. 130, 2008, pp. 1274-1284.

[94] Pinaud, F., et al., “Bioactivation and Cell Targeting of Semiconductor CdSe/ZnS
Nanocrystals with Phytochelatin-Related Peptides,” J. Am. Chem. Soc., Vol. 126, 2004,
pp. 6115-6123.

[95] Iyer, G., et al., “Solubilization of Quantum Dots with a Recombinant Peptide from Esche-
richia coli,” Small, Vol. 3, 2007, pp. 793-798.

[96] Kim, S. and M. G. Bawendi, “Oligomeric Ligands for Luminescent and Stable Nanocrystal
Quantum Dots,” J. Am. Chem. Soc., Vol. 125, 2003, pp. 14652-14653.

[97] Kim, S.-W., et al., “Phosphine Oxide Polymer for Water-Soluble Nanoparticles,” J. Am.
Chem. Soc., Vol. 127, 2005, pp. 4556-4557.

[98] Nann, T., “Phase-transfer of CdSe@ZnS quantum dots using amphiphilic hyperbranched
polyethylenimine,” Chem. Commun., Vol., 2005, pp. 1735-1736.

[99] Duan, H. and S. Nie, “Cell-Penetrating Quantum Dots Based on Multivalent and
Endosome-Disrupting Surface Coatings,” J. Am. Chem. Soc., Vol. 129, 2007, pp.
3333-3338.

[100] Wang, M., et al., “Water-Soluble CdSe Quantum Dots Passivated by a Multidentate
Diblock Copolymer,” Macromolecules, Vol. 40, 2007, pp. 6377-6384.

[101] Gerion, D., et al., “Synthesis and Properties of Biocompatible Water-Soluble Silica-Coated
CdSe/ZnS Semiconductor Quantum Dots,” J. Phys. Chem. B, Vol. 105, 2001, pp.
8861-8871.

[102] Wu, X., et al., “Immunofluorescent labeling of cancer marker Her2 and other cellular tar-
gets with semiconductor quantum dots,” Nature Biotechnol., Vol. 21, 2003, pp. 41-46.

[103] Ballou, B., et al., “Noninvasive Imaging of Quantum Dots in Mice,” Bioconjugate Chem.,
Vol. 15, 2004, pp. 79-86.

[104] Gao, X., et al., “In vivo cancer targeting and imaging with semiconductor quantum dots,”
Nat. Biotechnol., Vol. 22, 2004, pp. 969-976.

[105] Yu, W. W., et al., “Forming Biocompatible and Nonaggregated Nanocrystals in Water
Using Amphiphilic Polymers,” J. Am. Chem. Soc., Vol. 129, 2007, pp. 2871-2879.

[106] Pellegrino, T., et al., “Hydrophobic Nanocrystals Coated with an Amphiphilic Polymer
Shell: A General Route to Water Soluble Nanocrystals,” Nano Lett., Vol. 4, 2004, pp.
703-707.

[107] Dubertret, B., et al., “In Vivo Imaging of Quantum Dots Encapsulated in Phospholipid
Micelles,” Science, Vol. 298, 2002, pp. 1759-1762.

[108] Fan, H., et al., “Surfactant-Assisted Synthesis of Water-Soluble and Biocompatible Semi-
conductor Quantum Dot Micelles,” Nano Lett., Vol. 5, 2005, pp. 645-648.

[109] Jin, T., et al., “Calixarene-coated water-soluble CdSe-ZnS semiconductor quantum dots
that are highly fluorescent and stable in aqueous solution,” Chem. Commun., Vol., 2005,
pp. 2829-2831.

[110] Jin, T., et al., “Control of the Optical Properties of Quantum Dots by Surface Coating with
Calix[n]arene Carboxylic Acids,” J. Am. Chem. Soc., Vol. 128, 2006, pp. 9288-9289.



26 Colloidal Quantum Dots: Synthesis, Photophysical Properties, and Biofunctionalization Strategies

[111] Osaki, F., et al., “A Quantum Dot Conjugated Sugar Ball and Its Cellular Uptake. On the
Size Effects of Endocytosis in the Subviral Region,” J. Am. Chem. Soc., Vol. 126, 2004, pp.
6520-6521.

[112] Nikolic, M. S., et al., “Tailor-Made Ligands for Biocompatible Nanoparticles,” Angew.
Chem. Int. Ed., Vol. 45, 2006, pp. 6577-6580.

[113] Jana, N. R., C. Earhart and J. Y. Ying, “Synthesis of Water-Soluble and Functionalized
Nanoparticles by Silica Coating,” Chem. Mater., Vol. 19, 2007, pp. 5074-5082.

[114] Gao, X., et al., “In vivo molecular and cellular imaging with quantum dots,” Curr. Opin.
Biotechnol., Vol. 16, 2005, pp. 63-72.

[115] Luccardini, C., et al., “Size, Charge, and Interactions with Giant Lipid Vesicles of Quantum
Dots Coated with an Amphiphilic Macromolecule,” Langmuir, Vol. 22, 2006, pp.
2304-2310.

[116] Jin, T., et al., “Amphiphilic p-sulfonatocalix[4]arene-coated CdSe/ZnS quantum dots for
the optical detection of the neurotransmitter acetylcholine,” Chem. Commun., Vol., 2005,
pp. 4300-4302.

[117] Sapsford, K. E., et al., “Kinetics of Metal-Affinity Driven Self-Assembly between Proteins or
Peptides and CdSe-ZnS Quantum Dots,” ]J. Phys. Chem. C, Vol. 111, 2007, pp.
11528-11538.



Colloidal Chemical Synthesis of
Organic-Dispersible Uniform Magnetic
Nanoparticles

Soon Gu Kwon and Taeghwon Hyeon

For the past 30 years, the synthesis of nanoparticles with size ranging from 1 nm to
50 nm has been intensively pursued, not only for their fundamental scientific inter-
est, but also for their many technological applications [1]. Nanoparticles exhibit
very interesting size-dependent electrical, optical, magnetic, and chemical proper-
ties that cannot be achieved by their bulk counterparts. For many future applica-
tions, the synthesis of uniform-sized nanoparticles (monodisperse with a size
distribution of relative standard deviation, ¢, less than § percent) is of key impor-
tance, because the electrical, optical, and magnetic properties of these nanoparticles
are strongly dependent on their dimensions [2]. Among various nanoparticles, mag-
netic nanoparticles have been intensively studied for their many (potential) applica-
tions. For example, regular array of uniform-sized magnetic nanoparticles have
been proposed as multiterabit/in®> magnetic storage media [3-7]. Magnetic
nanoparticles have found various biomedical applications including contrast
enhancement agents for magnetic resonance imaging (MRI), magnetic carriers for
drug delivery system (DDS), biosensors, and bioseparation [3-7]. In this chapter,
we would like to summarize the colloidal chemical synthesis of uniform-sized mag-
netic nanoparticles. In the first section, magnetism in nanometer-scale will be briefly
summarized. In the following sections, synthesis of uniform-sized magnetic
nanoparticles using various colloidal chemical methods will be described.

2.1 Magnetism of Nanoparticles

Below the Curie temperature (T.), the volume of a bulk magnetic (ferromagnetic or
ferrimagnetic) material is divided into many magnetic domains to reduce the mag-
netostatic energy [8]. This energy is proportional to the volume, D’, where D is the
dimension of the magnetic materials. However, the extent of the reduced magneto-
static energy by the multidomain structure is offset by the energy of the interface
between domains, which is called domain wall. The domain wall energy is propor-
tional to the wall area (D?). As a result, below some critical size, namely, D, the
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domain wall energy surpasses the stabilization energy by the multidomain structure,
and the material becomes single domain (Figure 2.1) [8]. The magnetism of a
multidomain material is the result of the collective behavior of many domains in its
body. Thus, its magnetic property can be regarded as independent of the size. On the
other hand, for a single domain particle, in which only one domain is confined in the
particle volume, the magnetic property is strongly dependant on the particle size.
In a single domain particle, all magnetic spins are aligned parallel composing a
single “giant spin.” This giant spin, or, equivalently, the magnetization of the parti-
cle, tends to lie in the “easy direction” of the particle at which the potential energy is
the minimum. The easy directions are separated by the energy barrier of height KV,
where K is the anisotropy constant and V is the particle volume (Figure 2.2). As V
gets smaller, it becomes easier to flip the magnetization from one direction to
another because of the low energy barrier. In other words, the coercive field, H,, for
a single domain particle decreases with its size. When V is so small that KV is com-
parable to the thermal energy, kT, the magnetization direction is subjected to ran-
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Figure 2.1 Schematic illustrations of the mutidomain (left) and single domain structures (right).
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Figure 2.2 A schematic of a single domain particle of volume V and its magnetization direction
(left). The angle between the magnetization direction and the easy axis is 6. The potential energy
of the magnetization is plotted as a function of 6 (right).
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dom thermal fluctuation. This phenomenon is called superparamagnetism [9, 10].
In this condition, H_ is zero (no hysteresis) and the particle has no stable magnetiza-
tion direction (Figure 2.3). For a particle of a fixed volume, the minimum tempera-
ture required to make it superparamagnetic is called the blocking temperature, Tj,
which is expressed in terms of K and V as:

T, = KV/25k (2.1)

This shows how T, varies with V when the particle is superparamagnetic (V <
V,). Conversely, (2.1) can be rearranged as V, = 25k T/K, where V,, is the maximum
volume of the superparamagnetic particle for a given T. When the particle is of sin-
gle domain but V >V, the size dependency of H, can be written as:

=1_(DP/D)

1/2 32

H./H,,=1-(V,/V) (2.2)
where H_, is the coercive field of bulk material and D, is the particle diameter that
corresponds to V, [8]. Note that, when V=V, (or D = D,), H_ is zero in that equa-
tion as it should be.

For a single domain particle, H_ is strongly dependant not only on the size but
also on the shape. In a magnetic material, the magnetic spin lying along the long
axis has lower energy than along the shorter one because of weak demagnetizing
field in that direction. Thus, the shape anisotropy of a particle contributes to its
magnetic anisotropy, K. As a result, the height of the energy barrier, KV, and, in
turn, H_depend on the shape. When the particle shape is totally symmetric, namely,
a sphere, the shape anisotropy contribution is zero. As the degree of the shape sym-
metry decreases, both K and H_ increase. For example, for a fixed V, the value of H,
increases in the order of sphere, cube, and rod. Another major contribution to the
magnetic anisotropy is the magnetocrystalline anisotropy. In a magnetic material,
there are easy directions of magnetization with respect to the crystallographic axis.
The interaction between electron spin and the crystal lattice is mediated by the
spin-orbit coupling between electron spin and the “orbital” of the crystal lattice.
This anisotropy varies largely in different substances and crystal structures.

For nanoparticles, the surface state is also an important factor affecting their
magnetic property. Because of their size, NPs have very high surface-to-volume
ratio that the number of the atoms on the surface is comparable to that in the core.
The surface is where the crystal symmetry is broken, and the high surface-free
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Figure 2.3 Change of the coercive field H with particle diameter D.
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energy of nanoparticles leads to the surface relaxation that distorts the crystal struc-
ture on the surface. Those factors lead to the surface anisotropy that contributes to
the magnetic anisotropy of nanoparticles to a considerable extent [11, 12]. As
shown in (2.3), the surface anisotropy term is proportional to the surface curvature,

1/D:
K=K, +6K, /D (2.3)

where K, and K_ are the anisotropy constants for the volume and the surface, respec-
tively [12]. Moreover, the atoms on the surface have many dangling bonds, various
coordinated ligands, and, sometimes, oxidation numbers different from that of the
core atoms. They result in the change of the number of magnetic spins per atom and
the disorder of the surface spins. For example, antiferromagnetic nanoparticles
could have small net magnetization because of the broken symmetry at the surface
and the surface spin disorder [11].

The discussions so far reveal that there are four critical factors in the synthesis of
magnetic nanoparticles of controlled properties, namely, the size and shape unifor-
mity, crystal structure, and the surface state. In the following sections, we discuss
various synthetic methods of magnetic nanoparticles to control those factors.

2.2 Transition Metal Nanoparticles

The main problem in the synthesis of nanoparticles is to find an appropriate reaction
system, in which the precipitation reaction is perfectly controlled to yield
nanometer-sized particles of high uniformity as well as good quality in terms of, for
example, crystallinity, purity, and surface state. For this purpose, many synthetic
methods have been devised for various materials ranging from II-VI and III-V semi-
conductors to metals, metal alloys, and metal oxides. Among them, to date, the syn-
thetic systems utilizing the high-temperature organic solution as the precipitation
medium have been the most successful. The organic-solution medium enables us to
use various molecular precursors that afford high versatility for the design of the
nanoparticle synthetic system. Furthermore, the organic-solution methods utilize
the surfactant molecules that are very effective in both controlling the nucleation
and growth process and stabilizing the nanoparticles in the colloidal dispersion.
Consequently, each synthetic method is characterized by its specific precursors, the
surfactants, and the solvent. In the following sections, the synthetic methods are cat-
egorized according to their similarities in chemistry. There are several review articles
on the magnetic nanoparticles [3-7].

2.2.1 Cobalt Nanoparticles

Co is the most intensely investigated material in the synthesis of magnetic metal
nanoparticles, and, thus, it is worth discussing this material in detail. The synthesis
of Co nanoparticles can be categorized in three methods. The first one utilizes the
reduction of CoCl, in the solution by LiBEt;H [13]. The formation of NPs in the
reaction solution was induced by the rapid injection of highly reactive reductant
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(LiBEt,H) into the hot solution (~200 degrees C) containing Co”* ions. The
extremely rapid nucleation and growth process in this condition leads to the uni-
form Co NPs. It is an adaptation of the “hot injection” technique, which was origi-
nally devised for the synthesis of CdSe nanoparticles [14]. The second method is the
reduction of cobalt(Il) acetate [Co(Ac),] by the polyol process [15, 16]. In this
method, 1,2-hexadecanediol (HDD), a mild reductant, is injected into a solution
containing Co(Ac), and the surfactant molecules at high temperature. This method
yielded moderate size uniformity (o, ~ 10 percent). In the third, Co NPs are synthe-
sized by the thermal decomposition of Co,(CO),, in the solution. When it was firstly
introduced in 1999, the size uniformity was not so good (o, ~ 15 percent) [17].
However, this method had been widely adopted and largely improved in the succes-
sive papers. In 2001, the Alivisatos group reported the synthesis of highly uniform
Co NPs (0, < 10 percent) using Co,(CO),, as the precursor [18]. To improve the size
uniformity, they adopted the hot injection method and used oleic acid (OLEA) and
alkylamines as the surfactants. The Chaudret group reported the thermal decompo-
sition method using another organometallic precursor, [Co(n’-CH,;)(*-CH,,)]
[19]. In this compound, the oxidation number of Co is —1 and the thermal decompo-
sition reaction proceeded under the reductive atmosphere (3 bar H,).

In addition to the size uniformity, the size control is also an important issue in
the NP synthesis. However, in most cases, the technique for the size control is so
subtle and complex that a general and systematic size control technique is not yet
available. Control over size depends on several parameters (e.g., the bulkiness of the
surfactant molecule, precursor to surfactant ratio, reaction temperature, and reac-
tion time). Roughly speaking, bulkier surfactant molecules tend to produce smaller
nanoparticles [13, 15]. It was suggested that the steric effect of bulk molecules on
the surface of NP control the growth rate of NP [15]. In some cases, increasing the
precursor to surfactant ratio produced larger NPs [15, 16, 20]. However, little is
known about the mechanism of how these factors work for the size control.

The air sensitivity is an important problem in the synthesis of transition metal
NPs. Moisture and oxygen dissolved in the solvent can oxidize metal NPs to metal
oxide. It was reported that a simple washing of trioctylphosphine oxide
(TOPO)-capped Co NPs with organic solvent could result in surface oxidation [17].
This result showed that TOPO is weakly bound to the surface of Co NP. It turned
out that OLEA provided stable protection of Co NP surface [13, 21]. Fourier trans-
form infrared and X-ray photoelectron spectroscopies revealed that the carboxylate
group can anchor to the surface of Co NP by the formation of O—Co bond [21]. The
Alivisatos group reported that when OLEA was used as the capping molecules, Co
NPs were stable for months without oxidation.

An interesting feature in the synthesis of Co NPs is that, by varying reaction
conditions, they can be prepared in a number of different phases (i.e., hep, fee, and
£-Co). Among them, e-Co is an interesting phase because it has never been observed
in bulk state. Dinega and Bawendi synthesized e-Co NPs by the thermal decomposi-
tion of Co,(CO),, in toluene containing TOPO as the surfactant [17]. They pro-
posed that the coordination of bulky TOPO molecules on the surface of NPs could
alter their precipitation kinetics and lead to the formation of that unusual phase.
With the same precursor, e-Co NPs were prepared by using fatty acid and
alkylphosphines as the surfactants [18]. The hot injection method using CoCl, as
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the precursor also produced e-Co NPs [13]. The Murray group reported that hcp-Co
NPs and multiply twinned fcc-Co NPs were synthesized by the polyol method and
the thermal decomposition of Co,(CO),,, respectively. Alivisatos et al. observed that
in the very early stage of the precipitation in the hot solvent, hcp-Co nanorods were
formed in the solution and then transformed to spherical e-Co NPs, which suggests
that in that reaction condition &-Co is more energetically favored than hcp-Co. Epsi-
lon-Co has a saturation magnetization similar to those of hcp- and fcc-Co but
weaker magnetic anisotropy. This phase is metastable and transformed to hcp phase
irreversibly after annealed at 500 degrees C [13].

2.2.2 Iron and Nickel Nanoparticles

The thermal decomposition of Fe(CO); is the most widely adopted method for the
synthesis of Fe NPs. In the earliest contributions, Fe(CO); was decomposed ther-
mally [22] or sonochemically [23] in the organic solution containing polymers as the
capping molecules. As was in the case of the synthesis of Co NPs, adopting the hot
injection technique greatly improved the quality of Fe NPs in terms of the size and
shape uniformity and the size controllability. In 2000, Hyeon et al. reported the syn-
thesis of highly uniform Fe NPs (0, < 6 percent) by the injection of the Fe(CO); solu-
tion into hot TOPO (340 degrees C) [24]. Similarly, Murray et al. synthesized Fe
NPs by the hot injection of Fe(CO); into the solution containing OLEA and
alkylphosphine as the surfactants [16]. In both cases, Fe NPs were amorphous or of
disordered structure. In 2001, the Hyeon group reported a new synthetic method
other than the hot injection yielding monodisperse Fe NPs [25]. In this method,
Fe(CO), was mixed with OLEA in the solution to form iron-oleate complex. Then,
the solution was heated to decompose the as-synthesized iron-oleate complex.
Unlike the other simple heating methods, heating of this metal-surfactant complex
resulted in highly uniform NPs. With its simplicity, this method showed a possibility
for the mass production of high-quality NPs. The precursors other than Fe(CO),
were also utilized for the synthesis of Fe NPs. In 2004, Chaudret et al. reported the
synthesis of Fe nanocubes by the thermal decomposition of Fe[N(SiMe;),], under the
reductive atmosphere [26]. Interestingly, Fe nanocubes were self-assembled in cubic
superlattice in their as-synthesized form. Hyeon et al. synthesized Fe nanocubes and
nanoframes using iron-stearate as the precursor. Note that they used Fe(II) species,
rather than Fe(0). The spontaneous reduction of Fe(Il) occurred in the thermal
decomposition of iron-stearate at high temperature (~380 degrees C) [27]. The addi-
tion of sodium oleate resulted in the etching of the nanocubes to nanoframes, which
was attributed to the molten salt corrosion by Na" ions.

The synthesis of Ni NPs was reported by Murray et al. in 2001 [16]. They used
the same method as in the synthesis of Co NPs, the polyol reduction of metal acetate.
The thermal decomposition method was also adopted using nickel(Il) 1,
5-cyclooctadiene [Ni(COD),] as the precursor [28]. This method was successful in
the synthesis of nanorods. The uniform spherical Ni NPs were synthesized using
Ni(acac), as the precursor [29, 30]. Similar to the synthesis of Fe NPs in [25], the
precursor was coordinated with the surfactant molecules, oleylamine (OAm) or
TOPO, at the lower temperature, and then thermally decomposed by heating. Inter-
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estingly, the thermal decomposition and reduction proceeded simultaneously in this
reaction.

The techniques for the size control in the synthesis of Fe and Ni NPs were simi-
lar to those for Co NPs. In [25], it was reported that the larger NPs were obtained by
decreasing the precursor to surfactant ratio. It is interesting that this trend is the
opposite of the case for the synthesis of Co NPs. In the synthesis of Ni NPs, the use
of bulkier surfactant resulted in the smaller NPs, as was in the case of Co NPs [29].
Majetich et al. reported the synthesis of highly uniform Fe NPs by the seed mediated
growth using gold clusters as the heterogeneous seed [31].

2.3 Metal Alloy Nanoparticles

2.3.1 FePt Nanoparticles

The synthesis of FePt NPs has been very intensely studied over the past years for
application in magnetic data storage media. For high areal data density (> 1
Tbit/in’), the magnetic recording medium with fine grains as small as few
nanometers is required [32, 33]. FePt in fct (or L1,) phase has high magnetic aniso-
tropy (6.6-10 x 10 erg/cm’) compared to the other transition metals (for example,
0.45 %10 erg/cm’ of Co). As a result, FePt particles can retain its ferromagnetism at
room temperature even in the size of ~3 nm, making it a strong candidate material
for high-density data storage medium [32].

Regarding application in data storage media, some issues had emerged in the
synthesis of FePt NPs [7]. First, the size and shape uniformity has much greater
importance with regard to signal-to-noise ratio (SNR). As mentioned earlier, the
size and shape of a single domain particle largely affect the magnetic properties (i.e.,
the coercive field and the remanence magnetization). If those properties vary from
particle to particle, read/write error frequency increases. Second, the crystal phase
of FePt NPs should be controlled. As-synthesized FePt NPs are of disordered fcc
structure whose magnetic anisotropy is low. Annealing at temperature over 540
degrees C turns the NPs into desired fct phase. However, the high annealing temper-
ature results in agglomeration, which increases the grain size and broadens the size
distribution. Thus, decreasing the annealing temperature is also an important prob-
lem. Third, the composition distribution of NPs should be uniform. The composi-
tion of metal alloy affects its magnetic property and, just as with the size and shape
uniformity, has influence on SNR. In addition, it also affects the phase transition
behavior from fcc to fct structure, as discussed later.

Sun et al. reported on the synthesis of FePt NPs by the simultaneous thermal
decomposition of Fe(CO); and the polyol reduction of Pt(acac), [34, 35]. Those two
precursors were added to the solution containing OLEA, OAm, and
1,2-hexadecanediol (HDD) at lower temperature. Then, this solution was heated to
~300 degrees C to produce FePt NPs. The NPs synthesized were so highly uniform
that they formed a self-assembled superlattice. Interestingly, it is another case of NP
synthesis in which the simple heating procedure resulted in very narrow size distri-
bution. The FePt NP assemblies of various compositions were annealed at 540
degrees C and it turned out that only the composition near Fe;Pt,; was completely
transformed to fct phase at that temperature. By varying the ratio between the Fe
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and Pt precursors, they prepared Fe Pt,,, . NPs ,where x ranged from 30 to 80. They
found that the composition of Fe in FePt NPs was systematically lower than the mole
fraction of the Fe precursor. This mismatch was problematic for the precise compo-
sition control of FePt alloy, and some modified synthetic methods were introduced
to solve this problem.

Sun et al. used FeCl, as the Fe precursor instead of Fe(CO), [36]. This precursor
was reduced by the dropwise addition of LiBEt;H solution during the reaction. They
reported that the composition of FePt NPs synthesized by this method well matched
to the molar ratio of Fe/Pt precursor. Liu et al. substituted Fe(CO); with Fe(acac),,
and both the Fe and Pt precursors were reduced by the polyol method [37]. How-
ever, they did not provide the atomic composition data of the product. Evans et al.
reported the use of Pt(acac), and Na,[Fe(CO),] as the precursors [38]. The synthetic
reaction proceeded by the reduction/oxidation between Fe* and Pt** (Fe* + Pt™" —
FePt), which assures the exact compositional control. However, the size and shape
uniformity of the product was not so good.

The synthetic method discussed so far has little size controllability, and the size
of FePt NPs synthesized were almost fixed in the range of 3—4 nm. It was found that,
by excluding HDD from the synthetic scheme introduced by Sun et al. [34, 35], the
size control was possible [39]. Varying the heating rate, 6 nm (~15 degrees C/min)
and 9 nm (~5 degrees C/min) FePt NPs were obtained. It was suggested that fast
reduction of Pt** by HDD might be responsible for the incapability of the size con-
trol in the original scheme. The Yang group introduced an alternative method for
the size control. They synthesized Pt/Fe,O, core/shell NPs [40] and then converted
them to fct-FePt NPs by the annealing in 5 percent H, atmosphere [41]. The mean
size was 17 nm, which was unprecedentedly large in the synthesis of FePt NPs.

The composition distribution of FePt NPs is very hard to characterize, and there
are only few papers dealing with this matter. Moreover, there are even some contro-
versies between them. Sun et al. studied the composition analysis of FePt NPs by
inductively coupled plasma atomic emission spectroscopy (ICP-AES), energy
dispersive X-ray spectroscopy (EDS), and electron energy loss spectroscopy (EELS)
[35]. ICP-AES measures the net composition of an ensemble of FePt NPs. EDS and
EELS was used to analyze the composition of the small region of FePt NP assembly
and the individual NPs, respectively. According to their report, the compositions
measured by those techniques were all consistent with each other, indicating that the
composition distribution is very narrow. However, in another paper adopting the
similar technique to analyze the composition of individual NPs, it was reported that
the distribution is so broad that only 30 percent of Fe Pt,,, . NPs are in the range of
40 < x < 60 [42]. Because the NPs out of that range do not transform to fct structure
by the annealing process, the broad composition distribution lowers the quality of
FePt NP assembly.

2.3.2 Other Metal Alloy Nanoparticles

The syntheses of other metal alloy NPs of L1, or related structures were also
reported. Chaudret et al. synthesized CoPt,  NPs by the decomposition of
[Co(’-CH,,)(n4-C¢H,,)] and Pt,(dba), (dba = bis-dibenzylidene acetone) in the
solution containing polyvinyl- pyrrolidone (PVP) as the capping reagent [43]. Cheon
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et al. reported a synthetic method that yielded both Co/Pt core/shell and CoPt alloy
NPs [44]. They used Co,(CO), and Pt(hfac), (hfac = hexafluroacetylacetonate) as
the precursors and no additional reductant was added for the reduction of the Pt
precursor. They conjectured that the transmetalation between Co core and the Pt
precursors resulted in the transformation of Co,,,. Pt to Co,Pt,. The Weller group
obtained CoPt; NPs using Co,(CO), and Pt(acac), as the precursors [45]. This
method resembles that for the synthesis of FePt NPs introduced by Sun et al. [34,
35]. The size control was accomplished by adjusting the reaction temperature and
time, varying the nature of the surfactants, and the additional precursor injection. A
detailed mechanistic study on the nucleation and growth process of this synthetic
system was reported by the same group [46]. They found that the nucleation and
growth was terminated at the early stage of the synthetic reaction and that there was
no Ostwald ripening process. Also, they observed that the slower nucleation and the
faster growth yielded the larger NPs. They showed that the balance between the
nucleation and growth rate can be utilized to control the mean size of NPs
reproducibly. Similarly, Chen and Nikles prepared CoPt NPs by the thermal decom-
position of Co(CO),NO and the polyol reduction of Pt(acac),. They also obtained
FePd NPs using Fe(CO); and Pd(acac), as the surfactants under the same condition
[47].

There are relatively few papers on the synthesis of ternary metal alloy NPs.
Fe Co,Pt, ..., NPs were synthesized by using Pt(acac),, Co(acac),, and Fe(CO); as
the precursors [48]. Using the same method, except for substituting Co(acac), with
the Cu precursor, copper bis(2,2,6,6-tetramethyl-3,5-heptanedionate), FePtCu NPs
were also synthesized [49]. In both cases, the transition from fcc to fct (L1,) struc-
ture occurred at the annealing temperature in the range of 550-600 degrees C.
Interestingly, it was observed that FePtAg NPs, synthesized by using Ag(Ac) as the
Ag precursor, had much lower transition temperature (~400 degrees C) [50]. This
phenomenon was attributed to the vacancies in the FePt lattice formed by the subli-
mation of Ag atoms during the annealing process, which afforded the higher mobil-
ity of Fe and Pt atoms and enhanced the transformation.

2.4 Metal Oxide Nanoparticles

2.4.1 Monometallic Oxide Nanoparticles

Transition metal oxides have inferior magnetic properties compared to their metal
counterparts (e.g., the saturation magnetization of iron and Fe,;O, at 300 K are 218
and 92 emu/g, respectively [8]). However, because of their good chemical stability,
magnetic transition metal oxide NPs have been extensively used for various applica-
tions. For example, they can be used for the magnetic separation of the water pollut-
ants [51]. The high affinity of metal ions exposed on the surface of NPs to
biomolecules was utilized for the bioassay and separation [30]. Recently, the use of
monodisperse magnetic metal oxide NPs as the MRI contrasting agent is gaining
much interest because of their advantages of size uniformity and the availability of
multiple functionalization compared to conventional contrasting agents such as
superparamagnetic iron oxide particles [52, 53].
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Traditionally, microstructured metal oxides are synthesized by the sol-gel pro-
cess. However, in many cases, this process is not appropriate for the synthesis of
highly uniform NPs. A significant advance in the synthesis of highly uniform metal
oxide NPs was accomplished by the postoxidation method, which was introduced
by the Hyeon group in 2001 [25]. It took the advantage of the well-controlled metal
NP synthesis. The as-prepared highly uniform Fe NPs were oxidized by (CH,);NO
to yield iron oxide (y-Fe,O, and Fe,;O,) NPs. In another paper, it was reported that,
in the same condition as in [25], hot injection rather than the simple heating yielded
uniform iron oxide NPs and the addition of the oxidant was not necessary [54]. This
study also revealed that in the presence of OLEA, the nucleation of NPs was
retarded for a few minutes after the injection of Fe(CO)..

The direct thermal decomposition of the precursors containing M—O bonding
was employed to synthesize metal oxide nanoparticles. In 1999, the Alivisatos group
reported on the general synthesis of metal oxide NPs from the thermal decomposi-
tion of metal cupferronates, M*(Cup), where M* was Fe’*, Cu™", and Mn”* [55]. The
cupferronate precursor solutions were injected into hot alkylamine (250-300
degrees C) to generate NPs of metal oxides such as y-Fe,O;, Cu,O, and Mn,0,,.
However, the size uniformity of the products was not that good (o, ~ 15 percent). In
2002, Sun and Zeng reported the synthesis of iron oxide NPs by the thermal decom-
position of Fe(acac), in the solution containing HDD, OLEA, and OAm [56]. The
reaction proceeded by simple heating instead of hot injection and resulted in good
size uniformity. Similarly, manganese oxide NPs were synthesized by the thermal
decomposition of Mn(Ac), [57] and Mn(acac), [58] in the organic solution.

In 2004, three different research groups reported independently that the thermal
decomposition of metal-oleate complex in the organic solution at high temperature
(300-365 degrees C) produced highly uniform metal oxide NPs [59-61]. Although
the synthetic procedure was strikingly simple (i.e., mixing metal-oleate precursor
with the organic solvent and then heating the solution to reflux), the size uniformity
of the resulting nanoparticles was extremely good. Under the optimized synthetic
conditions, the relative standard deviation (0,) of the NP size distribution was as
good as < § percent, which is comparable to that of the best-quality NPs synthesized
by the hot injection method. Figure 2.4 shows TEM image of uniform-sized magne-
tite nanoparticles synthesized from thermal decomposition of iron-oleate complex.
This method was quite general and can be applied to the synthesis of NPs of iron
oxide, Cr,0,, MnO, Co,0,, CoO, and NiO. Because of its simplicity, this method
could be easily scaled up to produce the product in tens of grams by a single lab-scale
reaction. A detailed structural analysis of iron-oleate complex used in this method
was reported in [62]. When metal-oleate complexes were substituted with metal for-
mates, which are of much simpler structure, NPs of similar quality were obtained
[63], suggesting that the nature of the metal carboxylate precursor does not affect
that much the synthetic reaction. CoO NPs synthesized by the thermal decomposi-
tion of cobalt-oleate complex had wurtzite structure, which has not been observed
in bulk state [64]. It was found that some metal ions in metal-oleate complex were
reduced during the thermal decomposition reaction, which resulted in metal oxide
NPs of mixed phases. In the case of iron oxide NPs, X-ray absorption spectrascopy
(XAS), and X-ray magnetic circular dichrosim (XMCD) analysis revealed that they
were composed of y-Fe,O, and Fe,0, [60, 65], indicating that some Fe’* ions were
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Figure 2.4 TEM image of uniform-sized magnetite nanoparticles synthesized from thermal
decomposition of iron-oleate complex.

reduced to Fe’" during the reaction. It seems that the trace amount of H, and car-
bon, the byproducts of the thermal decomposition, are responsible for the reduc-
tion. When the decomposition reaction was conducted at higher temperatures (>
380 degrees C), all Fe’* ions were transformed to Fe’ and Fe metal NPs were
obtained [27, 60].

A notable study on the synthesis of iron oxide NPs was reported in 2004, in
which NPs of y-Fe,0,, Fe,0,, and Fe O (0.84 <x < 0.95) were prepared [66]. Fe O
is a nonstoichiometric phase based on an fcc array of oxygen atoms. In this study,
Fe(Ac),, Fe(acac),, Fe(acac),, and Fe(CO); were used as the precursors, and a wide
range of synthetic schemes, from the postoxidation to the thermal decomposition,
were investigated systematically.

The technique for the size control of metal oxide NPs are the same as in the syn-
thesis of metal and metal alloy NPs, namely, the seed mediated growth and the addi-
tional precursor injection, varying reaction temperature and time, and using
different surfactants. A notable case of the size control by the seed mediated growth
and the additional injection was reported in [65]. In this study, using the appropri-
ate combination of uniform-sized as-synthesized NP seed dispersion and the precur-
sor solution, the size control in one-nanometer scale was archived in the size range
of 4-15 nm while the size distribution was kept narrow. When using the hot injec-
tion method, higher precursor to surfactant ratio resulted in the faster nucleation
and smaller size [54]. Various size control techniques were available in the thermal
decomposition method using metal oleate precursors. Lowering the precur-
sor-to-surfactant ratio tended to increase the mean size of NPs [59-61]. Using Fe(II)
precursor instead of Fe(IIl) also resulted in larger NPs [59]. When the precursor was
decomposed by refluxing in the higher boiling point solvent, the larger NPs were
obtained [60]. For example, the mean size of 5 nm, 9 nm, and 12 nm were obtained
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by using 1-hexadecene (b.p. 274 degrees C), octyl ether (b.p. 287 degrees C),
1-octadecene (b.p. 317 degrees C), and 1-eicosene (b.p. 330 degrees C), respectively.
The influence of different surfactant and solvent molecules on the size of the
nanoparticles was reported in [66]. The size-dependent magnetic property was well
demonstrated by the variation of the blocking temperature according to the mean
size of the iron oxide NPs (Figure 2.5).

An interesting point in the synthesis of metal oxide NPs is that the simple heat-
ing up of the reaction solution can yield highly uniform nanoparticles. In 2007, a
study on the kinetics of this “heating up” method was reported [67]. By studying the
synthetic reaction of iron oxide NPs introduced in [60], it was revealed that the size
distribution control mechanism of the heating-up method is similar to that of the hot
injection method, which is characterized by a sudden increase in the number concen-
tration of the nanoparticles (burst of nucleation) and rapid narrowing of the size dis-
tribution accompanied by a high growth rate.

2.4.2 Bimetallic Ferrite Nanoparticles

The synthetic methods for monometallic oxide NPs can be extended to the synthesis
of bimetallic ferrite NPs. Hyeon et al. synthesized cobalt ferrite (CoFe,O,) NPs using
the post-oxidation method [68]. By the decomposition of (1’-C,H,)CoFe,(CO),,
CoFe alloy NPs were produced first and then they were oxidized by (CH,);NO to
yield CoFe,O, NPs. Similarly, manganese ferrite (MnFe,O,) NPs were synthesize
using Fe(CO),; and Mn,(CO),, as the precursors by the same research group [69].
Sun et al. modified their synthetic scheme for ion oxide NPs [56] to produce MFe,O,
(M = Fe, Co, Mn) NPs. Fe(acac),, Co(acac),, and Mn(acac), were used as the precur-
sors. CoFe,0, (or MnFe,O,) NPs were obtained by heating the solution containing
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Fe and Co (or Mn) precursor in a 2:1 ratio [70]. A generalized thermal decomposi-
tion method using metal salts and carboxylic acid as the starting materials was stud-
ied by the Cheon group. They synthesized iron oxide NPs by heating the solution
containing iron nitrate, lauric acid, and lauryl amine. By mixing iron nitrate and
MnCl, or CoCl,, NiCl, in the ration of 2:1, MnFe,O,, CoFe,O,, and NiFe,O, NPs
were obtained [52]. Fe;O,/CoFe,O, core/shell structure was synthesized by the same
group by annealing the binary superlattice of Co and Fe,;O, NPs [71].

A unique approach for the synthesis of iron oxide and various metal ferrite NPs
was reported by Li et al. in 2005 [72]. In this method, the heterogeneous synthetic
system was utilized for the size control in the nanometer scale. Liquid-solid-solution
(LSS) was obtained by combining linoleic acid dissolved in ethanol (liquid), sodium
linoleate (solid), and water-ethanol mixture (solution). When the metal ions were
introduced in the aqueous solution, a phase transfer process led to the formation of
metal linoleate in separated solid phase. Subsequent dehydration reaction at the
interface between metal linoleate and the aqueous solution phase produced metal
oxide NPs. This LSS method yielded MFe,O, (M = Fe, Co, Mn) NPs of moderate
size uniformity.

Markovich et al. pointed out an important problem in the synthesis of bimetal-
lic ferrite NPs [73]. The phase segregation of single metal oxide could impede the
formation of the homogeneous bimetallic ferrite structure. They analyzed cobalt
ferrite NPs by MCD spectroscopy to probe the exact position of Co™* ions in the
crystal structure. It was found that cobalt ferrite NPs synthesized by the
coprecipitation, sol-gel like, and the thermal decomposition methods are not of the
stoichiometric structure, which is supposedly due to the phase segregation of cobalt
oxide phase. In the same paper, they introduced a modified synthetic method. In
this method, Fe(acac);, iron(Ill) ethoxide [Fe(OEt),], and cobalt(II) isopropoxide
[Co(O'Pr),] were used as the precursors. It was intended that the condensation reac-
tion between Fe(acac), and Co(O'Pr), ensures the formation of Co—O-Fe link and
prevents the segregation of cobalt oxide. By the MCD spectroscopy analysis, they
showed that this method actually worked for the synthesis of cobalt ferrite NPs of
the exact structure.

2.5 Representative Synthetic Procedures for Magnetic Nanoparticles

2.5.1 Iron Nanoparticles

In a typical synthesis, spherical iron NPs are obtained as follows [24]: 0.2 mL of
Fe(CO); is injected into 5.0g of TOPO at 340 degrees C under argon atmosphere,
and the resulting solution is aged for 30 min at 320 degrees C. The reaction mixture
is added into excess acetone to separate iron NPs as a black precipitate. After col-
lecting the precipitate and drying under vacuum, the powder is well dispersed in
various organic solvents, such as pyridine, chloroform, and hexane.

As mentioned earlier, this method is a direct adaptation of the hot injection
method for the synthesis of CdSe nanoparticles. Upon the injection of the precursor,
Fe(CO)s, it decomposes instantaneously releasing CO gas. The decomposition reac-
tion is so violent that some iron-containing solution evaporates together with gas
evolved. Fe’ atoms liberated from carbonyl ligands are then coordinated by the sol-
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vent molecules. However, TOPO is not a good ligand to stabilize Fe’ atoms in high
concentration. As a result, Fe’ atoms get aggregated to form macromolecular clus-
ters. These clusters act as nuclei on which more Fe’ atoms bind and clusters grow to
NPs.

As evident in this description, choosing appropriate coordinating ligands (sur-
factants) in the reaction mixture is very important when designing the NP synthetic
procedure. If coordinating species bind to metal atoms too strongly, nucleation will
not occur. On the other hand, weak binding might lead to uncontrolled growth of
NPs due to the instability of metal atoms, which results in particles of micrometer
size and/or broad size distribution. The surface of iron NPs synthesized is covered
with TOPO, whose polar head (O=P) is coordinated to Fe atoms on the surface,
while the hydrophobic tails (-(CH,),CH;) face the solvent molecules. Those sur-
face-coordinated molecules yield the good dispersibility in nonpolar solvent and
high colloidal stability of NPs. Because of their size, iron NPs are vulnerable to oxi-
dation. In ambient condition, iron NPs dispersed in organic solvent are readily oxi-
dized within days to form iron oxide nanoparticles.

2.5.2 Iron Oxide Nanoparticles

Thermal decomposition of metal carboxylate has been utilized as a versatile way for
the synthesis of metal oxide NPs, as discussed earlier [60].

Iron-oleate complex is synthesized via a two-phase reaction. First, 10.8g of
hydrated iron chloride (FeCl;-6H,0, 40 mmol) and 36.5 g of sodium oleate (120
mmol) was dissolved in a mixture of 80 ml ethanol, 60 ml distilled water, and 140
ml hexane. Sodium oleate molecules act as phase transfer agent. They diffuse from
organic phase into water phase and react with Fe’ ions. Then, iron-oleate complex
molecules transfer back to the organic phase, leaving sodium chloride in the aqueous
phase as a byproduct. After reflux for 12h, organic phase containing iron-oleate
complex is collected and washed several times with water. Finally, solvent is
evaporated under vacuum.

The following is a typical synthetic procedure of iron oxide NPs: 36g (40 mmol
of Fe) of the iron-oleate complex and 5.7g of OLEA (20 mmol) are dissolved in 200g
of 1-octadecene. The reaction mixture was heated to 320 degrees C at a rate of 3.3
degrees C min~', and then kept at that temperature for 30 min. After the reaction
stops, the reaction mixture is cooled and excess ethanol is added to precipitate the
product. Iron oxide NPs synthesized are of mixed phase of Fe,O, and y-Fe,O,, con-
taining both Fe’* to Fe** ions. In the course of heating procedure, carboxylate group
of iron-oleate complex decomposes into CO,, CO, and hydrocarbon chains. Some
oxygen atoms in carboxylate group remain bound to iron ions, which seem to form
oxo-bridges between iron ions. Due to the high reaction temperature, some hydro-
carbons decompose yielding H, and a trace amount of carbon, which might be
responsible for the reduction of Fe’* to Fe’*. The color changes abruptly from brown
to turbid black when the temperature reaches 320 degrees C, demonstrating the for-
mation of NPs.

The most appealing point in this procedure is its simplicity. The only operation
needed for the synthesis is just heating the reaction mixture. As a result, this proce-
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dure is very easy to scale-up without deterioration in the product quality, in terms of
size and shape uniformity.
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3.1 Introduction

Since their first appearance as optical probes in biological imaging [1, 2], gqdots have
been applied in most biotechnological applications using fluorescence, including
DNA array technology, immunofluorescence assays (reviewed in [3]), and cell and
animal biology (reviewed in [4, 5]. Qdots have gained wide acceptance by the scien-
tific community and the biotechnology industry as new fluorescent, nonisotopic
labels of unmatched potentials. Most appealing to the biosciences are the high
brightness, high resistance to photobleaching, and the ability to size-tune fluores-
cent emission of these inorganic-biological hybrid nanostructures. Qdots have also
proved to be excellent probes for two-photon confocal microscopy and deep-tissue
imaging given their large two-photon absorption cross-section [6-9]. But it is when
combined with ultrasensitive microscopy techniques that qdots have shown their
true potential by allowing visualization of cellular processes down to the molecular
scale [10-13]. The enhanced photophysical properties of qdots can fulfill the strin-
gent requirements needed to provide spatial, temporal, and structural information
at all length scales: from the whole body down to the nanometer resolution with a
single probe.

Fluorescent nanocrystals of semiconductor material, which are generally syn-
thesized in solutions of nonpolar organic solvents using colloidal chemistry [14],
require additional chemical modifications to be solubilized in aqueous buffers and
functionalized for biological applications (see Chapter 1, “Colloidal Quantum
Dots: Synthesis, Photophysical Properties, and Biofunctionalization Strategies,” by
Susumu et al. for an in-depth discussion). This can be achieved by either surfactant
exchange, a process primarily driven by mass-action in which the native
TOP/TOPO hydrophobic surface ligands are substituted with bifunctional
amphiphilic ones, or by insulation of the original hydrophobic gdot within a
heterofunctional amphiphilic coating [4, 5]. These various qdot solubilization strat-
egies have included the following: (1) ligand exchange with small thiol-containing
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molecules [2, 15] or more complex ones such as oligomeric phosphines [16],
dendrons [17], and peptides [18, 19]; (2) encapsulation by a layer of amphiphilic
diblock [20], or triblock copolymers [21], in silica shells [1, 22], phospholipid
micelles [23], polymer beads [24], polymer shells [25], or amphiphilic polysaccha-
rides [26]; and (3) combination of layers of different molecules conferring the
required colloidal stability to qdots [27, 28]. Once the gdots have been solubilized
with hydrophilic ligands, those can serve as anchoring points for the chemical
attachment of biomolecules to functionalize the qdot’s surface. Qdot’s ligands con-
taining either an amine or a carboxyl group offer the possibility to crosslink mole-
cules containing a thiol group [18, 23, 29] or an N-hydroxysuccinimyl-ester moiety
[1, 19] using standard bioconjugation reactions.

Another approach uses electrostatic interactions between qdots and charged
molecules, or proteins modified to incorporate charged domains [30]. These
functionalization steps can be repeated to add or change functionality. For instance,
streptavidin-coated qdots can be used in combination with biotinylated proteins,
antibodies, or nucleic acids [10, 19, 20, 31-34]. By extension, a generic three-layer
approach using (1) an antibody against a specific target, (2) a biotinylated secondary
antibody against the first, and (3) a streptavidin-coated qdot allows qdot labeling of
most types of targets [10, 20]. However, the “sandwich” approach results in large
structures that may impede further use of qdots in some applications. This issue can
be minimized by using small peptide derivatives for qdot solubilization and/or
functionalization. The utility of peptides in qdot chemistry stems from several char-
acteristics. Thiol-containing peptide sequences (i.e., Cysteine) have the capacity to
coordinate with the nanocrystal shell surface after ligand exchange of the TOPO
coating. This leads to a direct attachment of the peptide to the qdot. While small,
peptides still maintain excellent molecular recognition properties that allow them to
participate in ligand-receptor and protein-protein molecular interaction with high
affinity. For example, it has been shown that a ~30 amino acids peptide hairpin
against Texas Red has a dissociation constant K, of ~25 pM [35]. Peptides provide
selective anchor points for independent chemical modifications. They offer flexible
platforms to screen vast combinatorial libraries with the aim of mutating the peptide
sequences to optimize the colloidal and photo-physical properties of nano-materials
[36, 37]. Finally, peptides are usually easy to synthesize or mass produce in
recombinant hosts.

Our laboratory and others have harnessed these properties to develop unique
peptide-based solubilization, functionalization, and targeting approaches that
maintain the overall size of the qdot bioconjugate as relatively small while yielding
monodisperse water-soluble qdots that remain bright and photostable. In the “con-
ventional” two-step approach, solubilization and functionalization are usually
uncoupled. Qdots are first solubilized through one of the many approaches
described previously before a functional peptide sequence could be attached to the
qdots’ surface through covalent conjugations or self-assembly. (For a review, see
[38].) We will refer to these probes as “peptide-conjugated” qdots. On the other
hand, our laboratory has developed a single-step solubilization/functionalization
approach based on exchanging the qdots’ surface ligands with bi-functional
amphiphilic peptides [19]. In the rest of this chapter, we will refer to this approach
as peptide coating. The peptide-coating approach has been successful on several
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types of core and core-shell gdots encompassing the visible to the near-infrared
(NIR) spectral range. In this chapter, we first describe the peptide-coating approach
and briefly assess the colloidal and photophysical properties of the resulting pep-
tide-coated particles when tested by fluorescence correlation spectroscopy (FCS)
and single-molecule spectroscopy (SMS). We then continue with several examples
of biological applications in which peptide-coated qdots have been used. Those
include single-particle tracking of membrane receptor in live cells and combined flu-
orescence and micro-positron emission tomography (uPET) imaging of targeted
delivery in live animals. Beyond diagnostic imaging, they also have shown utility in
other sensing and therapeutic applications including the development of novel pro-
tease assays and the use of photo-induced cellular targeted killing. We finally con-
clude with a brief overview of future developments.

3.2 Phytochelatin Peptides: The All-in-One Solubilization/
Functionalization Approach

The use of semiconductor qdots for biological applications requires that they are
water soluble and offer reactive chemical groups on their surface for the subsequent
conjugation of molecules and compounds of biological interest. In contrast to the
more conventional multiligand/multilayer approaches mentioned previously, our
group has developed a new peptide-based family of ligands that replaces the shell
surface TOPO coating and fulfills all the stringent requirements of a biocompatible
imaging probe at the same time. These engineered peptides maintain most of the
original qdot photophysical properties, solubilize qdots in aqueous buffers, provide
a biological interface to the qdot, and allow multiple functions to be easily incorpo-
rated all in a single easy step. This surface chemistry was designed to be simple,
robust, amenable to high-throughput molecular evolution, and flexible enough to
suit the different needs of the experimentalists. This is achieved by exchanging the
surfactants with synthetic phytochelatin-like a-peptides [19].

Phytochelatins are glutathione-related, cysteine-rich isopeptides synthesized by
some plants, yeast, and bacteria strains to detoxify their environment from heavy
metal ion contaminants (i.e., Cd** [39]) by inducing their nucleation into semicon-
ductor gdot particles (i.e., CdS [40, 41]). These peptides of general structure
(Glu-Cys),Gly (designed (y-EC),G or (¢-EC),G depending on the peptide linkage
between the glutamate and cysteine residues) follow a strict periodicity (with 7
being the number of di-peptide repeats typically ranging from 2 to 4), which acts as
a template for the nucleation and intracellular growth of the gdots (Figure 3.1).
Interestingly, the resulting peptide-coated qdots grown in vivo show similar
photo-luminescent properties when compared to the chemically synthesized ones,
with the only notable exception of being less stable and more prone to degradation
upon photo-excitation [41]. One possible reason is their lower crystalline quality,
but it also may be due to the absence of higher band gap shell material grown on top
of the semiconductor cores. For this reason, qdots grown from natural peptide tem-
plates have found very little use as probes for biological imaging.

The phytochelatin-like o-peptides developed in our laboratory have been
inspired by these naturally occurring processes. Such synthetic sequences efficiently
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Figure 3.1 Hypothetical model structure of a natural phytochelatin peptide-coated CdS crystallite
from yeast. The cysteinyl thiolates of approximately 30 (y—EC), G peptides are surface ligands to
the core of about 85 CdS units. The yeast qdots are monodisperse with an average diameter of
20A. Adapted from [41] with permission from Elsevier.

bind to the surface of ZnS capped CdSe qdots synthesized in vitro in the presence of
TOPO surfactant. A typical amphiphilic peptide is about 20 amino acids long (Fig-
ure 3.2(a) and Table 3.1). It is composed of two distinct domains: a metal-chelating
adhesive domain containing multiple cysteines (Cys) and unnatural hydrophobic
amino acids 3-cyclohexylalanines (Cha), and a negatively charged hydrophilic tail
domain. The hydrophobic domain is primarily responsible for the recognition and
attachment to the qdot shell surface, while the hydrophilic one ensures
solubilization and stability in buffers. The sequence composition of the metal-bind-
ing domain is fixed, and the spacing of the cysteinyl thiolates ensures proper anchor-
age on CdS and ZnS qdot’s surfaces [41-43]. We have found that substituting the
Cys residues by alanine (Ala) resulted in water insoluble particles, thus confirming
the essential role of the Cys in binding of the peptides onto the qdot’s surface. We
also observed that a single adhesive domain repeat resulted in unstable gdots. We
thus opted for multiple tandem repeats of Cys, which enhanced the stability of the
peptide on the qdots most likely by providing better surface coverage. A similar
length-dependent stability was previously reported for CdS qdots coated with
phytochelatin peptides of various lengths [41]. The presence of the Cha residues
around the Cys in the adhesive domain helps the solubilization of the peptides in a
9:1 (v:v) pyridine:dimethylsulfoxide (DMSO) cosolvent mixture where TOPO-
coated qdots are stable, therefore limiting the formation of aggregate during the
reaction. The large cyclohexyl moieties were also chosen to limit the cross-reactivity
between the Cys of the adhesive domain and to compete with the hydrophobic
TOPO on the qdot’s surface. When the Cha residues were replaced by Ala, the pep-
tide-coated qdots we obtained were unstable in buffers. However, we have been
recently successful in replacing the unnatural amino-acid Cha by a natural one,
phenylalanine (Phe), in the metal-binding domain that still preserves the stability
and photophysical properties of the peptide-coated qdots [44]. One direct advan-
tage of this substitution is that an “all natural” peptide (peptide 8 in Table 3.1) can
be mass-produced in bacteria. This represents a cost-effective alternative to
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Figure 3.2 The phytochelatin peptide-coating approach: (a) Schematic representation of the sur-
face coating chemistry of CdSe/ZnS nanocrystals with phytochelatin-related-peptides. The peptide
C-terminal adhesive domain binds to the ZnS shell of CdSe/ZnS nanocrystals after exchange with
the trioctylphosphine oxide (TOPO) surfactant. A polar and negatively charged hydrophilic linker
domain in the peptide sequence provides aqueous buffer solubility to the nanocrystals. TMAOH:
Tetramethyl ammonium hydroxide; Cha: 3-cyclohexylalanine. Adapted from [19] with permission
from American Chemical Society. (b) Schematic representation of the peptide toolbox. The light
blue segment contains cysteines and hydrophobic amino acids ensuring binding to the nanocrystal
(adhesive domain of Figure 3.2(a)) and is common to all peptides. S: solubilization sequence
(hydrophilic linker domain of Figure 3.2(a)), P: PEG, B: biotin, R: recognition sequence, Q:
quencher, D: DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) for radionuclide
and nuclear spin label chelation, X: any unspecified peptide-encoded function. Qdots
solubilization is obtained by a mixture of S and P. Qdots can be targeted with biotin (B), a peptide
recognition sequences (R), or other chemical moieties. Qdots fluorescence can be turned on or off
by attaching a quencher (Q) via a cleavable peptide link. In the presence of the appropriate
enzyme, the quencher is separated from the gdot, restoring the photoluminescence and reporting
on the enzyme activity (as described in Section 3.6). For simultaneous PET (or MRI) and fluores-
cence imaging, qdots can be rendered radioactive by chelation of radionuclides (or nuclear spin
labels respectively) using (D) DOTA (as described in Section 3.5). Adapted from [5] with permis-
sion from American Association for the Advancement of Science. (See Color Plate 3.)
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Table 3.1 Phytochelatin-Related a-Peptides Used for Solubilization/Functionalization of Qdots

Nomenclature  Peptide Sequences* References
1 KGSESGGSESG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd [19]
2 Biotin-GSESGGSESG(Cha) CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid
3 PEG-(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid
4 GSESGGSESG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid
N Ac-GSESGGSESG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid
6 Suc-GSSSGGSSSG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid
7 FITC-GSESGGSESG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd — [44]
8 GSESGGSESGFCCFCCFCCF-HS" Ibid

"All sequences are written from N- to C-terminus. Cmd: carboxamide; Ac: N-terminal acetylation; Suc: N-terminal
succinylation; Cha: 3-cyclohexylalanine (unnatural amino acid), PEG: hexaethyleneglycol. "HS: homoserine residue obtained
after CNBr cleavage of methionine residue.

solid-phase peptide synthesis, which can also be technically challenging for
cysteine-rich peptides.

Contrary to the adhesive domain sequence that is fixed, the hydrophobic tail
sequence is variable and can be altered at will to dial in desirable intracellular hom-
ing sequences and/or functional groups for bioconjugation (Figure 3.2(b)). The
inherent flexibility of this approach provides endless functionalities (in the form of a
“peptide toolbox™) that can be subsequently combined to create multimodal qdot
imaging probes (later described in Section 3.5). But perhaps the main advantage for
the experimentalist resides in the simplicity by which the peptide surface chemistry
exchange is accomplished in a single reaction step (Figure 3.2(a)). The addition of
tetramethylammonium hydroxide (TMAOH) base to a mixture of peptides:qdots in
DMSO:pyridine (1:9) triggers the formation of cysteine thiolate anions, which initi-
ates binding of the peptides onto the ZnS layer. The resulting peptide-coated
nanoparticles precipitate out of the cosolvent and are collected by centrifugation. At
this point, the qdots are readily soluble in aqueous buffers. Gel filtration and dialysis
are then used to remove the excess of unbound peptides and to transfer the pep-
tide-coated gdot into the appropriate buffer of choice. Table 3.1 lists some of the
phytochelatin-related o-peptide sequences used. Recently, Zheng et al. have success-
fully mimicked the use of a natural phytochelatin peptide by describing a facile
one-pot aqueous synthesis of glutathione-coated CdTe qdots [45].

3.3 Colloidal and Photophysical Properties of Peptide-Coated Qdots

The peptide-coating approach overcomes some of the known limitations of other
capping strategies that lead to particles that either lack long-term stability [2, 15],
result in large particles [20, 21], have broader size distributions [1], or do not work
well with all particle sizes [23]. Because of the organic nature of the peptide coat,
which provides biocompatibility in aqueous buffer, conventional analytical tech-
niques can be used to systematically monitor the ligand-exchange reaction’s effi-
ciency. For example, we routinely use size exclusion liquid chromatography
(SE-HPLC) and agarose gel electrophoresis as stringent criteria to test for batch
quality and consistency. Such analysis is also instrumental in determining the size



3.3 Colloidal and Photophysical Properties of Peptide-Coated Qdots 51

distribution of the resulting peptide-coated qdots. Figure 3.3(a) illustrates how nar-
row the size distribution of a typical peptide-coated qdot batch can be. For example,
the tight, smearless band in the agarose gel is indicative of the deposition of a uni-
form peptide layer of a constant thickness, independent of the original size of the
nanoparticle’s core-shell structure. Figure 3.3(b) shows also how subtle variations
of the hydrophilic peptide sequence can result in changes of the overall particle
charge that can be easily resolved by the electrophoretic process. SE-HPLC and FCS
provide an estimate of the hydrodynamic radius of the coated nanoparticles. All
together, the peptide-coating approach maintains the overall size of the qdots as rel-
atively small (8 to 13 nm, Figure 3.3(c)) compared to ~18 nm for phospholipid-
coated qdots and up to 30 nm for commercial nanocrystals protected by a polymer
coat as shown by FCS analysis [46]. This is definitely an advantage for cell biology
applications in which interference with biological interactions and target inaccessi-
bility due to steric hindrance need to be kept to a minimum.

Finally, peptide-coated qdots have long shelf lives and show minimum aggrega-
tion in physiological buffer over several months when kept at 4 degrees C. On the
other hand, we observed that the quantum yield (QY) of the peptide-coated qdots in
buffer is somewhat influenced by the composition and structure of the shell, ranging
from 8-16 percent for CdSe/ZnS to 20-35 percent for CdSe/CdS/ZnS with graded
shells [5]. A graded shell composition also seems to induce a slight change of emis-
sion spectra (red shift) upon peptide coating. This is suggestive of cross-talks

o
A

s 3
BT - RYG 10 - C e
= | J | 5§25
2 | | 2
T | 0.8 1
g ll (| | 815
B | Z
Z 0s i 08 |
s s
' i
EANYY | 04 .
E r | W Feptide- coated qdot
= | b W Pepude-graded shell qdot
o 02 | 0.2 =
2 I * CPhospholipid-qdot
= + A BB
T - . = ; - : . { end
& % 8§ 1 15 20 2 o 5 w15 2w 25 [JPolymer-coated qdot
Retention time (min) Retention time (min)
(@ (b) ©

Figure 3.3 Characterization of peptide-coated qdots: (a) Effect of qdot size as measured by
SE-HPLC and gel electrophoresis. The nomenclature of the peptides refers to the numbering in
Table 3.1. Green, yellow, and red qdots emitting at 530, 565, and 617 nm, respectively, and
coated with peptide 5 were separated on a size exclusion column against a 0.1M PBS mobile
phase. The diameter of the peptide-coated qdots was evaluated from the elution times as 129.4A
(+15 percent), 150.3A (£16 percent), and 164.8A (£14 percent), respectively. Inset: 0.5 percent
agarose gel electrophoresis of the same three peptide-coated qdot samples in TBE buffer pH 8.3.
(b) Effect of peptide charge. Qdots coated with peptide 5 (dash), peptide 4 (dot), or peptides 6
(solid) have similar retention times on a SE-HPLC column. Inset: the same peptide-coated qdots
migrate at different positions on a 0.5 percent agarose gel, in good agreement with the theoretical
charge of each peptide. —»: position of the loading wells. —: direction of the applied electric field.
(b) Effect of peptide charge on peptide-coated qdots. Qdots coated with peptide 5 (dash), peptide
4 (dot), or peptides 6 (solid) have similar retention times on a SE-HPLC column (same size) while
having different charges as accessed by gel electrophoresis. Adapted from [19] with permission
from American Chemical Society. (c) Hydrodynamic diameter of various qdot preparations
deducted from FCS analysis. Adapted from [46] with permission from American Chemical Society.
(See Color Plate 4.)
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between the excitonic wavefunction and the peptide molecular orbitals [5]. One can
envision that these sorts of interactions can be harnessed to improve the photo-phys-
ical properties of the peptide-coated gdots (e.g., as to enhance quantum yield or to
reduce fluorescence intermittency by screening large libraries of peptides). Such
strategies have been extremely powerful for the recognition, synthesis, and
self-assembly of nanocrystals and other metallic materials in bio-engineered phage
[36, 37, 47] or in bacteria [48].

3.4 Live Cell Dynamic Imaging

3.4.1 Single-Particle Tracking of Cell-Surface Membrane Receptors

As discussed previously, one of the advantages of the peptide-coating approach
relies on those qdot surface properties that are easily controlled and tuned with vari-
ous peptide combinations (Figure 3.2(b)). The peptide exchange chemistry can be
modified to produce a large variety of functional groups that are exposed at the par-
ticle surface, allowing a number of covalent modification techniques for conjuga-
tion. In general, the presence of amines and/or thiols on the qdot surface enables the
most common conjugation strategies [49, 50] and sidesteps the need to chemically
prepare specialized linker molecules. For example, one can easily activate pep-
tide-coated qdots with biotin. The qdots can also be directly coated with synthetic
biotinylated peptides (peptide 2 in Table 3.1 and peptide B in Figure 3.2(b)) or via
the conjugation of amine reactive biotinylation reagents (such as succinimidyl ester
biotin) on a terminal lysine amino acid residue of peptide-coated qdots (peptide 1 in
Table 3.1 and [51]). These biotin-terminated peptide-coated qdots show excellent
reactivity with avidin, neutravidin, or streptavidin [19].

Importantly, this bioactivation approach maintains a small particle diameter,
which is a valuable asset for targeting, detecting, and monitoring the trajectories of
individual proteins in the plasma membrane of living cells. Their hydrodynamic
radius (< 12 nm, Figure 3.3(c)) is significantly smaller than the commonly used
40-nm gold nanoparticles or 500-nm latex beads that may interfere with protein
dynamics [10, 52]. Qdots also outperform the rapid photobleaching of small (1- to
4-nm) fluorescent organic labels [10, 53]. For example, we have used biotin-termi-
nated peptide-coated qdots to target avidin fusion to glycosylphosphatidyl-inositol
CD14 cell surface receptor (CD14-Av) in cultured HeLa cells (Figure 3.4 and [19]).
This approach not only demonstrated specific recognition of the CD14-Av proteins
on the cell membrane, but also that qdot fluorescence can be used to track the move-
ment of single receptors in live cells over extended periods of time. Indeed, by work-
ing at subnanomolar concentration of biotin-peptide-coated-qdots to ensure that
individual qdots could be distinguished optically, we were able to observe binding
events and the subsequent membrane diffusion of individually labeled CD14-Av
receptors, as illustrated in Figure 3.4.

The brightness and photostability of peptide-coated qdots [46, 54] allow the use
of a standard CCD camera (CoolSnap cf, Princeton Instruments, Trenton, NJ) and
rather short exposure times (~100 ms). Other experiments performed with an elec-
tron multiplying camera (Cascade 512B, Princeton Instruments) and total internal
reflection (TIR) microscopy allowed the use of much shorter exposure time (20 ms
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Figure 3.4 Single-particle tracking in a live-cell: (a) DIC and (b) epifluorescence images of live
Hela cells expressing the CD14-Av receptors (see main text for details). Single qdots were
observed to diffuse at characteristically different rates in different regions of the membrane or
inside the cytosol (data not shown). (c) The 1,000 steps (100 ms/step) trajectory, R(t), of the qdot
localized in the region marked in panel (a, b), with (d) the corresponding gdot intensity, I(t). The
blinking pattern (succession of on and off emission) demonstrates that a single qdot was observed.
Adapted from [5] with permission from American Association for the Advancement of Science.

or less). It is worth mentioning that the trajectory of an individual receptor cannot
necessarily be tracked continuously due to the intermittence in qdot’s fluorescence
emission (Figure 3.4(d)). Instead, we use this blinking behavior as a proof of single-
ness. The advantages of using qdots in these experiments become evident. Qdots’
photostability can allow the observation of individual receptor trajectories for 10 to
20 min compared to ~5s with Cy3-labelled antibodies [10]. The brightness of the
qdots also allows the spots to be detected with a high signal-to-noise ratio (SNR
~50), while short integration time allows the capture of the dynamics of the process.
The high SNR allows better positioning accuracy (~5-10 nm) of the tracked particle
and its receptor. Similar experiments by Dahan et al. [10] tracking extra-synaptic
receptors also revealed that these cell-surface proteins were far more mobile than
previously considered by single-particle tracking using micrometer-sized beads
[55], further confirming that the size of larger load does influence diffusion proper-
ties. Long trajectory observations give access to a wealth of information on the local
spatio-temporal environment of each particle, which would be accessible only
through statistical analysis of hundreds of trajectories using standard fluorescent
dyes [56].
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3.4.2 Peptide-Mediated Intracellular Delivery and Targeting of Qdots

The delivery of biological and/or inorganic cargos across the membrane lipid bilayer
of living cells toward the cell interior has many potential applications that range
from the development of novel therapeutic agents to the basic understanding of gene
and protein functions. Mammalian cells have evolved strategies to selectively import
and export vital compounds like hydrated ions and small polar molecules. But the
plasma membrane still represents a formidable barrier to the passage of larger
biomolecules. Colloidal gdots consisting of an inorganic core surrounded by a layer
of organic ligands resemble proteins both in term of size (in the nanometer range)
and charge (negative) and thus do not freely diffuse across the lipid bilayer of live
cells. For these reasons, the use of qdots has principally focused on targeting cell sur-
face membrane markers that are easily accessible from the surrounding culture
medium. The use of electroporation or transfection reagents [57] that capitalize on a
receptor-mediated endocytotic translocation routes results in qdots being seques-
trated and accumulated in lysosomal and endosomal vesicles that appear scattered
in the cytoplasm [58, 59]. On the other hand, the direct microinjection of peptide-
conjugated or peptide-coated qdots in living cells [51, 57] has allowed the targeting
of qdots to subcellular compartments such as mitochondria [57] or the nucleus [60].
All of these physical approaches have, however, limited in vivo applications since
they are serial, time consuming, or technically challenging, and they do not allow
high-throughput screening. Thus, there is still a need to systematically explore vari-
ous strategies for delivering qdots into live cells, especially those that can facilitate
cell entry without the requirement for endocytosis.

To date, the use of short arginine-rich peptide sequences constitutes one of the
most promising classes of ligands for the intracellular delivery of a variety of
macromolecules into live cells [61] including qdots [58, 60, 62-69]. These
sequences, referred to as cell permeable peptides/peptide transduction domains
(CPP/PTD), include short segments first isolated from the human immunodeficiency
virus 1 (HIV-1) transcriptional activator Tat protein, the drosophila homeotic tran-
scription protein antennapedia (Antp), and the herpes simplex virus structural pro-
tein VP22 [70]. Other sequences have been identified, including homopolymers of
arginine [71]. Most, if not all, PTDs carry a net positive charge (highly rich in basic
residues), are less than 20-30 amino acids long, and have the ability to rapidly
translocate large molecules into cells. PTDs that have been used for intracellular
delivery of qdots are shown in Table 3.2.

While the mechanism responsible for uptake of PTDs and their cargos remains
unclear, if not controversial, PTDs can be used to accelerate the intracellular deliv-
ery of gdots into a variety of cell types by coupling PTDs to gdots via a
streptavidin-biotin link [21, 58, 60], covalently [72], by electrostatic adsorption of
PTDs containing free cysteine residues [57] or not [73]. Once mono-disperse qdots
are given access to the cytosol, they can be delivered to specific cellular compart-
ments or organelles by means of different homing peptide sequences (residue R in
Figure 3.2(b)). This has been elegantly demonstrated for targeting peptide-qdot con-
jugates to the mitochondria [57] and the nucleus [57, 60].
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Table 3.2 Protein Transduction Domains Used for Intracellular Delivery and
Targeting of Qdots

Localization  Peptide Sequences™ References
Cytoplasmic  RRRRRRRRR [58, 59]
(His); WGLA(A,,)SG(R), (67]
RKKRRYRRR [21]
KETWWETWWTEWSQPKKKRKV [73]
Nuclear PPKKKRKVPPKKKRKV [60]
CSSDDEATADSQHSTPPKKKRKV [57]
RRRRRRRRRRRKC [72]
APSGAQRLYGFGL [74]
Mitochondrial MSVLTPLLLRGLTGSARRLPVPRAKIHC [57]

MSVLTPLLLRGLTGSARRLPVPRAKIHWLC [72]

"All sequences are written from N- to C-terminus. (His),: polyhistidine, A,: alpha-amino isobutyric
acid.

3.5 Live Animal Imaging

The visual analysis of molecules and cellular processes in living subjects (i.e., molec-
ular imaging) has the potential to markedly enhance earlier diagnosis of disease.
Radionuclide tracers and 3-D imaging systems such as positron emission tomogra-
phy (PET) and single photon emission computed tomography (SPECT) are now
helping to characterize the molecular status of tumors in patients [75]. While effec-
tive, the use of radiopharmaceuticals is limited by their complex fabrication, the
short half-life of the isotopes as well as other issues related to patient/provider
safety, and radioactive waste disposal. The use of radioactivity-based methods is
further impaired by the inability to multiplex simultaneous signals and by the lack
of detection sensitivity toward small tumor burdens. (For a review, see [76].) The
other alternative in deep tissue imaging relies on multiphoton fluorescence micros-
copy, which can capture high-resolution, 3-D images of living tissues tagged with
highly specific fluorophores [77]. However, tissue absorption and scattering, in
addition to limiting the light coming out of the subject, also limits the amount of
incident excitation light that reaches the fluorophore. As a result, only a very limited
amount of excitation light becomes available at deeper regions of the animal tissue.
Finally, conventional dye molecules suffer major limitations that include poor
photostability and phototoxicity. In this section, we review how qdots provide highly
sensitive alternatives to both radioactivity- and fluorophore-based methods. First,
we demonstrate how the peptide-coating approach allows the tens to hundreds of
nm’ of qdots’ surface area to be functionalized with a combinatorial assortment of
different peptide sequences to make radiolabeled qdots for dual-modality imaging
(both fluorescence and PET in a single probe). Then we show how small peptides
are paving the way for the first successful targeted deliveries of qdot conjugates in
live animals. This growing trend is confirming their unmatched potential as novel
intravascular probes for deep-tissue imaging in various optical modalities, including
two-photon confocal microscopy [6], PET [5, 78, 79], and SPECT/CT [80].
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3.5.1 Near-Infrared Deep-Tissue Dual-Modality Imaging

The complex nature of mammalian tissues, through which photons are absorbed
and scattered, generally limits the depth at which light-emitting probes can be
imaged in vivo [81, 82]. One partial remedy is to rely on near infrared (NIR) wave-
lengths for excitation and/or emission. At 700 nm to 900 nm, the absorbance of all
biomolecules reaches a minimum while maximizing photon penetration efficiency
into and out of tissues. This provides a clear window with minimal autofluorescence
for in vivo optical imaging [83]. In the past five years, the contribution of NIR gqdots
to this biologically relevant “therapeutic window” [84, 85], where no good fluores-
cent dyes exist, has been quite remarkable. For example, Kim et al. have demon-
strated in pigs and mice the superiority of NIR gdots in sentinel lymph node (SLN)
mapping, a major procedure in breast cancer surgery. Qdots allowed real-time
image guidance throughout the procedure, virtually free of any background, 1 cm
deep into the tissues [86]. These and other studies have established the great poten-
tial of gdot optical imaging as a surrogate to radioactive techniques [6, 21].

On the other hand, only radioactive tracers have the unique ability to provide
both quantitative in vivo biodistribution and deeper imaging data. Based on these
considerations, our laboratory created the first dual-mode qdot probe combining
optical and radioactive imaging capabilities [5]. For simultaneous PET and fluores-
cence imaging, qdots were radiolabeled by chelation of a radionucltide (Cu64) to a
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) functionalized
peptide (peptide D in Figure 3.2(b)). Polyethylene glycol moieties of various lengths
(PEG, peptide 3 in Table 3.1 and peptide P in Figure 3.2(b)) were also added in a sin-
gle-step reaction in an attempt to reduce nonspecific binding and increase blood cir-
culation time [87]. These radiolabeled qdots were injected (~80 uCi per animal) via
tail-vein into anesthetized nude mice and then dynamically imaged in a small animal
mPET scanner (Concorde Microsystems Inc., Knoxville, TN). Biodistribution and
mPET analysis showed rapid and marked hepatic and splenic uptake of the qdots
without evidence of body clearance (Figure 3.5(a)). This known tendency is caused
by specialized particle-scavenging Kupffer cells residing en masse in the
reticulo-endothelial system (RES) of the liver and spleen [87]. We also observed that
PEGylation beneficially increased the blood circulation half-life and somewhat
slowed down liver and spleen uptake of qdots [78]. Here, one clear advantage of the

3 min

Figure 3.5 Dual-mode imaging in live animals: (a) uPET imaging of nude mice injected with
radiolabeled qdots through a DOTA-functionalized peptide (see Section 3.5 for details). (b) Over-
lay of DIC and fluorescence images of hepatocytes from a mouse showing the accumulation of
qdots within liver cells. Scale bar indicates 20 um. Adapted from [5] with permission from the
American Association for the Advancement of Science.
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peptide-coating approach is that it gives us considerable latitude to modulate
parameters such as peptide density and thus the overall number of functional
groups (i.e., PEG moieties) or the overall charge (as shown in Figure 3.3(b)). Sepa-
rate studies where free copper chloride (~78 uCi) is injected via tail-vein show that
the maximum signal in the liver is only 7.8 percent of that observed when injecting
mice with Cu64 radiolabeled peptide-qdots (~80 uCi). This demonstrates that even
if all of the copper/peptide dissociates from the qdots, it can only lead to a small
component of the overall liver signal. Moreover, biopsies of the liver observed by
fluorescence light microscopy confirm this accumulation of qdots within the liver
(Figure 3.5(b)).

It is important to realize that fluorescence alone cannot be measured in a fully
quantitative way due to the scattering and absorption properties of living tissues as
mentioned previously. There are multiple benefits to having dual-mode radioactive
and optical peptide-coated qdots. First, this combination allows fluorescence imag-
ing of qdots for tracking together with quantitative biodistribution studies of the
radiotracer to access accurately their pharmaco-kinetics and targeting efficacy in
living animals. Second, the dual-modality approach requires a much smaller
amount of qdots (in our studies: ~25 pmol or 0.8-1.25 nmol/kg depending on the
weight of the animal [78]) to yield enough contrast for PET imaging than optical
imaging alone (about 10 to 100 times more qdots needed). This can significantly
lower the potential cyto-toxicity risk posed by Cd** and other heavy metals leakage
from the qdot inner core structure [88, 89]. Nuclear spin labels for MRI imaging
could also be incorporated into gdots peptide coating using the same type of chelat-
ing group. A further step could involve TEM imaging of their precise localization
within cells and tissues [10, 90]. It should therefore be possible to image targeted
qdots at all scales, from the level of whole body down to the nanometer resolution
using a single probe with exquisite spatio-temporal sensitivity.

3.5.2 In Vivo Targeting of Tumor Vasculature

To date, the successful targeted delivery of peptide qdots in living mice has been lim-
ited to tissue-specific vascular markers. Akerman et al. have used lung- and
tumor-specific homing peptides (Table 3.3) to direct qdots to their appropriate tar-
gets. After intravenous injection in the mice, targeting was demonstrated by ex vivo
fluorescence microscopy of histological sections [18]. However, no in vivo imaging
was achieved. More recently, arginine-glycine-aspartic acid (RGD) peptide-conju-
gated qdots have been used to specifically target integrin  f; in vitro [91, 92] and in
living mice [63, 79]. The RGD peptide motif (Table 3.3) found in vitronectin,
fibronectin, and thrombospondin [93] binds selectively to integrin « ;. Taking
advantage of the fact that integrin a 3, is significantly upregulated in tumor but not
in normal tissues [94, 95], Cai et al. reported the first in vivo targeting and imaging
of tumor vasculature in a murine xenograph model in live animals using RGD-qdot
conjugates [63, 79]. Subcutaneous tumor imaging was observed six hours
post-injection (Figure 3.6(a)) and was further demonstrated by harvesting the
tumor followed by ex vivo imaging using a sensitive CCD camera (IVIS200,
Xenogen Corp., Alameda, CA). Qdot fluorescence signal was clearly detected in the
tumor of the mouse injected with the RGD qdots, while no signal was seen in the
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Figure 3.6 Targeting of tumor vasculature with RGD peptide-conjugated qdots: (a) In vivo NIR
fluorescence imaging of U87MG tumor-bearing mice (left shoulder, pointed at with white arrows)
injected with 200 pmol of RGD-qdots (left mouse) and control gqdots (right mouse) six hours after
injection. (b) Ex vivo fluorescence images of the same tumors, surgically removed from RGD qdots
(left) and control gdots (right) injected mice. (c) Fluorescent microscope images of frozen tumor
slices stained for CD31 (green) to allow visualizing of the tumor vasculature. Qdot signal is shown
in red and pointed at with white arrows. Adapted from [63] with pemmission from the American
Chemical Society. (See Color Plate 5.)

Table 3.3 Sequences of Homing Peptides Used for In Vivo Targeting

Vasculatures Peptide Sequences* References
Lung CGFECVRQCPERC [18]
Tumor, blood KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK  Ibid
Tumor, lymphatic CGNKRTRGC Ibid
Integrin ¢ B; tumor RGD [63, 79]

All sequences are written from N- to C-terminus.
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tumor of the control mouse injected with qdots alone (Figure 3.6(b)). Interestingly,
further fluorescence microscopy analysis of frozen sections indicated that the RGD
qdots did not extravasate but stayed confined to the tumor vasculature (Figure
3.6(c)) as previously reported [18]. Overall, the advantages for using peptide qdots
for tumor targeting in vivo are multiple. Compared to their peptide-dye conjugate
counterparts (RGD-CyS5.5, [96]) RGD gdots showed more photostability and much
stronger signal-to-background ratio. In conjunction with other specific integrin
binding peptides (RGDS, LDV, DGEA, KGD, PECAM, and FYFDLR), qdots offer
the unique possibility of multiplexing [91]. Peptides might also potentially be better
targeting ligands than mono-clonal antibodies conjugated to qdots. Gao et al. esti-
mated that the number of antibodies per qdots is limited to 5-6 [21], while the num-
ber of peptides can easily be optimized to provide stronger binding avidity [19].
Peptides might also be rendered multimeric to improve targeting efficiency because
of the polyvalency effect [97-99]. The next step remains to improve tumor-target-
ing efficacy, which requires extravasation of the peptide-qdot probe as opposed to
targeting the tumor vasculature where no extravasation is needed. Reducing the size
of the gdot probes will lower uptake by the reticulo-endothelial system (RES),
which holds the key to achieving better tissue penetration and tumor targeting.

3.6 Beyond Diagnostic Imaging: Sensing and Therapeutic Applications

Optical sensing (i.e., detection of electromagnetic radiation) is the most widely used
format for detecting biological binding events and enzymatic reactions or perform-
ing quantitative immunoassays in biological systems. The goals of using qdots are
ultimately to enable single-molecule detection in vivo, parallel integration of multi-
ple signals (i.e., multiplexing), signal amplification, and resistance to photo-
bleaching in a high-throughput format. In the following section, we review some of
the most significant progress in the application of peptide qdots in biological
detection.

3.6.1 Cleavable Peptides for Proteases Activity

Proteases are enzymes that regulate many essential biological processes by catalyz-
ing the cleavage of specific peptide bonds in other proteins. They are also well
known to be aberrantly regulated and activated in various diseases including can-
cer, stroke, and infection [100]. Hence, proteases constitute a prominent class of
pharmaceutical targets for assay and drug development. For example, because pro-
tease activity is key to tumor progression and evasion (metastasis), monitoring their
expression and bioactivity in vivo provide information about the metastatic poten-
tial of a tumor. Many of the sensors designed to monitor proteolytic activity exploit
the low background of FRET quenched fluorophores and the high fluorescent signal
resulting from unquenching after proteolysis [101]. In such FRET geometry, two
fluorophores are usually held in close proximity by a short peptide linker that
becomes the target of a specific protease. The main limitations of these
fluorophore-based probes reside in their lack of general tunability in wavelength,
which is imposed by the donor-acceptor pair. In addition, the optical properties of
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conventional organic fluorophores or genetically encoded fluorescent proteins are
susceptible to their local environment (pH sensitivity and so on) and prone to
photobleaching. In order to overcome some of these shortcomings, qdot-peptide
conjugates have emerged as promising new FRET-based protease sensors. The use
of gdots as energy donors capitalizes on their well-known spectroscopic benefits.
Specifically relevant here is their broadband absorption and fluorescence emission
spectra that can be tuned to best overlap with the acceptor absorption. With this in
mind, Chang et al. designed the first qdot-peptide-gold conjugates to target colla-
genase. In this bioassay, collagenase cleaves between alanine and glycine of a
GGLGPAGGCG target peptide to release the functionalized gold nanoparticles that
quenches the qdot fluorescence [102]. This approach was however limited by steric
hindrance from the gold nanoparticles, which impaired the accessibility of the colla-
genase to the peptide.

As an improvement of this approach, Medintz et al. have developed qdot-pep-
tide-dye conjugates for the enzyme recognition of four different target enzymes
(Table 3.4); caspase 1, thrombin, collagenase, and chymotrypsin [103]. Replacing
gold with a much smaller dye molecule (Cy3 or QXL-520) possibly increased the
substrate accessibility to the protease since the authors succeeded in measuring
kinetic values similar to those obtained with dye-only peptides in solution. Steric
constraints were also minimized by titrating the peptide-qdot ratio to be less than 5.
Moreover, the low peptide number ensures that the proteolytic assays were carried
out under rate-limiting substrate conditions, which means that all peptides on the
qdots are likely to participate in the protease activity measurement. The net result is
an increase in the sensitivity of the QD-peptide-dye probes. Finally, these QD-pep-
tide sensors can also measure protease activity in vivo. Shi et al. used qdots directly
coated with a small RGDC tetrapeptide labeled with rhodamine to quantitatively
study the aberrant collagenase activity of HTB 126 cancer cell lines [104]. The
kinetic rate constants of FRET signal changes of the qdot-based protease sensors
were significantly higher within the cancer cells as compared to the normal HTB
125 cells. Interestingly, the qdot FRET-based probes could discriminate between
normal and cancerous cells within 10 min. By extension, changing the peptide
sequence would enable high throughput screening of the activity of specific
proteolytic enzymes in real-time in an array/multiplex format. This could provide a
unique protease signature for each cancer patient to personalize ongoing therapeu-
tic strategies.

Table 3.4 Sequences of Cleavable Peptides Used for Measuring
Protease Activity

Target Enzymes Peptide Sequences* References
Collagenase GGLGPAGGCG [102]
RGDC [104]
(His),-AL(A,)AAGGPAC [103]
Caspase-1 (His),-GL(A,;,) AAGGWEHDSGC  Ibid
Thrombin (His),-GLA(A,,)SGFPRGRC Ibid
Chymotrypsin  (His),-GL(A,;,)AAGGWGC Ibid

"All sequences are written from N- to C-terminus. (His),: polyhistidine, A,:
alpha-amino isobutyric acid.
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3.6.2 Photodynamic Therapy

Photodynamic therapy (PDT) refers to a kind of cancer treatment based on three
synergistic components: a photosensitizer (PS), light, and oxygen molecules present
in tissues [105, 106]. Photosensitizers are nontoxic chromophores that generate
reactive oxygen species (ROS) such as free radicals (hydroxyl radical: ® OH and
superoxide: ®O,) and single oxygen ('O,) upon light irradiation. These com-
pounds act locally to cause irreversible oxidative damages to enzymes, proteins,
nucleic acids, mitochondria, and membranes with the result of inducing apoptosis,
necrosis, and cell death. In the clinic, the effectiveness of a PDT treatment relies on
the retention and accumulation of the PS into tumor tissues followed by its selective
destruction by ROS generated through laser irradiation of specific wavelength and
directed to the sensitized local area. Compared with conventional surgery, this
approach is minimally invasive. However, current FDA-approved PSs (such as
Photofrin) are far from being ideal. They are poorly soluble, unstable, have low tar-
geting selectivity, and show some spontaneous skin phototoxicity triggered by regu-
lar daylight (which goes with the fact that their excitation wavelengths are not
optimal for deep tissue penetration). Given these major drawbacks, qdots have gar-
nered much attention as potentially novel PSs or, at least, as cofactors of conven-
tional PSs [107, 108]. Qdots main benefits relate to their resistance to
photobleaching, emission, and absorption tunability in the NIR for deep tissue exci-
tation, large absorption coefficients, continuous absorption bands that can be used
to extend the range of excitation of conventional PSs through Forster (fluorescence)
resonance energy transfer (FRET), and the availability of active-targeting
approaches to introduce a degree of selectivity in PDT treatments. Qdots as PS car-
riers could boost singlet oxygen yield (through FRET) for better PDT efficacy over
PSs alone. They also have the potential to act as imaging and therapeutic agents
simultaneously.

Early attempts to harness the full capabilities of gdots in PDT have been limited
due to the poor solubility and/or instability of the qdot-PS conjugates in the aqueous
environment [109-111]. We recently developed novel qdot-PS bioconjugates based
on our unique phytochelatin peptide-coating technology that preserved both the
photophysical properties of the qdots and of the PSs [112]. Figure 3.7 describes the
conjugation schemes used to covalently attach two PSs, rose bengal and chlorin €6,
to phytochelatin peptides (peptide 1 in Table 3.1). The versatility of our
mix-and-match peptide approach allowed us to carefully control the number of PSs
conjugated to the qdots by simply changing the stoichiometry of PS-conjugated pep-
tides to peptides of other functionalities (PEG, biotin, and so on; see Figure 3.2(b))
during the mass exchange process. Typically, 1 to 30 PSs could be grafted per gdots.
It is worth mentioning that the number of PSs directly correlated with the size (i.e.,
surface area) of the qdots; the bigger the qdots, the more PSs could be added [112].
FRET was evident between the qdots (acting as donors) and PSs (acting as accep-
tors). Figure 3.7(c) shows the dramatic increase of fluorescence of both rose bengal
(attached to green qdots) and chlorin e6 (attached to red qdots) as a result of FRET
(red curve) in comparison with the fluorescence of PSs alone at the same concentra-
tion (black curves). An important conclusion is that the peptide coating layer is thin
enough to allow easy energy transfer between qdots and the PSs. Finally, we found
that the qdot-PS conjugates produced singlet oxygen either by exciting the PS
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Figure 3.7 Production of singlet oxygen with peptide-coated qdot-photosensitizer probes: (a)
Scheme of conjugations of rose bengal and (b) chlorin to phytochelatin peptides. (c)
Photoluminescence spectra of the conjugates. (left) rose bengal peptide-coated qdots (gray curve)
and rose bengal alone (black curve). (right) Chlorin e6-conjugated QDs (gray curve) and chlorin
e6 alone (black curve). The same concentration of each photosensitizer was excited at 450 nm.
Adapted from [112] with permission from the American Chemical Society.
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directly or indirectly through the FRET process. We are currently testing these
qdot-PS conjugates for their ability to kill cells in culture. The next step would be to
customize multifunctional qdot-PS probes able to specifically target cancer cells,
absorb large quantities of light, and destroy tumors through singlet oxygen
generation deep into tissue using NIR qgdots and conjugation to NIR-absorbing
photosensitizers.

3.7 Conclusion and Perspectives

Several key features make the peptide-coating approach advantageous for biologi-
cal applications of qdots. First and foremost is its simplicity, since a single, simple
reaction step can achieve both solubility in aqueous environment and bioactivation
of the nanoparticles. Second, this approach is highly versatile and allows the testing
of various peptide sequences simultaneously to encode multifunctional and
multimodal capabilities in a single probe. Finally, the peptide-based approach
maintains the overall size of the qdot probe as relatively small. For example, it has
recently been demonstrated that a small (< § nm) hydrodynamic radius is crucial for
renal clearance of qdots intravenously injected into mice [113]. Without a way to
excrete or biodegrade qdots into inert components, toxicity becomes an issue and
imaging is impaired. Fortunately, the “peptide toolbox” gives us considerable lati-
tude to modulate parameters such as peptide density, overall charge,
hydrophilicity/hydrophobicity, and incorporation of moieties like high molecular
weight PEG. In particular, PEG helps to increase biocompatibility, to neutralize
nonspecific adsorption of serum proteins, and to increase circulation time in vivo.
Therefore, peptide engineering might provide a rational path to the optimization of
the pharmacokinetic parameters of IV-administrated functionalized gdots, while
maintaining the final size of the functionalized probes as small as possible. Future
research utilizing smaller, NIR-emitting qdots such as InAs-based qdots [114] may
further promote extravasations of the qdots from the blood vasculature to target
solid tumors. Active targeting strategies using peptides could also be combined with
cytotoxic agents in the form of photodynamic therapy treatments.

At the cellular level, peptides offer wide potentials for novel applications. New
affinity pairs will certainly emerge from in vitro directed molecular evolution to
enable multiplexing studies [115]. New peptide sequences will facilitate crossing the
cell membrane to go beyond the study of cell surface membrane markers to
intracellular processes such as trafficking and signal transduction. Interestingly,
recent studies are making use of extracellular proteases to modulate the cellular
uptake of peptide-conjugated qdots [116]. Modulating the uptake of nanoparticles
into cells with tumor-specific proteases may lead to their selective accumulation in
tumor cells for further targeted destruction. Finally, new peptide qdot-based sys-
tems will be capable of sensing at the single-molecule level. Capitalizing on the
advantages of both peptides and qdots may bring us closer to the ultimate goal of
probing biological systems at all length scales: from the whole-body down to the
cellular and molecular level with a single probe.
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Sensing Using Quantum Dot
Bioconjugates
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4.1 Introduction and Background

One of the most common activities in all of biological research is monitoring of pro-
tein-protein interactions and protein tracking. This can provide information on a
broad range of processes including cellular signaling pathways, drug interactions,
pathogen detection, molecular structure/function, and genetic expression. Although
simple in concept, the complexity arises from difficulties in implementation and
data analysis. Forster or fluorescence resonance energy transfer (FRET) provides a
powerful spectroscopic tool to probe these complex biological phenomena. Its use
has steadily expanded in the past three decades, facilitated by progress in both
developing sophisticated detection systems and the ever-growing range of available
fluorophores.

FRET is a photophysical process that involves the nonradiative transfer of exci-
tation energy from an excited state donor molecule (D) to a proximal ground-state
acceptor molecule (A) [1]. Efficient FRET requires that two key criteria are satisfied:
(1) proximity between donor and acceptor, because the process is driven by
dipole-dipole interactions, and (2) the donor emission must have a sizable overlap
with the acceptor absorption profile (i.e., they share spectral overlap) [1]. Although
an in-depth review of the FRET formalism is not warranted here, we will provide
a few expressions that are important to the current discussion. The rate of
energy transfer between a donor and an acceptor separated by a center-to-center
distance, 7, can be expressed as:

6

g = BXOnl_ (1) « (RoJ (4.1)

6
Tt T, r

where O, and 7, designate the donor photoluminescence (PL) quantum yield and
its exciton radiative lifetime, respectively. The constant B is a function of the refrac-
tive index of the medium 7, Avogadro’s number N,, and the dipole orientation
parameter, K,:
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5 [9,000% (In10)];

(4.2)
1287°ni N,

The Forster radius R, designates the separation distance corresponding to 50
percent FRET efficiency and is given by:

R, = (BQ,1)" = (978x10°n;x20,1)" (in &) (4.3)

where I is the integral of the spectral overlap between donor PL and acceptor
absorption, J(A). The orientation factor « varies from 0 (for perpendicular align-
ment of the donor and acceptor dipoles) to 4 (for parallel orientation) [1]. The
energy transfer efficiency defined as:

kD—A _ Rg

E: =
-1 6 6
kp 4 +7T5 Ry +7

(4.4)

accounts for the fraction of excitons that are transferred from the donor to the
acceptor nonradiatively. Experimentally, E is determined from either steady-state or
time-resolved fluorescence measurements using;:

F
E=1- %(steady-state), or E=1- b4 (timeresolved) (4.5)
D D

where the donor fluorescence intensity in the absence (F,)) and presence (F,,) of the
acceptors are used; similarly, 7, and 7, , designate the donor excited state fluorescent
lifetime in the absence and presence of the acceptors [1].

The strong sixth power dependence of FRET efficiency on » makes this process
ideally suited for probing nanoscale separation distances in the range of 10-100A,
which has resulted in the technical qualification of FRET as a “spectroscopic ruler.”
FRET is ideally suited for assessing the size of biomolecules or probing changes in
protein conformation. Indeed, FRET using conventional organic or protein-based
fluorophores has been applied to probe nanoscale interactions for an array of bio-
logical phenomena, which can be broadly grouped in two main areas [1]. The first
area is a signal transduction modality for a myriad in vitro and in vivo biosensors of
small molecule targets, such as nutrients and intracellular second messengers, or
alternatively to sense specific enzymatic events, such as proteolysis [2-4]. The second
area is a tool for elucidating the structure, conformation, and specific interactions of
biomolecules, with applications ranging from monitoring real-time protein folding
to determining the overall structure of protein-protein and DNA-protein complexes
[5, 6-9].

Effective implementation of FRET in biology hinges on the ability to meet two
challenges: reproducible methods for labeling biomolecules with donor and accep-
tor molecules, and, more importantly, the spectroscopic properties of the
fluorophores. In general, controlled labeling of the target biomolecules with
fluorophores (donor/acceptor) at known and distinct sites is the most desirable for-
mat. This can allow good control over the measured FRET efficiencies and provide
information on subtle changes in protein (or peptide, DNA) conformation resulting
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from interactions with target molecules or changes in the surrounding conditions
[2]. To date, the most common donor molecules have been organic dyes or fluores-
cent proteins, while both emissive and nonemissive, or “dark,” quenching dyes
were used as acceptors [2]. Some of the inherent photophysical properties of these
materials have limited further progress of FRET-based assays and sensing in biol-
ogy. Limitations can arise from low quantum yields, pH sensitivity, and susceptibil-
ity to both chemical and photo-degradation, along with broad absorption and
emission profiles. The latter results in substantial overlap between donor and accep-
tor absorption/emission spectra; it also results in significant direct excitation contri-
bution to the acceptor emission [1, 2, 10]. Thus, effective implementation of FRET
often requires complex instrumentation to provide tunable excitation and allow
signal detection and sophisticated data analysis that permit careful deconvolution
of complex raw PL spectra.

Luminescent semiconductor nanocrystals or quantum dots (QDs) offer unique
optical and spectroscopic properties that can potentially overcome some of these
limitations and improve FRET use in biological as well as nonbiological applica-
tions [10, 11]. In this chapter, we first describe the QD photophysical properties of
direct relevance to FRET. We then discuss the progress made using QDs and FRET
in biology by describing various biosensing configurations, and finally we provide
some assessment of where QD-based FRET may be evolving in the near future.

4.2 Unique Attributes of Quantum Dots As FRET Donors

As compared to conventional organic- and protein-based fluorophores, nano-
crytalline semiconductor quantum dots are characterized by several unique proper-
ties. These include broad absorption spectra extending to the UV, with very high
extinction coefficients, along with tunable narrow-symmetric PL (with full width at
half-maximum, FWHM, <40 nm; see Figure 4.1). Tuning of the QD emission is
driven by quantum confinement effects and is primarily governed by the
nanocrystal size and materials composition [12-16]. Additionally, QDs exhibit
high PL yields, a strong resistance to both photo- and chemical degradation, and
pronounced photobleaching thresholds. Cumulatively, these properties impart to
QD:s five unique attributes as FRET donors that are unavailable with conventional
fluorophores [10].

4.2.1 Improving the Spectral Overlap by Tuning QD Emission

When using conventional organic dyes, the D-A pair is usually chosen to have siz-
able spectral overlap (e.g., fluorescein-rhodamine and Cy3-Cy5 are some of the
most commonly used pairs), but the ability to tune the degree of that overlap is lim-
ited due to the relatively narrow absorption bands of conventional fluorophores [1,
2]. In comparison, for QD-dye D-A pairs, the spectral overlap with a given dye can
be easily tuned by changing the QDs size/color used. As an illustrative example, Fig-
ure 4.1(a) shows the PL emission of 3 CdSe-ZnS core-shell QD dispersions with
emission centered at 510, 530, and 555 nm plotted against the absorption of Cy3
acceptor, together with the corresponding overlap function, J(1). Plots clearly show
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that as Cy3 has an absorption maximum at ~555 nm, the spectral overlap improves
dramatically for QDs emitting at 555 nm (R, varies from ~ 47A to 57A for these
pairs). Since QD emissions can be tuned from the UV to the near IR, this would
imply that with a judicious choice of core materials and nanocrystal size, a QD
donor can be selected for optimized spectral overlap with essentially any potential
fluorophore acceptor [10, 11].

4.2.2 Significant Reduction of Direct Excitation of the Acceptor

Organic dye and protein fluorophores are characterized by broad absorption spec-
tra coupled with small Stoke’s shifts. Experimentally, this means that the donor and
acceptor absorption spectra usually exhibit considerable overlap, regardless of the
excitation wavelength used, and there is always a significant direct excitation contri-
bution to the acceptor emission. Thus, FRET analysis usually requires careful
deconvolution of composite spectra to clearly isolate donor and acceptor emissions
and accurately determine FRET efficiencies and sensitization of the acceptor. This
contrasts with QD-dye pairs, where the ability to efficiently excite the QD at virtu-
ally any wavelength below the first absorption peak allows one to select a line corre-
sponding to the acceptor’s absorption minimum. This can substantially reduce
direct excitation contribution of the acceptor emission. This feature is illustrated in
Figure 4.1(b), where a 590-nm emitting QD donor is paired with a Cy5 dye accep-
tor. For this pair, excitation at any wavelength below 520 nm will produce little to
no direct excitation contribution to Cy5 emission. Indeed, 350-nm excitation of this
configuration resulted in a direct Cy$S excitation contribution ~40 times smaller
than the FRET-sensitized emission [17].

4.2.3 Increase FRET Efficiency by Arraying Multiple Acceptors around a Single
QD

QDs are significantly larger in size than organic dyes and their surfaces provide mul-
tiple sites for attaching dyes or dye-labeled biomolecules. This allows for a configu-
ration where a single nanocrystal can simultaneously interact with multiple
acceptors. Applying the Forster concepts within such a configuration translates a
proportional increase in the overlap integral (or FRET cross-section) with an
increasing number of acceptors per donor and a concomitant enhancement in the
rate of FRET. This in turn induces a substantial enhancement in the overall FRET
efficiency compared to one-to-one D-A pairs. For a simple conjugate configuration
where multiple acceptors n are arrayed at a given distance r around a central QD
(centro symmetric configuration with fixed separation distance), (4.4) can be
developed to [18]:

R 6
E=—"20 (4.6)
nRy +r

This assumes that a dipole-orientation k” value of 2/3 (characteristic of random
distribution of dipoles) provide a proper description for QD-dye pairs, which is jus-
tified by the partial random orientation of the QD dipole and the inability to control
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Figure 4.1 (a) Normalized absorption spectra (e,) of Cy3 dye and photoemission spectra of the
three CdSe-ZnS core-shell QD solutions. Inset shows plots of the resulting overlap functions, J(1) =
Py oA) X A" x g,(1) , and highlights the effects of size-tuning the QD emission on the degree of
spectral overlap for a given acceptor dye (Cy3). Adapted from [18] and reprinted with permission
from the American Chemical Society (ACS). (b) Normalized absorption and emission spectra for
590-nm CdSe-ZnS core/shell donor QDs and Cy5 acceptor dye. The position of a 488-nm laser
excitation line is shown in gray. Note the minimal Cy5 absorption at this wavelength.

the orientation of the dye-acceptor dipoles conjugated (such as protein dye, peptide
dye, or DNA dye) to the QD surface [18]. The anticipated effect of (4.6) is schemati-
cally illustrated in Figure 4.2, where a central QD (with a nominal radius of 304) is
interacting with protein-acceptors attached to its surface; the dye is located at a dis-
tance of 70A from the QD center. For a nominal R, value of § 6A, (4.4) predicts a
FRET efficiency of ~22 percent for a single QD-single dye pair (z=1) [19]. In com-
parison, for n = 5 the anticipated efficiency using (4.6) increases to ~58 percent.
CdSe-ZnS QDs have diameters ranging from 20-80A depending upon emission [11,
16]. They can thus accommodate several small to medium-size dye-labeled proteins
(molecular weight ~10-60 kD) and an even larger number of dye-labeled DNAs and
peptides [17, 20]. This particular feature implies that dyes with lower absorptivity
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Figure 4.2 Demonstration of improved FRET efficiency E derived from arraying multiple acceptor
dyes around a single QD donor acting as a protein scaffold. Figure adapted from [21] and
reprinted with permission of the Nature Publishing Group (NPG).

and weaker overlap can still be used if several copies were arrayed around a QD
donor. It also implies that a broad dynamic FRET range can be realized for a
donor-acceptor pair by varying 7. Utilization of this concept within QD-FRET-
based biosensors can result in a significant increase in the range of FRET signals
accessible for a sensing event [19]. In this configuration, the QD plays a dual role of
a nanoscale scaffold for arraying multiple copies of dye-labeled (and unlabeled)
receptor molecules and as a central exciton donor. This has in fact, both by design or
default, been utilized in a number of QD-based FRET sensors to detect small mole-
cule targets (see further discussion later) [21-24].

4.2.4 Achieving Multiplex FRET Configurations with One Excitation Source

The ability to follow two or three functions/processes simultaneously within the same
cell using FRET could provide invaluable information on how a myriad of cellular
events are spacio-temporally correlated. QD donors offer unique advantages for real-
izing multiplexed FRET. Even though the most obvious configuration to achieve this
would use multiple dye-labeled receptors conjugated to the same QD donor, we have
recently demonstrated that multiplex FRET with QDs is much simpler to implement
using a converse configuration where multiple QD donors emitting at distinct wave-
lengths are paired with the same acceptor dye [25]. QDs self-assembled with maltose
binding protein (MBP), site-specifically labeled with a dark-quenching acceptor, were
used, as schematically represented for a three-plex scenario in Figure 4.3(a). As can be
seen in the panels shown in Figure 4.3(b)—(e), only the PL of a particular QD conju-
gated to dye proteins within the mixture can be selectively quenched (or modulated)
by FRET; those unconjugated are essentially unaffected. We have further expanded
this configuration to a four-channel FRET system using four QD colors. This study
also showed that emissive and dark (nonemissive) dyes alike can be used for effective
multiplexed FRET within the same sample [25]. The study has further shown that a
configuration using one QD donor and multiple color acceptors entails more compli-
cated spectral deconvolution because of the broad emission spectra of organic dyes.
In addition, nonradiative energy transfer between dyes attached to the same donor
may be nonnegligible, further complicating the analysis.
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Figure 4.3 (a) Schematic representation of the FRET multiplexing configuration. Three distinct
QD donors conjugated to QSY-7-labeled MBP are shown. (b—e) Deconvoluted PL spectra for the
system using three QD donors interacting with QSY-7 quencher. The composite spectrum is
shown as open circles (O); the fitted spectrum as a solid black line. (b) No QSY-7 dyes are present.
(c) Only conjugates of the 510-nm QDs are QSY-7-labeled. (d) 510- and 555-nm QDs are conju-
gated to MBP-QSY-7. (e) All three QDs have dye-labeled MBP. Cartoons representing labeled and
unlabeled QD conjugates are shown in the insets. Adapted from [25] and reprinted with permis-
sion from the ACS.
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4.2.5 Multiphoton FRET Configurations

Fluorescence driven by multiphoton excitation utilizes IR sources that are ideally
located within the tissue optical transparency window; it allows deep penetration
(~1 mm) with limited overall photodamage and is thus highly desirable for deep tis-
sue imaging [26]. FRET using conventional fluorophores driven by two-photon
excitation has been extremely limited, primarily due to their low multiphoton
absorption profiles [27]. In contrast QDs have very high two-photon action cross
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sections, ~2-3 orders of magnitude larger than the best available dyes (8-20,000
Geppert-Mayer-GM units at 800-nm excitation) [27]. It has been shown that
two-photon fluorescence using luminescent QDs enabled imaging at greater depths
than what was allowed with standard dye fluorophores, while using less average
excitation power. For example, QDs allowed visualization of vasculature hundreds
of micrometers deep through the skin of living mice [28]. The strong difference in
two-photon action cross-section between dots and dyes suggest that FRET with
QDs driven by two-photon excitation in the NIR could provide additional advan-
tages to what was described for one-photon excitation earlier. Using the same
QD-MBP-dye conjugates introduced previously, we demonstrated that two-photon
excitation could specifically exploit the vast disparity in cross-sectional absorption
efficiencies between QDs and dyes, to provide FRET sensitization with essentially
negligible direct excitation contribution to the dye-acceptor signal. The steady-state
data shown in Figure 4.4 indicate that there is a full equivalence between the FRET
processes driven by either mode of excitation, a property also confirmed by
excited-state lifetime measurements [27]. Data also show that under one-photon
excitation, the direct excitation contribution to the acceptor emission though small
is not negligible. In comparison, such contribution is essentially zero under
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Figure 4.4 (a) Schematic of two-photon excitation and FRET with a QD-protein-dye conjugate.
Deconvoluted PL spectra of QDs and Cy3 as a function of an increasing number of MBP-Cy3 per
510-nm QD using both (b) conventional and (c) two-photon excitation. The inset in each shows a
comparison between FRET-induced Cy3 PL and the contribution due to direct conventional or
two-photon excitation collected for a control MBP-Cy3 sample. Figure adapted from [27] and
reproduced with permission. © Wiley-VCH Verlag GmbH & Co. KGaA. (See Color Plate 6.)
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two-photon excitation. Multiphoton FRET with QD donors can thus remove the
need to correct for background contribution and substantially increases the mea-
sured signal-to-noise ratios. This configuration may be beneficial for intracellular
FRET sensing and imaging where the dye signal (due to FRET) could be easily dis-
tinguished from any background contribution [27].

4.3 FRET-Based Biosensing with Quantum Dots

Within the context of this discussion, we loosely define biosensing as the detection
of either a biological molecule or biological process with a QD-conjugate assembly
that incorporates other dye-labeled biomolecules and where signal transduction
results from changes in FRET interactions. We categorize these sensors by a combi-
nation of their overall composite structure and the targeted ligand or targeted bio-
logical process. We focus on selected representative examples to highlight the
sensing mechanisms and examine both their benefits and limitations.

4.3.1 Competitive Sensing Using QD-Protein Conjugates

In this format, the sensors consist of QD-protein conjugates and are primarily
directed to the detection of small molecule targets. The sensor specificity is provided
by the protein’s ability to recognize and bind to its cognate target. The competition
format uses a dye-labeled analog with known affinity to the protein receptor and is
first captured by the QD-protein receptor conjugates. This is accomplished by either
preassembling the protein and dye-labeled analog prior to conjugation onto the QD
surface or by adding the analog dye to the sample containing the QD-protein assem-
blies. Formation of the QD-protein-analog-dye complex brings the dye in close
proximity to the QDs and results in FRET-induced loss of the QD emission. The tar-
get molecule, when added to the solution, will compete off the analog and bind to
the receptor protein, which removes the acceptor away from the nanocrystal sur-
face, reduces FRET interactions, and produces progressive recovery of the QD emis-
sion. Analysis of the QD PL recovery also provides some insights into conjugate
sensing kinetics of the target molecule. Alternatively the target and analog could be
simultaneously added to the QD-protein conjugates, but in this case one monitors
the reduction in FRET efficiencies measured in the presence of the competing target
molecule. Three specific examples employing this sensing strategy were recently
reported.

The first QD sensing assembly was demonstrated by our group and utilized
MBP self-assembled on the QD surface to specifically target the nutrient sugar malt-
ose [21]. Prior to QD-conjugate assembly, MBP was allowed to prebind a
beta-cyclodextrin (BCD) analog of maltose that was covalently labeled with a
QSY-9 dark quenching acceptor to form MBP-BCD-QSY9 complexes. Multiple
copies of these complexes were self-assembled onto the QD surface by utilizing a
pentahistidine (His;) sequence located at the proteins C-terminus [29]. The His;
sequence coordinates to the surface of ZnS-overcoated QDs through metal-affinity
interactions. The proximity of the MBP-BCD-QSY9 complex to the nanocrystal
results in efficient FRET-induced quenching of the QD emission. Subsequent addi-
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tion of maltose competed for MBP binding, displaced the BCD-QSY9, and resulted
in a concentration dependent increase of QD PL [21]. The maltose dissociation con-
stant K, of ~7 uM, extrapolated from the FRET recovery data, correlated well with
the 1-10 uM values reported for solution-phase wild-type MBP. Further testing of
this sensor with a variety of sugars confirmed its binding specificity only for sugars
containing a1-4 glucosidic linkages such as those found in maltosides. These results
indicate that MBP retains its binding characteristics after self-assembly onto the QD
surface.

Modified versions of this same FRET-based sensor for the sugar maltose have
also been demonstrated, employing QD-MBP conjugates in either one- or two-pho-
ton excitation modes [27] and in a reagentless configuration [30, 31]. For the
reagentless configuration, MBP was labeled with Cy3 at a unique site within the
proteins binding pocket and self-assembled onto the QDs surface. Addition of
increasing concentrations of maltose resulted in an obligatory rearrangement of the
MBP structure, and as the protein’s conformation closed around the dye, it changed
the dye’s emission efficiency. While the system was primarily excited by the QD
donor (with a given FRET efficiency), the net result was a concentration dependent
change in Cy3 acceptor emission, allowing PL ratiometric monitoring of maltose
presence [27, 30].

In the second example, a sensing assembly targeting the explosive trinitrotolu-
ene (TNT) in aqueous environments was constructed and characterized; see sche-
matics in Figure 4.5 [22]. In this case, a single chain antibody fragment specifically
selected against TNT (oTNT-ScFV) and expressing a C-terminal polyhistidine
sequence was conjugated to the QDs and used as the recognition protein. An explo-
sive analog-dye complex was synthesized consisting of the dark quenching dye
(BHQ-10) attached to the TNT analog trinitrobenzene via a diaminopentane linker
(BHQ-10-TNB); see Figure 4.5(b) for structure. When the preassembled
oTNT-ScFV-BHQ-10-TNB construct was immobilized on the QD surface via
His-metal affinity, the net result was a FRET-based quenching of the QD PL, with
efficiency that depended on the number of constructs attached to the nanocrystal
surface and the QD-dye spectral overlap. The quenched assembly was exposed to a
variety of different explosives and only TNT elicited a significant concentra-
tion-dependent increase in QD PL, see Figure 4.5(c). The QD-ScFv-BHQ-10-TNB
sensing assembly was also tested against several extracts derived from explo-
sive-contaminated soils and was able to provide accurate measures of the TNT
concentrations [22].

A variation of the competitive format explored FRET-based QD
immunosensing. The sensing assemblies consist of QDs conjugated to a capture
antibody specific to the target-antigen and a second dye-labeled reporter antibody
also having specific affinity to the target antigen; the antibodies have no affinity for
each other. When the target antigen is added to the solution, it binds to the capture
and reporter antibodies forming a sandwich structure immobilized on the
nanocrystal. This brings the dye in proximity of the QD surface and produces a
FRET-induced quenching of its photoemission. The rate of quenching depends on
the target concentration. In one example, 565-nm emitting QD donors were conju-
gated to monoclonal antibodies specific for estrogen receptor f (ER-f) (antigen),
and Alexa Fluor 633 dye was used to label a polyclonal anti-ER reporter antibody
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Figure 4.5 (a) Schematic of the QD-anti-TNT FRET sensor assembly. When TNB-BHQ-10 is
bound to the QD-anti-TNT conjugate, QD fluorescence is quenched. As TNT is added to the assay,
it competes for binding to the antibody fragment and the QD fluorescence increases following
TNB-BHQ-10 release. (b) Chemical structure of the TNB-BHQ-10 quencher analogue. (c) Results
from testing of the QD-anti-TNT sensor with TNT and the indicated TNT analogues. These assem-
blies were constructed using 530-nm emitting QDs. Adapted from [22] and reprinted with permis-

sion from the ACS.

[32]. In the presence of the target ER-3, a sandwich structure was formed on the QD
surface, which brought the dyes closer to the nanocrystal surface and resulted in siz-
able FRET interactions and QD PL loss. A donor-acceptor separation distance of
~80-90A was derived from the FRET data, which reflected the rather large size of
the molecules (antibodies) involved. In general, QD-FRET based immunosensing
can frequently be complicated by (1) the large size of antibodies and (2) the lack of
unique sites on the antibodies for dye-labeling and attachment to the QD, which
ultimately results in both a heterogeneous distribution of D-A separation distances

and mixed antibody avidity.
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4.3.2 Sensing Enzymatic Activity Using QD-Peptide and QD-Oligonucleotide
Substrates

Proteases function in myriad normal and aberrant biochemical processes and play key
roles in pathogenic virulence. This has made this super-family of enzymes important
clinical and pharmaceutical targets [33, 34]. FRET-based sensing is perhaps the most
common approach to detecting protease activity. This sensing configuration is based
on cleavage of the peptide substrate, and it differs from the one based on competition
for binding sites, discussed earlier for maltose and TNT. The sensing assemblies
reported to date mostly consist of QDs conjugated to peptide-substrates. The pep-
tides, as the smaller building blocks of proteins, provide a particular amino acid rec-
ognition/cleavage sequence that is integral to the sensor’s overall function.
Assembling multiple copies of dye-labeled peptides on a QD surface brings the accep-
tors in close proximity to the nanocrystal and induces a ratio-dependent quenching of
the QD PL. The ratio-dependent FRET efficiencies could also be used as standard
curves to which subsequent change in FRET signature are compared. Once the
QD-peptide-dye assemblies are formed and the solution is equilibrated, addition of an
enzyme specifically cleaves the protease-recognized sequence and displaces the dye
away from the nanocrystal surface, resulting in progressive reduction of FRET inter-
actions and recovery of QD emission. As the rate of peptide cleavage is a kinetic pro-
cess, it will depend on the protease concentration, and this can be tracked from the PL
recovery following substrate cleavage.

In a first example, Rosenzweig and coworkers used peptide substrates express-
ing a cysteine at one terminus and labeled with a rhodamine-dye acceptor at the
other end [35, 36]. The peptide-dye were used to surface functionalize CdSe-ZnS
QDs via cap exchange. The section spanning the center of the peptide sequence was
designed to be recognized and cleaved by either of the peptidases trypsin or collagen-
ase. Once fully assembled, the close proximity of the acceptor dye to the QD surface
resulted in efficient FRET and loss of QD PL. Recovery of the emission was gener-
ated following incubation with either enzyme. The presence of an inhibitor was
shown to substantially decrease the rate of fluorescence recovery, indicative of a
reduction in protease activity. The authors also showed that the conjugate sensor
could detect the presence of extra secreted proteases in media derived from cancer-
ous cell cultures. This initial study demonstrated that proteolytic activity could be
qualitatively followed over time with QD-peptide substrates both in vitro and in
clinically relevant samples.

In the second example, we developed a series of tailored QD-peptide sensing
assemblies capable of monitoring the proteolytic activity of several enzymes [20]. In
this study, we used a modular peptide design where each peptide incorporated
within its linear structure: (1) an N-terminal His, sequence for self-assembly onto
CdSe-ZnS QDs, (2) a helix-linker spacer to provide rigidity and extension away
from the QD surface, (3) an exposed protease recognition sequence, and (4) a C-ter-
minal cysteine-thiol for specific dye-labeling; see schematic Figure 4.6(a). The
advantage of the modular design resides in the fact that the specificity of the sub-
strate toward a specific enzyme could be altered by changing the central recognition
sequence, while maintaining the same overall peptide structure. The data on the loss
of FRET efficiency versus increasing ratio of dye-labeled peptides self-assembled on
a QD provide a “standard curve,” which could be used to translate relative changes
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Figure 4.6 (a) Schematic diagram of the self-assembled QD-peptide protease nanosensors.
Dye-labeled modular peptides containing appropriate cleavage sequences are self-assembled onto
the QD. FRET from the QD to the proximal acceptors quenches the QD PL. Specific protease
cleaves the peptide and alters FRET. (b) PL spectra for an increasing ratio of thrombin peptide
labeled with QXL (Thr-QXL) per 522 nm QD and (c) plot of QD PL loss versus Thr-QXL:QD ratio
together with corresponding FRET efficiency versus n. (d) Results of assaying a constant amount of
QD-Thr-QXL peptide substrate versus increasing thrombin concentration in the absence and pres-
ence of 100-nM thrombin inhibitor. (e) Results of assaying the inhibitory effects of the eight indi-
cated compounds on the thrombin nanosensor at three concentrations (1 uM, 100 uM, and 1 nM;
heparin concentration in units). The no-inhibitor control yields velocity of ~7.0 picomoles peptide
cleaved/min. A value of 3.5 picomoles peptide cleaved/min is designated as significant yielding
three “hits” of interest (arrows). Figures adapted from [20] and reprinted with permission of the
NPG.

in FRET signature/efficiency measured in the presence of a given concentration of
the target enzyme into units of enzymatic activity; see Figure 4.6(b, ¢). This same
standard curve also allows a choice of specific ratio of peptide-acceptors per QD for
use in the substrate assembly that would correspond to large dynamic change in
FRET following proteolytic cleavage. Using both emissive and dark-quenching
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acceptor dyes, four sensing assemblies targeted to the proteases caspace-1,
thrombin, collagenase, and chymotrypsin were constructed and tested. Figure 4.6(b)
shows a representative set of PL spectra for 520-nm emitting QD versus an increas-
ing ratio of thrombin peptide substrate labeled with QXL-520 dark quenching
acceptor; the corresponding relative QD PL decay and FRET efficiency versus num-
ber of dye-labeled peptides per QD or standard curves are shown in Figure 4.6(c).
Figure 4.6(d) shows the results from the thrombin assay where QD-thrombin-pep-
tide substrate was exposed to an increasing concentration of thrombin in the pres-
ence and absence of a specific thrombinase inhibitor. Applying the standard
Michaelis-Menten kinetic analysis to the enzyme assay, the Michaelis constant K,
maximal velocity V,___along with the inhibitor constant K, (where appropriate) and
turnover number k_, were derived, both for this and the other systems tested. Fur-
ther analysis of the data also allowed determination of the mechanism of inhibition
(i.e., competitive versus noncompetitive). We further tested the ability of such
QD-peptide substrates to screen for potential inhibitors against a given enzyme in a
pharmaceutical-type screening assay. Figure 4.6(e) shows the results collected from
screening eight potential inhibitor compounds, each at three different concentra-
tions tested against thrombin QD-peptide substrate; the arrows indicate the com-
pounds that showed loss of enzymatic activity exceeding 50 percent. These three
“hits” correspond to compounds known to inhibit thrombin activity, which confirm
the specificity of the assay format [20]. The ability to easily switch between targeted
proteases by changing a small modular unit within the peptide sequences, combined
with the ability to perform quantitative experiments, will be especially useful to
monitoring many proteases.

The third example did not employ a peptide, but rather substituted a synthetic
molecule as a substrate. Using this scheme, Rao and coworkers reported the assem-
bly and testing of QD-substrates for sensing 3-lactamase activity [37]. -lactamases
(Blas) are enzymes of bacterial origin that hydrolyze drugs such as penicillin and the
cephalosporins and are responsible for bacterial antibiotic resistance [37, 38].
p-lactamases are also very effective enzymatic reporters for processes such as pro-
moter activation and protein interactions and have been incorporated into many
pharmaceutical screens where their expression and activity are directly monitored
both in vivo and in vitro [37, 38]. The authors first synthesized and labeled a core
Bla recognized lactam chemical substrate with a Cy5-acceptor at one terminus and a
biotin at the other terminus. Biotin enabled the dye-labeled substrate to self-assem-
ble onto 605-nm streptavidin-coated QDs (Invitrogen); see Figure 4.7. Although the
assembly resulted in efficient FRET quenching of the QD, the rather small chemical
substrate prevented effective interactions with the larger size enzyme, and additional
modification of the substrate design by providing a longer lateral extension (a
spacer) was necessary to overcome steric constraints and allow unhindered enzyme
access to the Bla binding site on the QD-substrate. Addition of the lactamase enzyme
to a solution of the QD-substrates resulted in time-dependent change in FRET effi-
ciency and allowed monitoring of enzyme activity over time (see Figure 4.7).

These examples of QD-substrates suggest that they could potentially be applied
to many other screening and diagnostic assays. For instance, the sensor for
lactamase activity could be directly incorporated as is into pharmaceutical library
screening assays for Bla inhibitors (i.e., drugs targeting bacterial antibiotic resis-
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Figure 4.7 (a) Schematic of the S-lactamase sensor. The Bla substrate is labeled with Cy5 and
immobilized onto QDs. Bla activity cleaves the lactam ring and releases Cy5, restoring the QD flu-
orescence. (b) PL from binding different ratios of extended BSLacCy5 per QD. (c) Activation of the
self-assembled quantum dot probes by Bla (0.03 mg/mL) over time. The QD probes contain sub-
strate and extended length substrate. Only cleavage with the extended substrate is noted. Figures
provided by J. Rao, Stanford University, and reprinted with permission of Elsevier [37].

tance enzymes). The major challenge for all QD conjugates capable of sensing
enzyme activity in vitro will be whether or not they can be extended to in vivo
assays. Intracellular monitoring of the activity of caspace(s), lactamases, and a vari-
ety of other enzymatic processes inside live cells will be highly desirable, as it brings
these systems closer to practical use of these QD-assemblies.

4.3.3 Detection of Hybridization Using QD-Nucleic Acid Conjugates

For this family of sensors, the nucleic acids such as DNA or RNA provide the QD
assemblies with two types of recognitions. The first is a direct sequence
complementarity, such as that exploited in DNA arrays and DNA molecular bea-
cons [39, 40]. The second recognition functionality is derived from the three-dimen-
sional structure of oligonucleotides, and it characterizes aptamers’ interactions with
larger nonnucleotidyl targets [41]. One representative example of sensing based on
direct DNA hybridization was reported by Banin and coworkers [42]. They
attached an average of six copies of thiolated DNA probe onto CdSe-ZnS QDs
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emitting at 580 nm, while Texas Red was used to label the complementary target
DNA sequence. When QD-DNA probes and dye-labeled targets were mixed,
changes in QD PL due to FRET interactions between QD and proximal dye allowed
real-time monitoring of hybridization. Addition of DNase I enzyme digested the
duplex DNA structures and resulted in partial QD PL recovery. The authors also
observed that direct nonspecific interactions (such as electrostatic binding) between
the QD surfaces and target DNAs could complicate the experimental conditions,
data collection, and analysis. This issue constitutes a major hurdle to using
QD-DNA as sensing assemblies, because charged groups are often used in promot-
ing water transfer of the nanocrystals (see Chapter 1 by Susumu et al.). The same
concept of QD-FRET sensing driven by hybridization was applied to the selection of
highly effective small-interfering RNA (siRNA) sequences with specific affinity to
the respective mRNA targets [43]. Bakalova and coworkers constructed QD-siRNA
conjugates that served as hybridization probes using nanocrystals encapsulated with
triblock copolymers and coupled single-stranded siRNA to the QDs via EDC
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) condensation. The target mRNA
was amplified in the presence of Cy5-labeled nucleotides, providing CyS5-mRNA.
FRET signature, namely the loss of QD PL coupled with an increase in the dye emis-
sion, was observed only when the QD-siRNA probes were exposed to mRNA and
had both good accessibility and high affinity; any mismatch between siRNA and
mRNA resulted in negligible FRET interactions [43].

Implementing QD-based FRET sensing in a multiplexed format has been rather
scarce. One of the main difficulties is reducing the effects of cross-reactivity of the sub-
strates, where often a single substrate can recognize multiple target molecules, albeit
with different affinities. Algar and Krull investigated the possibility of performing a
two-plex FRET based on direct hybridization using QD-oligonucleotide conjugates
[44]. For this, two distinct color CdSe-ZnS QDs emitting at 525 nm and 605 nm were
conjugated to two distinct DNA-probes. Hybridization of these conjugates with two
distinct targets, one labeled with Cy3 and the other with Alex647, was investigated
(see Figure 4.8). The mixture of these conjugate probes and targets was excited with a
single line, and the fluorescence emission was separated in two optical channels: a
green channel (450 <4 < 600 nm) isolating the FRET interactions for the 525-nm QD
paired with Cy3, which allowed for detection of target one, while a red channel (4 >
600 nm) isolated the signal from the 605-nm-QD Alexa647 pair specific to DNA tar-
get 2. This is slightly different from what was described in Section 4.2.4. The authors
reported nano-molar limits of detection in a sample mixture containing both targets.
Interestingly, they also found that the use of a common nucleic acid intercalating dye
(ethidium bromide) as the acceptor could increase the signal-to-noise ratio by fivefold
(from 2 to ~10) for the 525-nm QD substrate. This format may be expandable to 3-4
simultaneous sensors, and small improvements such as the use of an intercalating dye
could potentially increase sensitivity substantially [44].

In contrast to pure sequence-driven complementarity discussed earlier, there are
examples using QD-DNA conjugates to recognize larger nonnucleotidyl
biomolecular targets. Ellington and coworkers adapted the three-dimensional rec-
ognition and binding properties of aptamers to detect the presence of thrombin
enzyme [45]. Conjugates were formed using biotinylated aptamers specific for
thrombin enzyme and commercial streptavidin-QDs. Specific partially complemen-
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Figure 4.8 QD-FRET strategy for two-color nucleic acid detection. (a) Simultaneous excitation of
QDs without significant excitation of Cy3 or Alexa647. When probe oligonucleotides were conju-
gated to QDs, hybridization with a Cy3 or Alexa647 labeled target oligonucleotide yielded
FRET-sensitized emission from the dyes. (b) Two-color experiment demonstrating the ability to
detect two different labeled oligonucleotide sequences simultaneously via FRET-sensitized emis-
sion. When different concentrations of labeled target are added, the changes in each channel are
monitored for results. Figure provided by U.]. Krull, University of Toronto, and reprinted with per-
mission of Elsevier [44].

tary acceptor-labeled DNA sequences were allowed to hybridize onto the
QD-aptamer conjugates, resulting in quenching of the QDs emission. Rather high
average dye-to-QD ratios were needed due to the large streptavidin-QD size. Addi-
tion of the protease thrombin displaced the quencher-DNA, resulting in a concen-
tration dependent increase/recovery in QD PL. Effects of concentration and
temperature on the enzymatic interactions were monitored, while a control experi-
ment testing the sensor against a different target enzyme, lysozyme, did not signifi-
cantly affect the QD PL; this reflects that the QD-aptamer’s specificity was
maintained. In this study, the presence/absence of enzyme is detected, but not its
activity or viability. The sensing configuration for thrombin enzyme described here
is based on a competition displacement, analogous to what was shown for the
detection of maltose and TNT discussed in Section 4.3.1. The QD-aptamer-
DNA-dye assembly was also tested for its ability to detect complementary and
noncomplementary oligonucleotides. Two different oligonucleotides were synthe-
sized; one perfectly complementary to the aptamer on the QD and one containing a
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two-base-pair internal mismatch (double mutant sequence). They found that addi-
tion of the perfectly complementary sequence resulted in a steady time-dependent
increase of the QD fluorescence, due to displacement of the DNA dye away from the
nanocrystal and loss of FRET. Furthermore, these changes were recorded only at
temperatures near the melting point of the aptamer-DNA complex. In comparison,
the presence of the second double mutant oligonucleotide had no effects. These spe-
cific changes result from displacement of the dye-labeled partially complementary
sequence, which occurs only in the presence of a perfectly complementary sequence
and near the melting temperature [45]. Overall, these measurements confirm that
the aptamers on the nanocrystal surface maintain their biological activity.

In another example, Zhang and Johnson utilized the specificity of an RNA
sequence for a peptide derived from the human immunodeficiency virus (HIV) Rev
responsive element (RRE IIB RNA); see Figure 4.9 [24]. Biotinylated RRE IIB RNA
was attached to streptavidin-QDs and the conjugate assembly was used to capture
CyS-labeled Rev peptide, resulting in FRET interactions with efficiencies that
depended on the target concentration. The authors further assessed the inhibitory
effects of neomycin B on Rev-RRE binding by exposing a solution of QD-conjugates
to increasing concentration of Rev-peptide in the presence of a fixed concentration
of neomycin B; for this a fixed QD-RRE conjugate concentration with a given aver-
age RRE-to-QD ratio were used in the assay. They indeed found that the dissocia-
tion constant K, increased by ~4 in the presence of neomycin B (see Figure 4.9(b)),
which suggests that this sensor could potentially function in the screening of
pharmaceuticals targeting HIV-1 virus.

4.3.4 pH and lon Sensing

Sensing of pH and local ion concentration is important to many aspects of biological
research. Subcellular organelles/compartments are often kept at different pH from
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Figure 4.9 (a) Conceptual scheme of the QD-based nanosensor for Rev-RRE interaction assay
based on FRET between 605QD and Cy5. FRET occurred between the 605QD and Cy5 upon illu-
mination of the 605QD/Rev-RRE/Cy5 assemblies with 488nm excitation. (b) Titration of RRE RNA
in the presence of neomycin B with increasing Rev concentration. The solid curves are fits of
605QD and Cy5 fluorescence data. Figure provided by L.W. Johnson, York College CUNY, and
reprinted with permission of the ACS [24].
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that of the surrounding environment, necessitating maintenance of an active proton
gradient. Sodium and potassium ion channels exploit these concentration gradients
to power a variety of active transmembrane transport systems and for neuronal sig-
naling. Bursts in intracellular calcium can provide important indication of how live
cells respond to external stimulations [46, 47]. Cumulatively, this has driven the
need for designing sensors that monitor local changes in pH or particular ion con-
centration within live cells, in order to help understand the underlying processes.

Many of the commonly known pH sensors utilize fluorescent dyes whose emis-
sion and/or absorption are sensitive to the local concentration of hydrogen protons.
Coupling this basic sensing process to a QD has allowed preliminary sensors to be
designed and characterized. We will describe four representative examples using
QD-based FRET interactions to probe changes in the pH and ionic concentration of
solution samples. In the first example, Snee and coworkers coupled a pH-sensitive
squaraine dye with an equilibrium response to pH to the surface of QDs [48]. The
dye was conjugated via EDC coupling to QDs encapsulated by a hydrophobically
modified poly(acrylic acid) layer, which promoted proximal FRET interactions
between dot and dye. Because the dye’s absorption profile is a function of pH, the
efficiency of the FRET interactions also becomes a function of the environment pH.
In particular, modulation of the FRET efficiency by variations in the solution pH
produces net ratiometric dependence between the emissions of the NC and dye (as
shown in Figure 4.10); pH values below and above the pKa of the dye (~8.5) were
explored. This provided the authors with a unique tool to measure the solution pH,
by simply taking the ratio of the QD and dye peak intensities or comparing them to
the value at the isosbestic point. As the isosbestic point does not vary for normalized
fluorescence plots, this provides for a good internal reference. Because the
ratiometric measurements are potentially not sensitive to fluctuations in the overall
collected signals, such an approach is potentially more accurate and more reliable
than “conventional chemo” or biosensors that utilize one signal response (i.e.,
either brightening or darkening).

Using a slightly different rationale, Raymo and coworkers utilized a
photochromic dye to realize pH sensing [49, 50]. They started by assembling an
organic ligand complex that incorporates a thioctic acid group and a photochromic
4-nitrophenylazophenoxy chromophore. When the ligands are mixed with hydro-
phobic QDs they “associate” with the native capping shell and form
QD-photochromic dye conjugates. They reported that transformations of the
organic ligands in the presence of either acid or base regulate the photo-
luminescence intensity of the nanoparticles. This is caused by a photochromic trans-
formation of the dye absorption, which in turn alters the rate of energy transfer
between QD and dye. They then employed these QD-ligand complexes to probe the
pH of aqueous solutions in biphasic systems with the assistance of a phase-transfer
catalyst. Specifically, they showed that the PL of a CHCI, phase containing Bu,NCI
and QD-ligand complexes traces the pH of an overlaid aqueous phase. In particu-
lar, they found that pH change from 3.2 to 10.7 in the aqueous phase translates into
a PL decrease reaching up to 29 percent of that measured originally in the organic
phase. The need for a biphasic medium to realize pH sensing limits the biological
relevance of this system in comparison to the first example discussed earlier.
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Figure 4.10 (a) pH sensor constructed from CdSe-ZnS QDs encapsulated with an amphiphilic
polymer upon which a pH-sensitive squaraine dye is conjugated. FRET efficiency is modulated by
the environment as the dye’s absorption profile is a function of pH. (b) Emission profile of a
QD-squaraine dye conjugate changes as a function of pH with ex = 380 nm. The normalized spec-
tra show pH dependence with an isosbestic point appearing at 640 nm. The absorbance of the

squaraine dye is suppressed in the conjugate at basic pHs, as shown in the inset. Figures provided
by D. Nocera, MIT, and reprinted with permission of the ACS [48].

Attempts aimed at detecting specific ions such K* and CI" using QDs and FRET
have also been reported recently. In one study, Ruedas-Rama and coworkers assem-
bled 1-um-size polyacrylic beads in which green-emitting CdSe-ZnS QDs (at 540
nm), a CI sensitive lucigenin dye, and K'-selective-valinomycin coupled to
chromoionophore I acceptor (Cm I) were simultaneously embedded [51]. In this
construct the K* sensitive chomorionophore dye (Cm I) undergoes a photochromic
blue shift of its absorption and emission spectra, resulting in a significant spectral
overlap with the QD emission, and FRET interactions are promoted/enhanced;
lucigenin has a blue absorption and does not engage in FRET interactions with the
QDs because there is little overlap with the QD emission. The fluorophores were
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embedded into the porous polyacrylic matrix (bead) through photo-initiated sus-
pension polymerization. In this construct, response to change in Cl" ions was
accounted for directly by measuring changes in the lucigenin emission, with little
interference from the QD. In comparison, when K" ions are present, a change in the
Cm I fluorophore emission due to additional contribution from FRET interactions
with the QDs takes place. Through the correct choice of QD and ionophore ratio
encapsulated inside the particle, the presence of both the K*/CI ions in low mM con-
centrations were detected. Dubach and coworkers utilized a modification of this
approach to detect mM concentrations of sodium [52]. In this case, a QD donor was
similarly overcoated with the Cm I acceptor and a further porous biocompatible
coating to create a ~100-nm particle. The Cm I-acceptor overcoating changes color
in response to the sodium concentration altering FRET interactions with the central
QD donor. The change in QD PL forms the basis for signaling in this one-color sen-
sor. The drawbacks to this strategy, however, are that sensitivity remains essentially
a function of ionophore equilibrium response, which can sometimes be millimolar
or higher. Furthermore, there is little control over QD-to-acceptor separation dis-
tance and the large overall size of the particles may limit potential intracellular
applications.

4.4 Quantum Dots As Sensitizers for Photodynamic Therapy

Photodynamic therapy (PDT) is a process that involves the transfer of excitation
energy from an excited photosensitizing agent to a nearby oxygen molecule, result-
ing in the formation of reactive singlet oxygen ('O,). Being highly reactive species,
single oxygen initiates cytotoxic reactions in cells and tissues. This has made PDT a
useful therapeutic tool to treat cancerous tissue and cells. The technique is also
highly selective because only tissues that are simultaneously exposed to the
photosensitizer agent and photoexcitation in the presence of oxygen are affected
[53]. Most conventional PDT agents have low extinction coefficient and poor
solublity in biological media (in vivo). It is in addressing these issues that QDs can
uniquely improve the effectiveness of these agents. First, each QD provides a
nanoscaffold for the attachment of several PDT molecules together with anticancer
antibodies, which could allow specific homing onto targeted tumor cells; see sche-
matic Figure 4.11(a) [53]. By attaching multiple PDT molecules to a single QD, one
can also increase the PDT flux. Second, due to their large absorption cross-sections
QDs can function as “energy-harvesting antennas” to enhance the effective
photoexcitation of the PDT agent via FRET. Furthermore, because QDs have high
two-photon action cross sections, they can allow excitation using NIR irradiation,
which is desired for reaching agents in deep tissues.

As this application is really in its initial phases, most of the work has focused on
gaining an understanding of the basic aspects of QD sensitization of different PDT
agents. Examples reported to date include QD donors coupled to pthalocyanine
acceptors [54, 55], peptides labeled with either of the PDT agents rose bengal or
chlorin e6 [56], iridium-complex conjugated ligands [57], and
meso-tetra(4-sulfonatophenyl)- porphine dihydrochloride (TSPP) [58]. In a related
study, Neuman and coworkers investigated the use of QD-FRET as means to gener-
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Figure 4.11 (a) Schematic of how QD photosensitizers functionalized with cancer cell-specific
antibodies would bind and specifically kill a cancer cell in vivo. The antibodies direct the conjugates
to cancer cells and QDs then harvest either UV or IR energy (via 2-photon excitation) to generate
reactive oxygen species; the latter initiate cell death. Alternatively, the QDs sensitize PDT agents,
which cannot be directly excited within tissues. Figure provided by R. Bakalova and published with
permission of the NPG. (b) Schematic of how QDs generate nitrous oxide (NO) species when
complexed with Cr(tetraazacyclotetradecane)(ONO),. (c) Normalized PL spectra (ex 366 nm) of
water-soluble QDs (~130 nM) in phosphate buffer with various concentrations of chromium com-
pound added. (d) Detection of NO photochemically produced from Cr(tetraazacyclotetradecane)
(ONO), injected into stirred buffer solutions with (circles) and without (squares) added QDs. Figure
provided by P.C. Ford, U.C. Santa Barbara, and reprinted with permission of the ACS [59].
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ate nitric oxide (NO) species; see Figure 4.11(b) [59]. NO species are involved in
cardiovascular regulation, and similar to reactive oxygen species (ROS), are sensi-
tized by photoirradiation. CdSe-ZnS QDs donors were electrostatically paired
with the oppositely charged chromium compound trans-Cr(tetraazacyclo-
tetradecane)(ONO),". Increasing ratios of this compound added to the soluble QDs
effectively quenched the QD PL (by FRET) and generated far higher amounts of NO
than the compound alone (Figure 4.11(c, d)). The high QD absorption allowed har-
vesting ~2 to 10 times as much energy (depending upon wavelength) as was gener-
ated using a sample containing 2,000-fold more concentrated chromium compound
alone.

Moving beyond an in vitro format, Bakalova and coworkers conjugated CdSe
core only QDs with an antibody specific to leukemic cells [60]. The QD conjugates
were directed against the Jurkat leukemia cell line, and binding was confirmed with
fluorescent microscopy. The cells were then diluted with normal lymphocytes and
subjected to UV irradiation in the presence or absence of two PDT agents,
trifluoperazine and sulfonated aluminum pthalocyanine. Flow cytometry along
with cell viability tests indicated that the QD-antibody conjugates specifically sensi-
tized the attached leukemic cells and resulted in their selective destruction. These
preliminary results highlight the potential for QD assemblies to serve as photo-
chemically active drugs. Further, in the appropriate format the QD-photosensitizer-
antibody complexes can be considered a relatively “inert prodrug,” meaning that it
is inactive until photoexcited.

4.5 Special Sensing Configurations

In all the configurations discussed here, the QDs served as donor fluorophores
paired with a variety of dye- or sensitizable-acceptors. Metallic and, in particular,
Au nanoparticles have also been explored as acceptors with luminescent QDs. Since
the quenching of QD emission in the presence of these metallic nanoparticles tends
to extend over larger separation distances than what is allowed under exclusive
dye-to-dye FRET, phenomena driven by interactions occurring over larger scales
become accessible [2, 61]. Examples describing the use of small Au nanoparticle
acceptors with QD donors are provided in Chapter 8 of this volume.

Reverse FRET configurations exploring the use of QDs as energy acceptors
with organic dyes have been rather limited. This has been attributed primarily to the
inability of selectively exciting the dye but not the nanocrystal, due to the rather
large QD extinction coefficients combined with their broad absorption spectra [62].
However, in a configuration where fluorescence emission of the potential donor is
driven by a natural chemical process (e.g., bioluminescence) and direct
photoexcitation of the nanocrystal is removed, QDs can effectively be used as
energy acceptor.

Bioluminescence resonance energy transfer (BRET) involves the nonradiative
transfer of excitation energy (induced by a natural photon-generating chemical pro-
cess) to a proximal fluorescent acceptor [63, 64]. A conventional BRET configura-
tion could consist of a donor enzyme that chemically catalyzes the reaction of a
substrate, such as oxidation of coelenterazine mediated by Renilla reniformis luci-



94

Resonance Energy Transfer-Based Sensing Using Quantum Dot Bioconjugates

ferase, paired with an emitting acceptor fluorophore. A representative BRET study
using QD acceptors was reported by Rao and coworkers. [64]. They selected an
optimized eight-mutation variant of luciferase (Luc8) with improved catalytic effi-
ciency to facilitate BRET. An average of six copies of Luc8 were coupled, via EDC
condensation, to carboxyl-modified 655-nm emitting QDs. Upon addition of
coelenterazine substrate to the complex, a strong emission peak from the QDs was
detected in addition to the 480-nm Luc8 donor emission; see schematics in Figure
4.12. To estimate the efficiency of these interactions, a BRET ratio (similar to a
FRET efficiency) defined as QD (A) emission-to-Luc8 (D) emission was used. By
using different emissions/colors of QDs and varying the center-to-center separation
distance, the authors found that the BRET ratio was sensitive to both changes in
D-A separation distance and the overall “spectral overlap” between Lu8 emission
and QD absorption, with redder emitting QDs providing more efficient energy
transfer. Furthermore, the authors coupled Luc8 to QDs with emissions ranging
from 605 nm to 800 nm and observed distinct emissions from each or all when
mixed together in a multiplex format. Testing these conjugates in cell lines and in
vivo within mice tissues, they showed that after addition of the substrate complex,
luminescence spectra characteristic of the QD combination used could be collected
and deconvolution of each QD color can be performed. Additionally, enhanced sen-
sitivity and high signal-to-background ratios were measured when performing in
vivo imaging in mice for comparatively small amounts of QD-Luc8 conjugates; see
Figure 4.12(c).

The same authors further explored the effects of modifying the BRET enzymatic
catalyst by utilizing a HaloTag protein (HTP)-Luc8 fusion [65]. HTP is a
haloalkane dehalogenase enzyme that normally cleaves carbon halogen bonds in
aliphatic halogenated compounds [2, 65]. However, the protein version utilized for
this study contains a critical mutation in the catalytic site that allows an ester bond
to form with an appropriate HTP-ligand but not the further hydrolysis step. The net
result is an irreversible attachment of the HTP-Luc8 fusion to the substrate. QDs
were surface modified with a halogenated alkane HTP-ligand using EDC condensa-
tion to facilitate binding to HTP-Luc8 and formation of QD-Luc8 conjugates. Simi-
lar to the original configuration, they found that addition of coelenterazine
generated efficient BRET interactions between Luc8 and QDs, and resulted in a pro-
nounced QD-sensitized signal. Rao and coworkers further developed BRET interac-
tions and tested the ability of such conjugates to sense proteolytic activity. They
recombinantly modified Luc8 protein by expressing a C-terminal protease-recog-
nized cleavage sequence followed by a His,-tag for self-assembly on CdSe-ZnS QDs
[66]. After purification and self-assembly onto QDs, addition of the substrate
resulted in efficient QD signal due to energy transfer from Luc8. More importantly,
they found that further addition of a specific protease, matrix metalloproteinase-2,
significantly reduced the BRET ratio/efficiency. This was attributed to cleavage of
the appended peptidyl-linkage removing the Luc8 away from the QD and thus
reducing BRET interactions, similar to the configuration discussed earlier using
FRET and peptide-dye substrates [20]. Additional reports confirmed these findings
and expanded the assemblies to include horseradish peroxidase enzyme coupled to
the chemical substrate luminol as the light-generating donor while paired with CdTe
QD acceptors [67].
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Figure 4.12 (a) Schematic of QD-Luc8 BRET assemblies. The bioluminescent energy from
Luc8-catalyzed oxidation of coelenterazine is transferred to the QDs resulting in their emission. (b)

Absorption and emission spectra of QD655 (ex = 480 nm) and spectrum of the bioluminescent

light emitted in the oxidation of coelenterazine substrate by Luc8. (c) Multiplexed in vivo
bioluminescence imaging of the following conjugates intramuscularly injected at the indicated
sites in a mouse: (I) QD800-Luc8 15 pmol (Il) QD705-Luc8 15 pmol (lIl) mixture of QD665-Luc8,
QD705-Luc8 and QD800-Luc8 (IV) QD665-Luc8 5 pmol. Images (c—f) were collected with the
indicated filters . Figures provided by ]. Rao, Stanford University, and reprinted with permission of

the NPG [64]. (See

Color Plate 7.)
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From these preliminary studies, it is clear that there are unique benefits to using
QD acceptors in BRET configurations. The first arises from the pairing of
Luc8-colenterazine, or alternatively HRP-luminol, with a broad range of emitting
QDs extending to the near-IR. QDs have very high extinction coefficients (exceed-
ing 2,000,000 M cm™"), which make them very effective for “harvesting” nearly all
the bioluminescent emission. BRET with QDs could be very useful for in vivo and
deep-tissue imaging, as near-IR emission is located in the optimal tissue transpar-
ency window, minimizing potential scattering and absorption issues. As the emis-
sion is dictated by the QD-enzyme substrate pair, which is conjugated in the steps
prior to analysis, there are good multiplexing capabilities available for either in vitro
assays or for use in animal models [64]. This format can also benefit from a plethora
of mutated Luc enzymes recently reported with control over the emission
wavelength of the substrates [68].

4.6 Conclusions and Outlook

The examples discussed in this chapter provide an idea about the progress made in
the past five years for developing a variety of sensing assemblies based on the use of
QDs and resononce energy transfer. They also detail some of the unique properties
offered by luminescent QDs as energy donors and the large potential for developing
FRET-based biosensing. Advantages offered by luminescent QDs for implementing
FRET-based assays can be summarized in five main facts: (1) tunable QD emission
allow one to select a QD color with optimized spectral overlap with a given accep-
tor; (2) for any QD-dye pair, theyprovide the flexibility to choose an excitation
wavelength that minimizes direct excitation contribution to acceptor emission; (3)
intraassembly FRET efficiency can be improved by arraying multiple acceptors
around a central QD donor; (4) potential access to multiplex FRET sensing, and (5)
energy transfer driven by two-photon excitation reduces background contribution
to acceptor signal, which can be beneficial to intracellular sensing based on QDs and
FRET.

What developments can we expect from FRET-based sensing with QDs in the
future? As stated in [11] by Michalet and coworkers, “QDs have a largely untapped
potential as customizable donors of a fluorescence resonance energy transfer pair.”
In the near term, we anticipate that additional FRET-based sensing assemblies tar-
geting a variety of small and large molecules, biological and nonbiological, will con-
tinue to be developed. There will be further interest in developing sensors that utilize
QDs as acceptors with bioluminescent and chemiluminescent donors. In the longer
term, transitioning these in vitro developments to intracellular will certainly be
actively pursued. One main hurdle that must be overcome to facilitate such transi-
tion is the need for developing reproducible methods that could consistently and
controllably deliver QD-assemblies to specific intracellular compartments [69].
These assemblies must be compact to allow for facile transmembrane uptake while
permitting large measurable FRET efficiencies. Several delivery techniques have
been attempted recently, though with mixed levels of success, including
electroporation, chemical, peptide-assisted, and transfection agents [69, 70]. Com-
pactness of hydrophilic QDs and their conjugate assemblies is a very important
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requirement for achieving high rates of FRET. Strategies for surface
functionalization and bioconjugation of QDs and other nanocrystals (such as
metallic and magnetic nanoparticles), capable of providing materials that are stable
over extended period of time (6—12 months) and over a broad range of biological
conditions (broad pH range and in the presence of dissolved salts) will continue to
be developed. From a practical perspective, one would like a bioconjugation strat-
egy that allows (1) control over QD-acceptor separation distance, (2) control over
the ratio of biomolecules attached per QD or the converse, (3) control over the rela-
tive orientation of biomolecules attached to the QDs, and (4) simple conjugation
strategies that facilitate formation of any QD-biomolecule pair (QD:DNA, peptide,
protein, and so on). The first two criteria are particularly crucial for any FRET
applications. The necessary conjugation chemistries involve both the biomolecules
in question and the development of new multifunctional surface ligands for the
QDs. This remains an area of active research for many different groups, with con-
tinuing progress being made in both improving the choices of ligands available
[71-73] and the methods for modifying biomolecules to allow attachment to QDs
[17, 74]. Additional discussion of these issues is provided in Chapter 1 and Chapter
3 of this volume.

Finally, it’s also worth mentioning one unexpected and easily accessible pair
that has proven to be a very useful in developing QD FRET sensors. That is pairing
commercial ~600-605-nm emitting QDs surface-functionalized with streptavidin
with a Cy5 dye-acceptor (absorption maxima ~650 nm, emission maxima 670 nm);
see Figure 4.1(b). For this special case, the high QD donor quantum yield > 50 per-
cent, good spectral overlap, the high Cy5 molar absorptivity of 250,000 M'cm™,
and the ability to array multiple Cy5 around a QD have all been combined in a
number of different functional assemblies to allow efficient FRET sensing over dis-
tances approaching ~100A [23, 75]. The multiple streptavidin moieties on the QD
surface allow easy conjugation to biotinylated DNA, peptides, or proteins, facilitat-
ing assembly of many of the sensor configurations.
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5.1 Introduction

Quantum dots (QDs) possess unique properties (brightness, photostability,
narrowband emission, and broadband absorption), and excellent bio(chemical)
compatibility for imaging structures and functions of living cells. The reader is
referred to Chapter 1 for a description of the synthesis, photophysical properties,
and biofunctionalization strategies of quantum dots, and to Chapter 3 for an
account of peptide-functionalized quantum dots for live diagnostic imaging and
therapeutic applications. QDs conjugated with ligands are able to recognize and
track multiple targets and visualize dynamic processes. Such QDs can be directed to
precise cellular targets [1-9], detecting biomolecules with a sensitivity extending to
the single molecule level. Thus, one can study the essential processes underlying the
functions and regulation of living cells with probes providing “partial molecular
derivatives” (i.e., views of individual processes embedded in the totality of the cellu-
lar machinery). Without such information, a “dissection” of complex networks is
impossible.

Besides the brilliance and photostability of QDs that allow prolonged imaging
and tracking of individual nanoparticles (NPs), other characteristics related to the
local density and nature of molecular components can be exploited in cells and tis-
sues for purposes other than mere detection. In particular, the systematic “engineer-
ing” of the molecular composition on the surface of QDs has been a central feature
in numerous applications ranging beyond biosensing to cell delivery and release and
to the activation of individual reactions and entire pathways.

A widespread tendency is to consider the existence of multiple groups on the
surface of NPs as disadvantageous in comparison with single attachment or reactive
points. The rationale behind this assertion is that a high number of molecules would
provide multiples sites of conjugation leading to a distribution of NP sub-
populations differing in particle-label stoichiometries, to undesirable and
unphysiological cross-linking and to other effects. Procedures for achieving precise
control of the number of sites (down to single moieties) have been developed [10].
We will maintain in this presentation, however, that under certain circumstances
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the presence of a large number of sites may offer distinct advantages. In fact, numer-
ous studies demonstrate that multiple identical or different molecules on the surface
of NPs can be exploited for a wide variety of purposes, ranging from the control of
optical or physical properties to the concurrent regulation of different functions.
Commercially available NPs coated with a polymeric layer to isolate the
core-shell structure from the aqueous environment have diameters of 15-20 nm and
may extend to double these values if covered with PEG. Is this considerable size
important such that QDs operate more as platforms rather than as single molecular
entities? The distinction is subtle. For example, QDs have been shown to be useful as
FRET donors and acceptors in numerous applications [11, 12], although there have
been relatively few reports of experiments based on imaging [1, 3, 4, 6, 13-17]. In
our own studies of cellular signaling mediated by growth factors [5, 18-20] and
their receptors, QDs conjugated with ligands have revealed the existence of novel
transport and trafficking mechanisms. Figure 5.1 depicts a strategy QDs attached to
ligands as in this case the epidermal growth factor (EGF) vehicles for specific target-
ing of cell surface receptors based on [20]. Luminescent QDs allowed the visualiza-
tion of the displacement of complexes of EGF-EGFR on filopodia cellular extensions
with a core of actin filaments toward the body of living A431 cells, and their subse-

EGF

f’&@ EGFR

miemmm Cell membrane

Quantumdot .

Biotin

88

Epidermal growth factor .

Streptavidin

Figure 5.1 Strategy to study the binding of QD-EGF to the EGF receptor (EGFR), and the resul-
tant activation and endocytosis of the receptor into living cells. The image displays A431 cells
expressing ERB1-EGFP 20 min after addition of biotinylated EGF bound to Streptavidin QD-605.
For further details, see [20]. (See Color Plate 8.)
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quent internalization by endocytosis [5]. For this purpose biotin-EGF was bound to
streptavidin QDs. An important question was whether the QDs bound to the
filopodia were first taken up into the filopodia and thus transported within the cell
or instead were transported while remaining outside the plasma membrane. This
question was addressed by externally adding a nonpermeable biotinylated FRET
acceptor of the QDs that could bind to the nanoparticles only if they were acessible
to the medium (i.e., on the outside of the cell). Rapid and extensive FRET signals
were observed, attesting that the latter situation prevails [5]. Thus, the QD-EGF
reagents served not only as tags of the EGF receptor but also provided insight into
the molecular disposition of this prototypic family of receptor tyrosine kinases
(RTKs) during the early stages of activation and processing.

QD donors have been applied extensively in FRET-based assays of enzymatic
activities, with the systematic introduction of multifunctionality being a major issue
([21] and references therein). For a detailed description of FRET-based biosensors,
see Chapter 4 of this book, “Resonance Energy Transfer-Based Sensing Using
Quantum Dot Bioconjugates.” The distance dependence of FRET operating via sur-
face-bound or nearby small-molecule acceptors reflects the complex interplay
between factors such as stoichiometry, spatial distribution and orientation, compo-
sition (passivation shell, capping moieties), and shape. (QDs emitting at > 600 nm
tend to be nonspherical and demonstrate finite emission polarization, [22]).

Optical properties such as fluorescence intensity or lifetime can also be tailored
with FRET acceptors. The design of FRET-based biosensors required for recording
given states also requires control of the number of acceptors associated with each
QD donor [23].

5.2 Multivalency Allows Multifunctionality

An illustrative example of how multiple sites can be advantageous for
multifunctionality is given by the application of QDs as “torch bearers” into cells
[24]. In this study, we used QDs as tools for enabling and at the same time monitor-
ing the internalization of liposomes (with a given cargo) into cells. The strategy
(Figure 5.2) takes advantage of the fact that the EGFR is overexpressed in a broad
spectrum of malignant tumors and thus represents a suitable target for delivery of
therapeutic liposomes. Streptavidin QDs prelabeled with biotin-EGF were bound to
biotinylated liposomes stabilized with polyethyleneglycol (PEG). In the two alterna-
tive schemes featured in the cited study, QDs of a second color were used to monitor
internalization and delivery. In the first approach, the second QD was attached to
the surface of the liposomes via links provided by biotinylated lipids incorporated in
the bilayer. The internal liposomal space was available for loading with cargo
(drugs, DNA, and so on). In the other approach one or more QDs of the second
color was (were) encapsulated within the liposome. In both procedures, the QDs
served to monitor endosomal escape after cellular uptake [24].

A related strategy has been designed to provide the delivery of a target siRNA
sequence attached to a scaffold-based PEGylated-QDs bearing F3 tumor-homing
peptides promoting internalization by tumor cells. The attached siRNA did not
interfere with the activity of the F3 peptide. The study was performed on the expres-
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Figure 5.2 Preparation of liposomes attached to and/or containing QDs: (a) Surface labeling of
lipid particles with QD525-EGF and untargeted QD655. (b) Lipid particles with encapsulated
QD655 and surface labeled with QD525-EGF. QD-655 are either encapsulated or decorate the
liposome surface. In a second conjugation step, preformed QD525-EGF complexes in 1:2 molar
ratio target the liposomes for specific cell delivery. The images depict the cellular uptake of dual
QD-labeled liposomes by live A431 cells, detected as colocalized dots in endosomal vesicles after
2h incubation at 37 degrees C according to strategies (a) and (b). (See Color Plate 9.)

sion of a model EGFP molecule, adjusting the ratio of F3 peptide and siRNA so as to
optimize internalization and suppression of EGFP expression [25].

In addition to the engineering of complex functionality, a multiplicity of sites on
nanoscale surfaces enables further possibilities. Since kinetic and thermodynamic
parameters are dependent on the nanoscaled architecture, it is possible to conceive
of strategies for taking advantage of such special characteristics in order to exert a
desired biological effect. For example, multivalent NPs have been applied exten-
sively for in vitro assays based on the modification of certain properties arising as a
consequence of self-assembly. DNA hybridization (Figure 5.3, upper panel), bio-
tin-avidin (Figure 5.3, lower panel) and other systems have been used as the “glue”
for interparticle interactions. The changes in optical [26, 27] or magnetic properties
were used for monitoring either nucleic acid hybridization or protease activity. A
very elegant example [28] of the control of self-assembly of superparamagnetic NPs
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Figure 5.3 Biosensing based on the association of metal nanoparticles: (1) Self-assembly of metal
nanoparticles bearing complementary single-stranded DNA chains. The aggregation is detected by
the shift in the exciton band of the nanoparticles. (2) Schematic representation of a proteolytic
actuation of self-assembly. Neutravidin- and biotin-functionalized superparamagnetic iron oxide
nanoparticles are functionalized by the attachment of 10-Kd PEG chains anchored by MMP-2
cleavable peptide substrates (GPLGVRGC). Upon proteolytic removal of PEG through cleavage of
the peptides, the particles self-assemble into nanoassemblies with enhanced magnetic susceptibil-
ity, T2 magnetic resonance relaxation, and lowered diffusivity.

involved the conjugation of a protease target peptide GPLGVRGC to PEG. A 10-kD
ethylene-glycol polymer prevented the interaction of biotins bound to the surface of
one NP type with the neutravidin on the surface of a second NP type (see Figure 5.3,
lower panel). The proteolytic activity of metalloproteinase-2 (MMP-2), which cor-
relates with cancer invasion, angiogenesis, and metastasis, removed the PEG and
initiated the self-assembly of NPs. The protease activity was easily detected by MRI
via changes in the transverse T2 relaxation times of the NP aggregates. In addition,
the aggregation of nanoparticles led to the manifestation of an amplified magnetic
dipole, allowing their manipulation with magnets that failed to attract free NPs.
Another interesting approach was featured with an NP system in which
self-assembly was dynamically coupled to the balance between two antagonistic
actions of a tyrosine kinase and a phosphatase [29]. The system was designed to



106

Use of Luminescent Quantum Dots to Image and Initiate Biological Functions

produce coalescence of NPs in the presence of the kinase and redispersion in the
presence of the phosphatase. The strategy involved the design of two NP popula-
tions. The first was modified with peptide substrates able to be phosphorylated by
the Ab1 tyrosine kinase and dephosphorylated by a phosphatase. The second popu-
lation was modified with Src Homology 2 (SH2) domains that recognize and bind
the phosphorylated Ab1 kinase substrate in a sequence-specific manner. In combi-
nation, these NPs reported kinase and phosphatase activities by self-assembling as
peptides became phosphorylated and disassembling as the phosphate groups were
removed.

Engineering the surface of NPs can also be applied for the initiation and control
of the self-assembly of biomolecules. In the case of the amyloid-forming proteins
involved in most neurodegenerative diseases, such tools can provide important
insights into the mechanism of fibrillation in living cells and organisms and also
have great potential for very sensitive readouts in drug discovery efforts.

The self-assembly of natively unfolded or misfolded proteins into ordered
fibrillar aggregates known as amyloid is a feature common to numerous human dis-
eases. These conditions are often neurodegenerative, such as in Alzheimer’s and Par-
kinson’s diseases and spongiform encephalopathies, as well as nonneuropathic, as in
type Il diabetes and different forms of cancer. A ubiquitous cytopathological finding
is the presence of intracellular or extracellular highly organized fibrillar aggregates.
Although the polypeptide chains involved in these diseases lack sequence homology
or strong similarities in amino acid composition and size, the resultant amyloid
fibrils are remarkably uniform with respect to both external morphology and inter-
nal structure. Despite an increasing number of proteins and peptide fragments being
recognized as amyloidogenic, how these amyloid aggregates assemble remains
unclear. In particular, the identity of the nucleating species, an ephemeral entity that
defines the rate of fibril formation, remains a key outstanding question. In addition,
evidence points to transient oligomeric intermediates along the fibrillation pathway
as the predominant molecules species responsible for cytotoxicity (i.e., neuronal
death).

Thus both in vitro and in living cells, the question of what structures act as a
nucleation centers triggering the onset of pathologic aggregation is central to the
understanding of underlying disease mechanism(s).

The aggregation of amyloid proteins is a process highly dependent on protein
concentration. In fact, experiments in vitro typically require protein concentrations
in excess of 100 uM, in order to observe the formation of aggregates in 3-10 days at
37 degrees C. Thus, a central, practical consideration is whether nanoparticles can
be employed to influence the nucleation process, generally regarded as the
rate-determining step, in a deterministic and consistent manner. A nonspecific
approach that takes advantage of the large surface area offered by most
nanostructures was introduced recently [30]. Copolymer particles, cerium oxide
particles, QDs, and nanotubes were tested as nucleation agents for the aggregation
of the protein human B2-microglobulin. The authors reported an acceleration of
nucleation that depended on the extent and nature of the particle surface. The disad-
vantage of this procedure is that it lacks specificity (i.e., it cannot discriminate
between different molecules with the tendency to form aggregates or molecules
exhibiting affinities for such structures). In addition, aggregation under such condi-
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tions requires high concentrations of the nanostructures (100 nM in the case of
QDs). Such concentrations can seriously perturb the biological systems under study.

Nanoparticles can, however, can be employed in a more specific manner in such
studies. Several of the other chapters in this volume discuss methods for controlling
the density of molecules on the surface of QDs and other nanoparticles, ranging
from the use of small molecules to nucleic acids, peptides, and proteins. In our case,
attaching a controlled number of molecules of a-synuclein (AS)—a protein involved
in the pathogenesis of Parkinson’s disease—on the surface of QDs led to a high local
concentration of the protein. This condition provided the condition required for the
facile initiation of aggregation in a completely specific manner (i.e., restricted to the
protein in question). With this strategy, very low concentrations of QDs (1-5 nM,
Roberti et al., submitted manuscript) suffice for significantly accelerating the fibril-
lation of 100-uM AS in vitro as well as in living cells. That is, luminescent QDs
bearing a controlled number of AS molecules combined a specific induction and
efficient detection of amyloid aggregation in living cells. The nucleation capacity of
QDs increased with the number of AS molecules attached to their surface. Control
QDs (i.e., preparations without added biotinylated AS) were ineffective either as
initiators or biosensors of aggregation. The experiments are described in further
detail in the ensuing paragraphs.

Great efforts have been devoted to elucidating the mechanisms underlying the
physiological function(s) of AS and the conditions leading to its pathological
self-association [31]. In living cells and organisms, oxidative stress conditions can
be created by exposure to a variety of chemical agents such as FeCl, or H,0,. These
compounds initiate a complex cascade of events leading to different disfunctions,
including that of amyloid protein aggregation. In the case of the AS-modified QDs
acting as specific nucleation sites, AS aggregation was initiated by a physical-chemi-
cal process inherent to the nanoparticle rather than a consequence of complex
mechanisms involving a plethora of molecular entities.

External stimulation, such as by oxidative stress, was required in the case of
other expression probes for AS. For example, we have recently created an AS
mutant (AS-C4) fused to a 12-amino-acid tag with the tetracysteine motif that spe-
cifically binds fluorogenic biarsenical compounds (e.g., FIAsH, ReAsH) [32]. In
such a mutant, the functional properties of wild type AS protein were retained.
Fibril formation induced by oxidative stress (e.g., exposure to FeCl,) could be
readily detected and characterized both in vitro and in live cells. The availability of a
specifically labeled protein that can be expressed in live cells or in tissues represents
an important advance for the study of the mechanism of aggregation. However,
such processes ocurring under “classical” conditions of oxidative stress condition
are poorly understood. Our newly developed QDs, useful as nucleation sites and as
markers, served to avoid the use of such chemicals and yet led to protein aggrega-
tion. The combination of AS-C4 with the QD reagents described earlier was partic-
ularly useful, as demonstrated in studies of living cells (HeLa, Figure 5.4). Variable
(0-20 nM) concentrations of AS-QDs were microinjected together with 100 mM of
AS-C4. In the presence of 2 nM QDs (Figure 5.5, upper panel), cells displayed a
markedly increased incidence of aggregates, observed 24 hours after microinjection,
compared to the controls (lower panel) lacking QDs. In this strategy, the QDs func-
tioned in a dual manner (i.e., both as biomarkers and “nanoactuators,” or specific
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Figure 5.4 QDs acting as specific nucleation sites for «<-synuclein (AS) in living cells. Cells were
microinjected with AS in the presence or absence of AS-QDs-605 (40:1 protein:QD ratio) and
observed after 24h of incubation. A mixture 2 nM AS-QDs-605 and 100 mM of AS-TC labeled with
FIAsH was microinjected into Hela cells (upper panel, red arrow). QDs were detected, colocalizing
to a pronounced degree with AS aggregates. Lower panel, blue arrow, microinjection of 100 mM
of AS-TC labeled with FIAsH in the absence of QDs; little or no aggregation was observed. (See
Color Plate 10.)
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Figure 5.5 QDs acting as specific nucleation sites for «<-synuclein (AS) in vitro. The aggregation
of AS was monitored by Thio-T fluorescence and by AFM; 5 nM (40:1 protein:QD ratio)
AS-QDs605 incubated together with 100 mM of AS displayed a shorter lag and faster aggregation
than in absence of QDs. The upper arrow indicates the aggregation course leading to fibrils
attached to NPs, as confirmed by AFM (upper panel). The second row including two consecutive
arrows to indicate a slower process show fibril morphologies after aggregation in the absence of
the QD nucleation centers.
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nucleation agents). As biomarkers at very low concentrations, they allowed the fac-
ile detection of AS molecules in fibrils, despite the presence of a vast excess of
monomeric protein. The dual labeling with the biarsenical compounds provided a
further “photophysical” enhancement of sensitivity (Roberti et al., manuscript in
preparation). These techniques will also benefit from improved biarsenicals that we
have synthesized as an associated activity of these investigations [33]. In addition,
we anticipate that dual-function NPs will undoubtedly be exploited in numerous
other systems.

Figure 5.5 depicts the function of AS-QDs in vitro. The aggregation kinetics
were monitored in the presence and in the absence of the NPs. The association of
QDs with nascent fibers was confirmed by AFM (upper panel), and the acceleration
of aggregation (shorter lag phase) was demonstrated by the standard Thioflavin T
assay.

5.3 Stimuli-Responsive Polymers and Qds As Tools for Imaging

Stimuli-responsive polymers present attractive nanoactuation possibilities due to
the controlled reversible alteration of their physical characteristics upon induction
of the stimulus. One such material is the well-known temperature responsive poly-
mer, poly (N-isopropylacrylamide), PNIPAM. PNIPAM is a water-soluble polymer
with a lower critical solution temperature (LCST) of 32 degrees C [34]. Heating an
aqueous solution of this polymer above the LCST leads to dehydration of the poly-
mer chains, resulting in a thermoreversible coil-to-globule phase transition and
hydrophobically driven chain aggregation. In a cross-linked hydrogel form,
PNIPAM is water swollen below the LCST, whereas above the LCST the gel ejects
water and collapses, which leads to its dramatic reduction in size. This reversible
property renders PNIPAM useful in numerous biology-related applications, such as
switching enzyme activity [35, 36] and dynamically controlling microtubule motil-
ity [37]. The versatility of such stimuli-responsive polymers, in both their linear and
cross-linked hydrogel forms, allows the construction of diverse actuators for
specific needs.

Proteins, or NPs such as QDs coated with specific proteins, may be used to link
the polymeric actuator with a target of choice, relaying the swell/collapse forces to
the target. The example of biotinylated PNIPAM beads bound to fluorescent
streptavidin and streptavidin-coated QDs is shown in Figure 5.6 [38]. The volume
of “naked” beads as well as that of a “giant” fluorescently labeled beads changed
reversibly with temperature (Figure 5.7(a, b)). Evidence that such hydrogels are able
to generate forces was demonstrated by attaching biotinylated PNIPAM beads to
streptavidin-coated magnetic microspheres (Figure 5.7(c)) [38, 39]. Upon cycling
the temperature, the volume of the bead changed and the force generated by this
alteration was able to displace the magnetic microspheres. Physical forces play criti-
cal roles in cell, tissue, and organ development. Such forces are transduced into bio-
chemical responses, and their investigation is of utmost importance. Internal rather
than external polymeric force generators may also be conceived, leading toward
new approaches for the manipulation of the cellular machinery. For example,
inserting smart polymer-antibody conjugates into a cell can serve to reversibly
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(b)

Figure 5.6 Poly (N-isopropylacrylamide, PNIPAM) temperature-responsive microbeads: (a) Beads
imaged by an AFM. (b) Biotinylated beads conjugated to streptavidin Alexa 546. (c) Biotinylated
beads conjugated to 605-nm QDs. Beads were ~1 mM in diameter.
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Figure 5.7 Volume change of PNIPAM beads and subsequent force generation upon tempera-
ture cycle: (a) “Naked” micrometer-sized beads. (b) “Giant” fluorescently labeled PNIPAM beads.
Scale bar: 6 mm. (c) Displacement of strepavidin-coated magnetic spheres by micrometer-sized
biotinylated PNIPAM beads.

aggregate/disaggregate a target protein or shield it from proteolytic degradation,
thus manipulating its cellular functionality. Stimuli-responsive polymers, other than
PNIPAM, sensitive to pH, light, or other factors should further extend the versatility
of polymeric actuators. Additional functionalities, such as local heating or sensing
capabilities may be incorporated into such actuators by the addition of various NPs.

5.4 Conclusions

In this report we have emphasized the increasing potential offered by the
multifunctionality derived from introducing multiple sites on QDs. Such reagents
offer unique opportunities for combining different functions, such as sensing, target-
ing, cell penetration, and delivery. In addition, by taking advantage of the particular
chemistry at the surface of NPs, “smart” actuators can be devised and employed.
Further combination with programmable inorganic and organic materials that dem-
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onstrate properties responsive to manipulation of temperature, light, electric and
magnetic fields, pH, and ionic strength will enable a still greater increase in design
complexity and utility. A golden age of smart nanodevices and nanomachines is in

sight.
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Singl Particle Investigation of Biological
Processes Using QD-Bioconjugates

Thomas Pons and Hedi Mattoussi

6.1 Introduction

Single molecule detection has become a widely used tool for investigating a broad
range of physical, chemical, and biological processes [1, 2]. Because ensemble mea-
surements are macroscopic in nature, they provide only information about the aver-
age properties of a sample (e.g., average size, conformation, or orientation of
proteins). In comparison, single molecule measurements are able to resolve molecu-
lar-scale heterogeneities and the fate of individual molecules. Fluorescence detec-
tion is a powerful, versatile, and relatively easy-to-use technique. When applied to
single molecules, it gives access to valuable molecular-scale information. Single
molecule (or particle) fluorescence is one of the most commonly used single mole-
cule techniques in biological and biophysical research. The ability to detect fluores-
cence from single fluorophores, enabled by recent progress in optical detection
techniques, has allowed the development of a variety of single molecule assays to
study ligand-receptor binding, enzymatic activity, changes in macromolecular
conformation and single biomolecule diffusion and transport.

Luminescent semiconductor nanocrystals, or quantum dots (QDs), are poten-
tially superior alternatives to traditional organic fluorophores for an array of bio-
logical applications, including sensing and cell and tissue imaging [3, 4]. They
exhibit high fluorescence quantum yields, a pronounced resistance to photo and
chemical degradation, and high photobleaching thresholds [3-5]. These features are
particularly appealing for single molecule fluorescence measurements, as QDs may
be individually detected with high signal-to-noise ratios and for extended periods of
time (several orders of magnitude longer than traditional organic dyes). QDs also
exhibit narrow and tunable emission bands along with broad excitation spectra,
which permit unambiguous discrimination of different single QD colors and make
them particularly suitable for multiplexed fluorescence imaging. These properties
combined have naturally led to their use as individual fluorophores in a wide range
of biophysical studies.

In this chapter, we will describe some of the progress recently made using single
molecule studies employing QD fluorophores and the ability of this technique to
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gain insights into specific biological processes. We will also discuss the advantages
offered and limitations encountered by single QD fluorescence as an effective inves-
tigative tool in biology.

6.2 Physical Properties of Single QDs

In addition to the unique size and composition-dependent optical and spectroscopic
properties described in Chapter 1 of this volume, colloidal luminescent QDs have
another important characteristic that distinguishes them from organic fluorophores:
intermittent  photoemission  (blinking) of individual nanocrystals. The
photoluminescence of isolated QDs displays an alternation of “on” (emitting) and
“off” (dark) periods, which durations follow a “heavy-tail” power law distribution
with time [6, 7]. In particular, there is a nonvanishing probability for the QD to
enter a long dark period. This feature becomes especially important for single mole-
cule detection, since a QD will become periodically unavailable for detection. PL
blinking is certainly one of the most discussed aspects of QDs and remains an active
area of research, as its underlying mechanisms are not yet fully understood (e.g., see
[8]). The total size of a QD varies from ~10 to ~50 nm, depending on the type of
solubilization and functionalization technique used [3, 4]. This is significantly larger
than the average size of an organic fluorophore and will strongly influence the
QD-conjugate diffusion and its ability to access certain cellular compartments.
Finally, the surface of a single QD often offers multiple functionalization sites, con-
trary to mono-functional dyes. The ability to conjugate several biomolecules on the
surface of a single QD may be particularly advantageous in certain instances (e.g.,
when enhanced target affinity and energy transfer efficiency are desired). However,
this multivalency may also be a limitation in other instances, especially when a strict
one-to-one QD-biomolecule conjugation is required; extra purification steps are
then necessary to discard QDs conjugated to multiple biomolecules. Overall, the dif-
ferent physical properties of QDs make them particularly attractive fluorescence
probes in a wide variety of single molecule assays.

6.3 In Vitro Detection of Biomolecular Interactions Using Single QD
Fluorescence

The ability to detect single QD photoemission with a good signal-to-noise ratio and
for extended periods of time can benefit an array of in vitro biomolecular assays
requiring either high detection sensitivity or data collection over long time intervals.
It permits one to examine the properties of individual biomolecules separately from
those averaged over macroscopic populations. Because virtually every photon emit-
ted by a QD can be detected within a narrow emission band, the proportion of pho-
tons that are rejected by the detection spectral band is substantially reduced, which
simplifies the spectral deconvolution of signals from different QD colors. This could
be extremely beneficial to single molecule assays, where the number of detected
photons is inherently low.
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6.3.1 Detection of Biomolecules Using Multicolor Colocalization of QD Probes

The narrow and tunable emission of QDs has been exploited in developing multi-
plexed “sandwich” assays that rely on the simultaneous interactions of distinct
color QD-bioconjugates, each binding to a different site on the same target mole-
cule. For example, if two QDs with distinct emission spectra conjugated to two dif-
ferent DNA probes are mixed in a solution with a target DNA containing
complementary sequences for both probes, the target hybridizes simultaneously to
the two QD-DNA probes. This hybridization could then be detected optically on a
microscope slide using wide field fluorescence microscopy, where simultaneous
imaging of the signals from the two QD probes is measured. In [9], Wang and
coworkers applied the detection strategy based on the multicolor colocalization of
QDs to the genetic analysis of anthrax pathogenicity. Positive identification of this
bacterium requires the simultaneous presence of three distinct genes, namely, rpoB,
pagA, and capC. For this assay, the authors conjugated three pairs of target-specific
DNA probes (combinatorially) to three distinct color QDs emitting at 525 nm, 605
nm, and 705 nm. As targets, they used three synthetic oligonucleotides, each derived
from conserved sequences from each of the three anthrax-related genes; these were
used as simulated targets (in a background of E. coli genomic DNA) for analysis.
They first used the simultaneous fluorescence signals in the combined pseudocolors
of the spots, namely, indigo, magenta, and orange, as an indication of the presence
of rpoB, pagA, and capC, respectively (Figure 6.1(a)). They then carried out four
sets of experiments, where the specificity of the assay was essentially defined by its
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Figure 6.1 Simulated multiplexed analysis of anthrax-related genetic targets: (a) color pallet for
the three pairs of target-specific QD nanoprobes and their resulting colocalized fluorescent images
upon sandwich hybridization; (b) four samples containing different combinations of the three tar-
gets, rpoB, capC, and pagA. Checks represent the existence of certain target sequences. Sample IV
does not contain any target and is used as a negative control. (c) Fluorescent images |, I, 1ll, and
IV correlate with samples |, II, lll, and 1V, respectively. (Bar dimension is 1 um.). Reprinted by per-
mission from the American Chemical Society [9]. (See Color Plate 11.)
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capacity to correctly identify and quantify the individual target sequences in a com-
plex mixture of various target combinations (Figure 6.1(b)). In the first experiment,
fluorescent spots in all the three combined pseudocolors were detected, verifying the
presence of the three targets in the solution (Figure 6.1(c), I). In the next two experi-
ments, the presence of two (Figure 6.1(c), II) or only one (Figure 6.1(c), III) target
was also unambiguously determined without false positive or negative results. In the
fourth negative control sample, only fluorescent spots stemming from unhybridized
blue, green, and red QD probes were observed (Figure 6.1(c), IV); in this particular
sample, no specific target was present.

Alternatively, the sample could be injected into a small glass capillary and the
QD signals could be detected sequentially as the solution is flowed through the
observation volume [10]. In both cases, the size of the total target-DNA probe-QD
complex is smaller than the optical resolution of the detection system, and the pres-
ence of the target could be detected by the colocalization of two distinct single QD
fluorescence signals. This method is fast, as it occurs in solution phase rather than on
a solid substrate and does not require separation of the unbound probes, since they
are not colocalized. It allows identification of samples without prior polymerase
chain reactions (PCRs) amplifications, which are not quantitative and can introduce
nonnegligible errors. It also allows detection of low abundance targets and has a
higher sensitivity than microbead assays in which weak target signals may be diffi-
cult to discriminate against the strong microbead coding signal. Its sensitivity has
been demonstrated even in the presence of a strong nonspecific background (i.e.,
samples mixed with cell extracts) [10]. It could also be applied to more than two QD
probe colors. For example, using 10 different QD colors could conceptually provide
45 different QD pair combinations. A similar assay has been demonstrated using
QD-antibody conjugates binding different sites of the same target protein [10].
Again, the target presence was detected by the fluorescence colocalization of two
different single QD probes.

Other reported assays using this format included QD-conjugate binding two
extremities of individual DNA molecules that were stretched on a glass surface, and
the identification of single large entities such as viruses or bacteria from different
strains in a macroscopic mixture [9-13]. These assays often use QDs with spectrally
distinct emissions conjugated to different antibodies. In the virus constructs, the col-
lected fluorescence signal (being a mix of signals emitted by different QD-antibody
conjugates bound onto a single scaffold) provided a spectral “bar code” that
revealed the nature and number of proteins displayed on the virus surface. This has,
for example, allowed a rapid identification of the virus strain [10]. We should
emphasize that this assay format to identify viruses could be performed with organic
fluorophores, but effective analysis requires complex spectra deconvolution and
attendant data analysis. However, QDs offer advantages such as higher sensitivity
and spectral unmixing (deconvolution), which enable the multiplexed detection of
single small biomolecules carrying only a few fluorescent markers. A limitation to
this type of assay, however, resides in the intermittent emission of QDs (blinking)
and the related “dark,” or nonemitting, QD fraction. This causes some colocalized
QD probes to appear as isolated QDs and thus may introduce an unknown number
of “false negative” counts.
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6.3.2 Colocalization Studies Using Streptavidin-Coupled QD-Dye Pairs

In a seemingly similar study but drastically different in concept and goals, Webb
and coworkers investigated the relationship between ensemble fluorescence quan-
tum yields measured for macroscopic samples and the blinking properties of indi-
vidual QDs [14]. The authors coupled streptavidin-functionalized 525-nm emitting
QDs with biotin-functionalized Alexa Fluor 594 dye and used the fluorescence col-
lected from dot and dye to distinguish between dark and bright freely diffusing
single nanocrystals. This presents a different configuration from that of sur-
face-immobilized QDs (e.g., dispersed in polymeric films). The bright fractions of
QDs were measured by fluorescence coincidence analysis and two-photon fluores-
cence correlation spectroscopy. In particular, they reported that the bright fraction
of QDs was proportional to the measured macroscopic quantum yields of the sam-
ples. However, brightness of individual QDs was constant across samples with dif-
ferent quantum yields. They then applied the same measurements to solutions with
much higher viscosity, where nanocrystal residence time in the illuminated volume
was substantially increased. Their findings clearly indicated that increasing the resi-
dence time by as much as tenfold did not change the fraction of “apparently dark”
QDs, which they attributed to the presence of two populations of QDs in a sample:
one dark nonemitting and one emitting; only the emitting fraction contributed to
the measured macroscopic fluorescence yields. These findings are intriguing, but
additional work is needed to better understand the correlation between single and
ensemble fluorescence properties of QDs.

6.3.3 Fluorescence Energy Transfer from Single QD to Organic Fluorophores

Fluorescence resonance energy transfer (FRET) provides a unique tool to probe
intermolecular association dynamics and intramolecular conformation changes in
the 1-10-nm range [15, 16]. It relies on the nonradiative transfer of excitation
energy from a fluorescent donor to a ground state proximal acceptor. The transfer
efficiency strongly depends on the donor-acceptor separation distance and the spec-
tral overlap between the donor emission and the acceptor absorption. FRET pro-
vides a powerful means for studying biomolecular interactions involved in drug
screening or disease diagnosis and has been a widely used biophysical tool for study-
ing protein and oligonucleotide conformation in vitro and in live cells using dye
donor-dye acceptor FRET pairs. QDs offer a few unique advantages (compared to
organic dyes) for use as FRET donors [17-19]. Their narrow emission bands can be
tuned to precisely match the acceptor absorption spectrum and allow easy
deconvolution of the donor and acceptor emissions. In addition, their broad absorp-
tion spectra allow excitation of the donor far from the acceptor absorption band,
substantially reducing direct excitation contribution to the acceptor signal. Finally,
because several acceptors may be conjugated to a single QD donor, the overall
FRET rate can be substantially increased, a clear advantage especially with longer
separation distances. The use of QD FRET donors has been demonstrated in ensem-
ble assays for detecting DNA hybridization [20], enzyme activity [21], and for eluci-
dating the structure of QD-protein assemblies [22]. Additional details on ensemble
steady-state and time-resolved FRET using QD donors applied to biological systems
can be found in Chapter 4 of this volume. There has been a strong interest in trans-



120

Single Particle Investigation of Biological Processes Using QD-Bioconjugates

lating these assays to the single molecule level, which could provide higher
sensitivity measurements while reducing materials consumption.

The most obvious single particle (sp-) FRET configuration would use immobi-
lized QD-bioconjugates, which can allow one to collect and resolve time-dependent
conformational changes at the single molecule level. In a recent report, single immo-
bilized QD-oligonucleotide conjugates were used to probe DNA Holliday junction
dynamics [23]. One of the characteristics of this four-DNA-strand assembly is that it
is structurally polymorphic, and its conformation fluctuates between two different
forms depending, for example, on salt concentration. At low salt concentration and
in the absence of multivalent ions, the junction has an open form, which minimizes
the repulsion between charged phosphates at the junction. When the salt concentra-
tion increases (or in the presence of multivalent cations), effects of electrostatic
repulsions are reduced, and the junction folds into one of two stacked conformers.
By labeling one of the DNA strands with a dye acceptor and the other with a QD, the
authors showed that these conformational changes induce fluctuations in the FRET
efficiency measured between the QD and dye. However, this type of surface-immo-
bilized assay remains particularly difficult to implement due to the weak FRET effi-
ciency for one QD-one dye pair, primarily due to the use of large multilayer
functionalization and conjugation schemes (the case with some of the commercially
available nanocrystals). Moreover, the intermittent and fluctuating nature of single
QD emission remains an important obstacle to quantitatively monitoring the
evolution of FRET efficiency with time.

These limitations can be circumvented by probing freely diffusing
QD-bioconjugates in solution samples, which limits the specimen excitation to the
residence time within the illuminated volume. It also reduces issues associated with
intermittent emission and data collection and analysis. Experimentally, solu-
tion-phase single particle FRET configuration utilizes a confocal microscope and a
laser excitation that provides a highly focused beam for specimen excitation (Figure
6.2). The collected signal consists of simultaneous bursts of PL intensities from the
donor (QD), collected on the donor channel, I},, and the acceptor (dye), collected on
the acceptor channel, I,, corresponding to Brownian diffusion of single QD conju-
gates in and out of the 3D-restricted confocal volume (see experimental step up, Fig-
ure 6.2). The spFRET signature consists of plotting the population fraction of events
versus emission ratios, 7, defined as # = I,/(I, + I,). For a control solution of QD
donors only (absence of FRET), the population fraction versus 7 is reduced to a peak
centered at # = 0. For QD-dye pairs, nonzero contribution from the acceptors due to
energy transfer broadens the distribution peak and shifts it to higher 5 values (Figure
6.2). In what follows, we will describe a few representative examples where spFRET
with QD-bioconjugates provided valuable and unique information.

6.3.3.1 spFRET Applied to DNA Hybridization

Zhang and coworkers showed that solution-phase spFRET applied to hybridization
assays could allow detection of a target DNA sequence with high sensitivity [25]
(Figure 6.3). A “reporter probe” carrying an organic dye acceptor and a biotinylated
“capture probe” were mixed with the DNA sample to be analyzed. These two
probes were designed to have complementary sequences to two different sections of
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Figure 6.2 (a) Confocal microcopy setup used for implementing solution-phase spFRET. (b) A
typical example of superimposed donor and acceptor time traces. Only the bursts with the sum of
both signals exceeding the threshold level (indicated by arrows) can be used for analysis. (c) Emis-
sion ratio distributions obtained from spFRET measurements as a function of the acceptor-to-QD
ratio. Reprinted by permission from the American Chemical Society, [24], © 2006.

the target sequence; they thus can simultaneously hybridize with the target DNA (as
shown in Figure 6.3). As a consequence, in the presence of the target, a sandwich
hybrid was formed between the capture probe, the reporter probe, and the target
sequence. When mixed with streptavidin-coated QDs (commercially available), the
sandwich structures bound to the QD surface, which brought several Cy35 in close
proximity to the donor center in each conjugate. The sample containing the
QD-sandwich complexes was then introduced in a glass capillary and flowed
through a small observation volume where fluorescence signals from individual
bioconjugates could be detected sequentially (Figure 6.3). Similar to multicolor
colocalization assays, the presence of the target was detected by the simultaneous
detection of QD emission () and CyS fluorescence (I,), indicative of the QD-DNA
complex formation. This assay has particularly high detection sensitivity (in terms
of minimal detectable target concentration) compared to a molecular beacon assay
employing organic dyes, due to two features specific to the QD-DNA assemblies.
First, direct excitation contribution to the acceptor signal was extremely weak,
because the system was excited in a region of minimal acceptor absorbance. As a
result, the measured acceptor signal resulted only from FRET contribution, which
reduced the detection background to a minimal level. Second, because the QDs
were functionalized with several streptravidin groups, each QD-conjugate had sev-
eral sandwich hybrids arrayed around the nanocrystal surface. This increased the
local acceptor concentration around a single donor and allowed for high FRET effi-
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Figure 6.3 Schematic of single QD-based DNA nanosensors. (a) Conceptual scheme showing
the formation of a sensing assembly in the presence of targets. (b) Fluorescence emission from Cy5
on illumination of QD caused by FRET between Cy5 acceptors and the QD donor in the assembly.
(c) Sensing responsitivity at different target concentrations for nanosensors and molecular bea-
cons. Reprinted by permission from Macmillan Publishers Ltd [25], © 2005.

ciency and bright acceptor fluorescence bursts, further enhancing the detection sen-
sitivity. These QD sensors were successfully applied in conjunction with an
oligonucleotide ligation assay to reach single nucleotide mutation detection [25]. In
a similar assay, an increase in the flow velocity in the capillary was shown to slightly
increase the average FRET efficiency [26]. This effect was attributed to the DNA
deformation in the capillary stream that brought the dye acceptor in closer proxim-
ity to the QD donor.

In a subsequent study, Zhang and Johnson applied spFRET as a means to quan-
tify the interactions between a specific peptide on the Rev protein (Rev-peptide) and
the Rev responsive element within the RNA gene (RRE-RNA) and to identify and
characterize potential inhibitors [27]. Interactions between the regulatory protein
Rev and a portion of env gene within the RNA gene (RRE-RNA) are critical to
HIV-1 replication. Rev peptide is a sequence from the basic region of Rev with
reported high affinity to RRE. The authors demonstrated that the stoichiometry of
Rev-peptide binding to RRE-RNA sequence can be accurately determined using
such FRET-based single QD-RRE-RNA sensing assemblies (Figure 6.4). They fur-
ther used this single particle configuration to potentially quantify the inhibitory
effects of proflavin on the affinity between Rev-peptide and RRE. In particular,
spFRET permitted them to quantify these inhibitory effects even in the presence of
substantial levels of interference fluorescence from high-concentration proflavin;
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Figure 6.4 (a) Secondary structure of biotin-functionalized RRE IIB RNA. (b) Cy5-labeled Rev pep-
tide used. (c) Proflavin chemical structure. (d) Schematic representation of the single-QD
FRET-based sensing assembly utilized for evaluating Rev-peptide-RRE interaction along with the
inhibitory efficacy of proflavin; commercial 605QD was used. Reprinted by permission from the
American Chemical Society [27], © 2007.

the latter is a blue fluorescent compound that often prevents the discrimination of
FRET signals in ensemble measurements. The main factors enabling efficient FRET
from a QD donor to acceptors located at the other extremities of long dou-
ble-stranded DNA and effective signal discrimination remained the high accep-
tor-to-donor ratio and the flexibility to choose the excitation wavelength far from
the dye (and proflavin) absorption bands.

6.3.3.2 spFRET Applied to Determining QD-Bioconjugate Heterogeneity

In the second example, we used single-QD FRET to characterize the heterogeneity
of self-assembled QD-bioconjugates and to gain information about the distribution
in conjugate valence [24]. These conjugates were formed by attaching (via
metal-affinity driven self-assembly) average numbers of maltose binding protein
(MBPs) labeled with rhodamine red (RR) onto CdSe-ZnS QDs capped with
dihydrolipoic acid (DHLA) ligands; the QDs served as exciton donors and scaffolds
for arraying various numbers of dye-labeled proteins. The influence of the acceptor-
to-donor ratio was examined by varying the ratio of acceptor dye
labeled-to-unlabeled proteins while keeping the same total number of proteins con-
jugated around a single QD. This study showed that within a macroscopic homoge-
neous sample, heterogeneity in conjugate valence characterizes individual
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self-assembled QD-protein conjugates. More importantly it was shown that the
number of acceptors per QD followed a Poisson distribution, where the probability
of finding a conjugate having exactly # acceptors for sample with a nominal number
of protein dye per QD, N, obeys the relation [24]:

p(N,n) = N" exp(-N)/n! (6.1)

In particular, using the distribution plots shown in Figure 6.2(c), spFRET
allowed us to determine the fraction of QD-conjugates having zero valence (i.e.,
QDs that are not conjugated to any MBP dye), p(N,0), for a series of macroscopic
samples with increasing nominal valence, N. This was extracted from a very narrow
window in the distribution of population fraction centered at = 0 (Figure 6.5).
Data clearly showed that the zero valence population fraction (p(N,0)) decreased
exponentially with increasing N, which agrees well with the prediction of (6.1). It is
worth mentioning that this study also showed that single QD FRET measurements
provided estimates of donor-acceptor separation distance that was compatible with
ensemble measurements and the structure of the QD-protein conjugate. Additional
details on applying these findings to QD-protein sensors can be found in [24].

6.4 In Vitro and In Vivo Tracking of Protein Using Single QDs

6.4.1 In Vitro Detection of Kinesin and Myosin Motor Movement

Single molecule tracking has played a crucial role in elucidating the characteristics of
motor proteins, such as kinesin, myosin, and dynein, that are responsible for active
intracellular transport of vesicles, organelles, and protein complexes (as cargos)
along microtubules or actin filaments. A number of studies have used either polymer
beads of a few hundreds nanometers in size or fluorescent organic dyes to follow the
movement of individual motors; determine their velocity, the size, and rate of their
steps; and provide unique insights into their structural properties (see, for example,
[28,29]). However, use of QDs to tag molecular motors, instead, could open up new
possibilities to study their dynamic properties by extending the observation times,
due to the high photobleaching thresholds compared to organic dyes; conventional
fluorophores allow observation for only a few seconds to a few tens of seconds
depending on the experimental conditions.

QDs have been used to label single fragments of actin or microtubule, the sub-
strate on which the motors move. In these “sliding” assays, motors are adsorbed on
a surface and then exposed to substrate fragments. The immobilized motors are able
to bind these fragments and induce their transport across the surface. A first
“proof-of-principle” study by Mansson and coworkers demonstrated the use of
QDs to label actin filaments sliding on a surface of adsorbed myosin motors, where
movement of actin filaments was tracked for several seconds [30]. It was then envi-
sioned that the streptavidin-QDs used to label the actin filaments could also be used
as anchor points (or a scaffold) to bind and transport large biotinylated cargos. In a
more refined study Leduc and coworkers used single QDs to investigate the coopera-
tive interactions between kinesin motors interacting with the same microtubule [31].
Kinesin motors were combined with fluorescent proteins before being immobilized
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Figure 6.5 Fraction of QDs without any acceptors or “zero valence” (7 < 10 percent; squares)
and that engaged in FRET (1 > 15 percent; triangles) as a function of N, the average number of RR
acceptors per QD, obtained from spFRET measurements shown in Figure 6.2(c). The fits corre-
sponds to the Poisson distribution p(N,0) ~ exp(-N) and 1-p(N,0). Reprinted by permission from
the American Chemical Society [24], © 2006.

on a glass surface, so that their locations could be determined by fluorescence imag-
ing. QD-labeled microtubules were then deposited on the kinesin-functionalized
surface, and their motion was tracked by detecting the QD emission with a ~3-nm
precision. By analyzing the motion, velocity, and step size of microtubules bound to
one, two, or more motors, the authors showed the existence of fractional motion
steps and the absence of synchronization between several kinesin motors interacting
with the same microtubule.

QDs have also been used to label single motor proteins and track their motion
with high precision. For example, individual kinesin motors were labeled with QDs,
and their motion characteristics, such as velocity, step length, and dwell time, were
determined under different conditions using single QD tracking [32]. In particular,
the authors demonstrated that in the presence of obstacles or in crowded condi-
tions, kinesin motors can wait on the microtubule in a strongly bound state. They
postulated that this behavior could explain pauses in the motion of kinesin-trans-
ported cargos observed in living cells. In another study, the two heads of individual
myosin V motors were labeled with two different QD colors [33]. Using two-color
single QD tracking, the authors were able to locate the positions of the two heads
with ~6-nm precision for several minutes, follow the motion of individual myosin
molecules, and probe changes in their intramolecular conformation. They observed
that the two heads move alternatively along the actin filament and that the heads
were separated by 36 nm during pauses in motion, confirming the predictions of
the hand-over-hand model of myosin mode of walking along an actin filament
(Figure 6.6).
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Figure 6.6 Myosin V processive runs with heads labeled with different color QDs. Green and red
open circles are the two different QD positions determined by Gaussian fits. Solid lines are the
average QD positions between steps, with the onset of steps determined by eye. Upper left are
averaged QD images for steps labeled A-D. The yellow lines connect QD centers emphasizing
alternating relative head positions. The green arrow identifies the substep. Lower right are histo-
grams of interhead spacing and step size. Reprinted by permission from the Biophysical Society
[33], © 2005. (See Color Plate 12.)

6.4.2 Tracking of Protein Receptors in Live Cells

Transposing single QD conjugate tracking from in vitro conditions to living cells has
the potential to unravel complex biomolecular interactions underlying specific cellu-
lar activities. However, tracking of individual proteins in live cells using single QD
fluorescence encounters difficulties that are often shared with other single particle
tags (e.g., latex beads, gold nanoparticles, and so on) or single fluorophore tracking
techniques. The first difficulty is caused by nonspecific interactions of QDs and their
conjugates with their environment, either due to steric hindrance (“crowding”
effects, limited access to particular cellular compartments, and so on) or to unde-
sired adsorption of endogenous molecules onto the QD surface. The second major
hurdle to the effective use of QDs for single molecule tracking in live cells derives
from the difficulties of crossing of the plasma membrane and the delivery of iso-
lated QD-conjugates into the cytoplasm. For these reasons, single QD tracking of
receptor proteins in cell media have been successfully reported primarily for easily
accessible targets. These include transmembrane proteins to investigate membrane-
bound receptor diffusion or endosomal trafficking.

Spatial organization of the cellular membrane components (lipids, proteins, car-
bohydrates, and so on) plays a critical role in their interactions with other mem-
brane components, and in the cell signaling and communication with the
extracellular environment and surrounding tissue. Understanding when and how
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the cell reorganizes these membrane components is therefore a key challenge in the
study of cellular activity. In particular, trafficking of neurotransmitter receptor pro-
teins within membrane compartments and between membrane and intracellular
space plays an important role in the regulation of neuronal activity. The QD resis-
tance to photobleaching has given researchers the opportunity to track single
transmembrane neurotransmitter receptors for long periods of time and led to a
better understanding of receptor trafficking in neurons. Dahan and coworkers
reported the first use of QD for single receptor tracking in cultured neurons in 2003
[34]. The authors labeled individual glycine receptors with single QD-streptavidin
conjugates via primary and secondary antibodies. Single QDs were identified and
tracked by their blinking properties. They observed a considerably higher fluores-
cence signal compared to standard fluorophores, resulting in a spatial resolution
reaching 5-10 nm, compared with 40 nm with an organic dye. Even more impress-
ing was the duration for which they were able to follow the trajectory of single
QD-labeled receptors—more than 20 minutes, compared to ~5s for a standard
organic fluorophore. This allowed the visualization of receptor trajectories on a
time scale that was not accessible before and revealed new diffusion dynamics. In
particular, the authors showed the existence of several membrane domains corre-
sponding to synaptic, perisynaptic, and extrasynaptic regions with different recep-
tor diffusion behaviors. Since then, numerous studies have since used QDs to track
trajectories of individual membrane receptors, in neurons [35-39], or other cell
types [40, 41]. Single QD tracking will likely become one of the methods of choice
for studying transmembrane protein dynamics, accessible to both specialists and
nonspecialists.

QDs have also given access to new information regarding endosomal traffick-
ing of transmembrane receptors. A study by Lidke and coworkers in 2004 demon-
strated that QDs conjugated to the epidermal growth factor (EGF) using
streptavidin-biotin binding could be used to monitor the binding of EGF to specific
membrane receptors and track their intracellular fate [42] (Figure 6.7). EGF-QDs
were shown to correctly bind and activate the targeted erbB1 receptor, followed by

252s 306 s 378 s 432s
(b)

Figure 6.7 Retrograde transport of EGF-QDs (red) on filipodia. (a) A431 cell expressing receptor
erbB3-mCitrine (green); maximum intensity projection of four 0.5-um confocal sections as a func-
tion of time. (b) Magnified image of filipodium indicated in the last panel of (a), showing the uni-
form migration of the EGF-QDs toward the cell body with a velocity of ~10 nm/s. All scale bars,

5 um. Reprinted by permission from Macmillan Publishers Ltd [42], © 2004. (See Color Plate 13.)
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endocytotic uptake of the EGF-QD-receptor complex. The authors were then able to
track the trajectories of individual EGF-QD-receptors and show the existence of a
new retrograde transport mechanism in filopodia from the cell surface to the cell
body. In a subsequent study, the authors used single EGF-QD tracking to examine
the nature of this retrograde transport in detail [43]. In particular, analysis of single
QD trajectories and their mean square displacements showed a behavior consistent
with active transport and not a Brownian motion. The authors showed that this
transport was supported by the actin network, as indicated by analysis of transport
velocities and the effects of pharmacological agents. They next exposed the cells to
two different colors of EGF-QD conjugates and observed that the onset of active
transport correlated with merging of two EGF-QD conjugates. This showed that
dimerization of EGF-activated receptors was necessary to trigger the active trans-
port. Finally, they examined whether retrograde transport occurred before or after
endocytosis of the EGF-QD-receptors conjugates using FRET between QD donors
and organic dyes. Membrane-impermeable biotinylated dyes were able to bind the
remaining biotin-binding sites on QD-EGF conjugates, resulting in efficient FRET,
even after the onset of retrograde transport. This demonstrated that these conjugates
were still available to the extracellular medium and that receptor endocytosis
occurred only after retrograde transport along the filopodia, when reaching the cell
body. In another study, Vu and coworkers used antibody-conjugated QDs to target
specific membrane receptors to the nerve growth factor [44]. The authors showed
that QDs allowed monitoring not only of the receptor cellular uptake, but also of its
intracellular fate. QD-labeled receptor processing by the cells was consistent with
that of unlabeled receptors, including active shuttling of QD-receptors conjugates to
new neural processes.

Circumventing issues of effective transmembrane delivery of QD-bioconjugates,
Courty and coworkers used osmotic lysis of pinosomes to deliver individual
QD-kinesin motor conjugates into the cell cytoplasm. This mode of delivery
involves exposure of the cells to first a hyper-osmotic solution to induce QD
pinocytosis, then to a hypo-osmotic solution to break the pinosomes and release
their content into the cytoplasm. The authors were then able to follow the QD tra-
jectories over time and found that the majority of QD-conjugates exhibit trajectories
typical of freely diffusing Brownian motion, but a smaller fraction (~ 10 percent) of
conjugates exhibited a rather linear directed motion. This directed motion was never
observed when using unconjugated QDs or when inhibiting kinesin motor transport
by a chemically induced depolymerization of the actin filaments. When analyzing
the directed motion of this fraction of QD-conjugates, the authors observed a veloc-
ity consistent with in vitro observations, which show that kinesin movement was not
affected by its QD cargo. This study is particularly encouraging for future use of
QDs to track individual biomolecules in the cytoplasm, even though systematic
studies will be needed to validate this type of cellular delivery and to ensure the
absence of nonspecific interactions of the QDs with the complex intracellular
environment.

These studies, and others, clearly indicate that QDs may offer precious insights
into intracellular trafficking of membrane receptors and reveal previously inaccessi-
ble transport mechanisms. In general, the main limitations of these techniques origi-
nate from the still relatively large size of the QD conjugates, which may influence the
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QD-labeled protein diffusion in confined spaces like synaptic clefts or from nonspe-
cific interactions with endogenous molecules. The size limitation adds constraints
even to probing extracellular transmembrane protein tracking (e.g., due to the pres-
ence of large transmembrane carbohydrates). Blinking of QD fluorescence causes
intermittent interruption of the reconstructed trajectories, but it appears that this is
not a major obstacle to the use of QDs as long as the density of labeled receptors is
low enough that the same QD can be identified again during the next emitting
period. However, it may be necessary to correct quantitative transport
measurements from QD blinking effect in certain applications [45].

6.5 Conclusion

QDs are finding increasing utility in a variety of applications, including biological
sensing and imaging, due to several unique intrinsic photophysical properties. By
allowing easy measurements with high signal-to-noise ratios and extended observa-
tion times, QDs have also opened up new possibilities for studying biomolecular
interactions at the single molecule level. For example, they allowed tracking of sin-
gle biomolecule trajectories over several tens of minutes with high signal-to-noise
ratios and consequently high spatial resolution. The set of single molecule studies
summarized in this chapter constitute only a fraction of what use of luminescent
QDs promises in biology. These materials have the potential not only to improve
existing single biomolecule assays, but more importantly to provide previously
inaccessible information about biomolecular interactions, as has been demon-
strated in a few preliminary in vitro and live cell studies. Optical techniques for the
tracking of single molecules, in particular, will continue to benefit from using QDs
[45-47], as further progress will potentially bring even better spatial and temporal
resolution of reconstructed trajectories in living cells.

However, further progress will be required in several domains to take advan-
tage of the full potential of QDs use in single molecule studies. In particular, more
systematic studies are needed to characterize the effects of surface coating and con-
jugation strategies on the long-term stability of hydrophilic QDs and
QD-bioconjugates in buffers and in intracellular environments. These issues are fur-
ther discussed in Chapter 1 of this volume. Intracellular compartments are complex
and usually rich in ionic materials, and nonspecific interactions often affect the QD
movements in these media. Since QDs offer real advantages for single molecule
studies compared to other fluorescent markers, we can expect that as the surface
properties, stability, and conjugation strategies continue to progress, single mole-
cule assays using QDs will ultimately transition from proof-of-principles performed
by specialists to general use by a broad biological and biophysical community.
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7.1 Introduction

With the exciting possibilities offered by quantum dots (QDs) in clinical applica-
tions, the potential toxicity of QDs has become a serious concern. To date there is
not sufficient information available in the literature or unanimous consent on
whether or not QDs induce harmful effects when they are introduced into biological
systems. However, in the past few years there has been a number of important inves-
tigations on the safety of QDs pointing out some key factors that may contribute to
the harmful interactions of QDs with cells in vivo and in vitro. In view of their size,
QDs belong to a class of materials known as engineered nanomaterials that are
under investigation by regulatory agencies worldwide regarding hazard identifica-
tion. Several reviews on the potential detrimental health effects of nanoparticles and
on screening strategies have appeared recently and should be consulted by readers
wishing to gain insights into the burgeoning field of nanotoxicity and its
implications in engineering, research, and health management [1-5].

In his toxicologic review of QDs published in 2006, Hardman offers an excel-
lent introduction to the complexity of the problem [6]. He stressed that the extent of
cytotoxicity depends on a number of factors related not only to the physicochemical
properties of the particles but also to the modalities of their use. A large section of a
2008 review by Lewinski et al. on the cytotoxicity of nanoparticles is devoted to
semiconductor nanoparticles [7]. It provides a list of the experimental setups and
results on CdSe and CdTe QDs reported from 2002 to 2007, including data on cell
lines, conditions of exposures, assays employed, and surface characteristics of the
QDs. This information is very useful, since cell type and cell status at the time of QD
exposure critically influence the extent of QD-induced cell toxicity. All these biolog-
ical variables together with the richness of QDs in terms of chemistry and breadth of
applications have led to confusing and sometimes contradictory statements on
QD-induced toxicity. Our objective in this review is to help the reader in identifying
the risks involved with the use of QDs and in designing protocols that will eliminate
undesirable side effects, or at least minimize them, within the context of a specific
application. The review examines first the routes of exposure to QDs and the mech-
anisms of their cellular internalization. This section includes a brief description of
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common in vitro assays of cellular damage. Then, we expose the experimental evi-
dence of cellular damage induced by QDs via four mechanistic pathways: (1) release
of toxic metal ions; (2) release of capping material; (3) production of reactive oxy-
gen species (ROS); and (4) genomic and epigenomic damage. A final section is
devoted to the current status on QD bioaccumulation and clearance in vivo.

7.2 General Considerations

7.2.1 Routes of Exposure

Given that QDs show great promise as medical imaging agents, exposure resulting
from administration to patients for medicinal purpose is of greatest concern, at least
theoretically, since no QD product is currently approved for diagnostics or thera-
peutic purposes. A majority of the studies on the potential toxicity of QDs were
designed such that they model this putative administrative route of exposure for
humans, as will be described later. Nonetheless, it is important to assess incidental
or accidental modes of exposure, such as those met in the workplace by researchers,
engineers, or clinicians, who may be exposed to QDs by inhalation, through dermal
contact, or by accidental ingestion. Most protocols currently in use for synthesis of
QDs are solvent based and require handling of solutions. Little is known on the con-
ditions under which QDs may form aerosols or whether they form aggregates in air.
Guidelines to assess the risks of QD inhalation are provided by the large body of
work on the health effects of exposure to airborne nanoparticles similar to QDs in
term of their size (mineral dust particles, silicates, and so on) [1, 8, 9]. Topical expo-
sure, either accidental or through cosmetic applications, provides another potential
route of entry.

A study by confocal microscopy has revealed that QDs can penetrate the stra-
tum corneum of intact porcine skin and localize within the epidermal and dermal
layers after 8 to 24 hours of exposure [10]. The study encompassed QDs of different
sizes and shapes (spherical 4.6 nm in diameter and ellipsoidal 12 nm x 6 nm) with
neutral (PEG), anionic (COQ"), and cationic (PEG-NH,) coatings. Localization of
QDs in the epidermal layers was confirmed in all cases after a 24-hour exposure, but
the kinetics of penetration depended on the QDs characteristics. Furthermore, the
group showed that anionic and cationic QDs, but not neutral QDs, are internalized
by epidermal keratinocytes (HEK cells) and localize in the cytoplasm and the
nucleus [11, 12]. Intradermal (ID) injection of CdSe/ZnS core/shell nanoparticles
coated with poly(ethylene glycol) (PEG) emitting at 621 nm with a diameter of 37
nm was performed into female SKH-1 hairless mice as a model system for determin-
ing tissue localization following intradermal infiltration [13]. The QDs remained as
a deposit in skin and penetrated the surrounding viable subcutis. They were distrib-
uted to draining lymph node, to the liver, and to other organs.

Nanoparticle exposure through contaminated environmental media is also of
concern, given the large range of possible applications, which may necessitate size-
able production volume of these nanoproducts. Most QD metals (e.g., Cd, Te, and
Se) are known to be toxic to vertebrates at low concentration (ppm); thus, degrada-
tion of QDs upon storage in the dark or under photolytic conditions could have
harmful environmental consequences. Unfortunately, little is known on the stability
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of QDs subjected to environmental transformations. Contaminations of the envi-
ronment could occur via streams polluted with waste matter originating from man-
ufacturing or clinical settings [14]. Proper procedures for the disposal of
QD-containing waste should be established in order to minimize the risk of environ-
mental contamination, as numerous studies described later have confirmed that
many cell types are able to internalize QDs.

7.2.2 Mechanisms of Cellular Internalization of QDs

Different cellular uptake mechanisms may contribute to the internalization of QDs
(Figure 7.1). The relevance of each pathway depends on the physicochemical prop-
erties of the QDs (e.g., size, surface charge, coating, ligands, and aggregation status)
and on the exposed cell type. For cells from the immune system, such as
macrophages, uptake of nanoparticles occurs via phagocytosis, a process through
which particles are engulfed by the membrane receptors leading to the formation of
phagosomes [15, 16]. The translocation mechanism available to all cells is
endocytosis, a term that encompasses several distinct mechanisms and eventually
leads to the formation of intracellular vesicles, the endosomes, which are led to vari-
ous cell compartments [17, 18]. Nanoparticles that cannot be used by the cells are
trafficked to acidic compartments (the lysosomes, pH ~ 5) or to the peroxisomes,
which provide a highly oxidative environment favoring degradation of the particles
[19]. Examples of specific endocytotic processes include pinocytosis, which involves
the formation of macropinosomes that mature and form lysosomes. Clathrin-medi-
ated endocytosis occurs at specific locations of the membrane known as
clathrin-coated pits and yields intermediate vesicles, which are processed by early
endosomes and late endosomes. Nonclathrin and noncaveolae-mediated
endocytosis are also available to cells. For example, particles may be internalized
via so-called lipid rafts. Internalization of nanoparticles by simple diffusion, a pas-
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Figure 7.1 Cellular uptake mechanisms available for the internalization of quantum dots. (See
Color Plate 14.)
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sive process, may also account for nanoparticle entry into cells. Recently, an active
transport of nonfunctionalized QDs was also reported [20].

Several or all of the internalization processes are available to nanoparticles as
they come in contact with live cells [21]. The selection of the most probable mecha-
nism of entry depends on factors such as (1) the physicochemical properties of the
particles, in particular their size, shape, surface chemistry, and aggregation state; (2)
the experimental conditions of the in vitro or in vivo assay, which will affect the
nanoparticle indirectly via processes such as opsonization by serum components or
modifications by proteins or lipids; and (3) the characteristics of the cell (“profes-
sional” phagocytes or not, normal versus “cancerous” cells, differentiation status).
The interaction of a given nanoparticle with a cell and the final outcome of the expo-
sure are dictated by these factors as a whole. To conduct mechanistic investigations
on the cytotoxicity of nanoparticles, it is necessary to control as many parameters as
possible in order to clarify the relation between the uptake mechanism and subse-
quent cellular distribution pattern of the particles and monitor which cellular
pathways are triggered by internalized nanoparticles.

7.2.3 Detection of QD-Induced Cytotoxicity

The first in vivo studies aimed at demonstrating the exceptional imaging capabilities
of QDs did not indicate marked cytotoxic effects [22]. Yet in vitro investigations
provided evidence of cytotoxicity, raising the question of the relevance of in vitro
tests in the context of QDs evaluation for in vivo applications. Nonetheless cell cul-
ture assays need to be conducted in order to minimize unnecessary in vivo experi-
ments and to gain mechanistic information. In the following section, we describe
briefly the assays commonly employed in studies addressing the question of QD
cytotoxicity in order to help the reader to appreciate the limitations of each
technique.

In a large number of studies, conclusions are drawn from colorimetric assays,
such as the MTT viability assay, aimed at distinguishing between live and dead cells.
In this test, a yellow dye, 3-(4,5-dimethylzol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), is converted into a dark blue formazan dye upon reaction with mitochon-
drial dehydrogenase enzymes [23, 24]. This conversion occurs only in live cells.
Hence, the production of formazan, quantified by its absorbance at 492 nm, can be
correlated to the viability of cells under a given set of conditions. The WST-1 and
WST-8 tests function similarly, on the basis of different water-soluble formazan
dyes [25, 26]. The Alamar Blue (or resazurin) test is a colorimetric assay in which the
nonfluorescent Alamar Blue is converted to a pink fluorescent dye by NADP and
FADH-dependent enzymes during oxygen consumption in healthy cells [27, 28]. A
few studies have reported viability data based on other tests, such as the Trypan Blue
exclusion assay [29]. The idea here is that Trypan Blue only enters cells with dam-
aged membranes. This selectivity results in two cell populations: (1) stained cells
that are either dead or dying and (2) clear cells that are alive with uncompromised
membranes. This assay is widely used in biology due to its simplicity.

Viability assays yield no information on sublethal effects of QDs that may have
implications in the longer timeframe or that may help in elucidating mechanistic
pathways. A number of tests have been developed to assess such damages. For
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instance, the glutathione assay detects levels of glutathione (GSH) using Ellman’s
reagent (5,5°-dithio-bis-2-nitrobenzoic acid, DTNB), which reacts with thiol groups
to produce yellow 5-thio-2-nitrobenzoic acid (TNB) and oxidized glutathione
(GSSG) [30, 31]. The production of TNB is measured from the absorbance (405 or
412 nm), and these concentrations are correlated to the concentration of GSH in the
sample. Peroxidation of membrane lipids is assessed by specific assays, such as the
thiobarbituric (TBA) test, which detects the formation of a lipid-peroxidation
byproduct known to form a fluorescent pink dye upon treatment with TBA (heat in
acidic conditions) [32]. The fluorescent dye BODIPY-581/591 C, is a lipid dye that
inserts into lipid membranes. It allows the quantification of oxidized versus
nonoxidized lipids, using the ratio of green to red fluorescence intensity, which
scales with the ratio of oxidized to nonoxidized lipids. The lactate dehydrogenase
(LDH) release assay, another measure of membrane integrity, is a colorimetric assay
involving the conversion of a tetrazolium salt into a formazan, quantified by its
absorbance at 490 nm [33, 34]. The extent of LDH enzyme release into the cellular
environment is proportional to the number of cells with compromised membranes.
QD exposure-triggered inflammation can be tested via the production of
pro-inflammatory cytokines detected by enzyme-linked immunosorbant assays
(ELISA). The most commonly measured markers of inflammation are cytokines,
such as interleukins (e.g., IL-1Beta, IL-6), and tumor necrosis factors (e.g.,
TNF-alpha). ELISA assays are generally sensitive, fast, and easily performed in
laboratories without need for expensive and sophisticated equipment.

A useful method to assess the occurrence of DNA damage on QD-treated cells
uses flow cytometry of cells stained with propidium iodide or Annexin V [35, 36].
Propidium iodide only enters cells with leaky membranes and the dye becomes
strongly fluorescent upon binding to DNA. The emission intensity is a measure of
the extent of damaged plasma membrane (i.e., the more extensive the damage, the
more dye will get into the cell nuclei and the stronger the fluorescence intensity).
Flow cytometry provides reliable information on different populations of cells
exposed to injurious agents. However this technique does not reveal any informa-
tion on possible morphological changes in the nucleus and other organelles. Trans-
mission electron microscopy is the most reliable technique to detect such changes.
However, this technique is time consuming. It can only provide information on a
relatively limited number of cells at one time, and it is not practical for determining
the dynamics of a deterioration process. The Comet assay or single cell gel electro-
phoresis (SCGE) assay is a rapid, sensitive, and relatively simple method to detect
DNA damage at the level of individual cells [37]. In the original procedure cell lysis
and subsequent electrophoresis were done under neutral conditions, and staining
was done with acridine orange [38]. The image obtained resembles a comet with a
distinct head comprising of intact DNA and a tail consisting of damaged or frag-
mented DNA. A more versatile alkaline method was developed later to measure low
levels of strand breaks with high sensitivity [39]. This assay is semiquantitative, and
interpretation of different types of tails is sometimes difficult. High-throughput
assays, such as the GeneChip assay (Affymetrix) provide fast and effective means of
profiling changes in gene expression upon treatment of cells with nanoparticles,
including QDs.
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There is no question that the most reliable information on cytotoxicity is
obtained by combining several different techniques. A considerably larger palette of
approaches must be applied if the questions are directed toward revealing a particu-
lar type of cell death or degeneration. Subtle cellular damage, which could eventu-
ally lead to long-term impairment, can only be revealed by functional assays (e.g.,
electrophysiological assessments of channel functions; release of neurotransmitters
or hormones, histone acetylation, post-translational modification, methylation, and
phosphorylation) coupled with real-time live cell imaging. Description of these
assays is beyond the scope of this chapter.

7.3 Mechanisms of Quantum Dots Cytotoxicity

There is a general consensus that QD-induced cellular impairment and eventual cell
death can involve the following events: (1) the release of the highly toxic heavy met-
als (Cd, Te, Se); (2) the desorption of the organic capping layer; (3) the formation of
reactive oxygen species (ROS) and the cascade of events triggered by ROS; and (4)
epigenetic and genetic changes involving histone modifications and DNA cleavage.

7.3.1 Release of Toxic Metal lons

Cadmium, selenium, and tellurium, the core components of the most widely used
QDs, are known to cause acute and chronic toxic effects in humans. A great deal of
toxicological data is available on cadmium and selenium, which are of serious envi-
ronmental concern. They are known to accumulate in vertebrates, with a biologic
half-life in humans of 15 to 20 years (in the case of cadmium) [40]. Cadmium can be
retained in all organs [41], and it has been shown to cross the blood brain barrier
and induce neurological damage [42, 43]. The liver and kidney are the main target
organs of cadmium toxicity [44], which involves, among other factors, interference
with antioxidant enzymes [45], alterations in thiol proteins [46], inhibition of
energy metabolism [47], generation of ROS and lipid peroxidation [48], and alter-
ation in DNA structure [49]. Less is known on the toxicity of tellurium, although it
was shown almost 20 years ago that this metal can induce significant damage in the
peripheral nervous system [50].

Several groups have demonstrated that the amount of free Cd** in solutions of
QDs prior to their addition to cells correlates with the cytotoxicity in vitro [51,52].
The free Cd** concentration, determined by techniques such as inductively coupled,
plasma optical emission spectroscopy (ICP/EOS), in a 0.25 mg/mL solution of QDs
ranged from 6 ppm (~ 50 uM) for nontoxic CdSe/ZnS QDs to as much as 126 ppm
(~ 1.05 x 10’ uM) for the highly toxic CdSe QDs [53]. The latter value is within the
range of Cd**levels known to induce significant decrease in cell viability (100 to 400
uM) [54]. Derfus et al. demonstrated that the level of Cd** contaminating solutions
of CdSe QDs depends on the type of coating and on storage conditions, such as
exposure to light and air [53]. Their work suggests that Cd*" generation results from
the gradual erosion of the nanoparticle outer surface.

More recent work indicates that a ZnS outer layer provides the CdSe core with a
robust, mostly defect-free coating of enhanced resistance against degradation in oxi-
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dative media. For instance, CdSe/ZnS QDs were shown to be nontoxic and did not
interfere with the liver-specific functions of primary hepatocytes after exposure to
low concentrations (< 0.25 mg/mL) and relatively short periods of time (< 1 hr) [53,
55,56, 57]. Various ZnS-protected QDs have been used in a large number of in vivo
and in vitro studies during which QD-induced cytotoxicity was not observed within
the imaging time period [51, 58, 59]. These studies and others suggest that one key
requirement is to protect the core with an outer layer that withstands aggressions
from oxidative, acidic, or basic environments, and to verify that there is no trace of
Cd or Se release during storage, upon irradiation, and upon contact with the biolog-
ical media. Most studies suggest that this criterion is met by QDs covered with a
zinc sulfide or cadmium sulfide (ZnS or CdS) outer layer synthesized according to
the core-shell model, a number of which are currently commercially available. Sil-
ica-coated CdSe or CdSe/ZnS particles, which also present this robust core-shell
morphology, were shown to be nontoxic in various types of cells—HepG2 (human
liver carcinoma), NIH 3T3 (mouse embryonic fibroblasts), and COS-7 (monkey
kidney fibroblasts) based on the Alamar Blue viability assay [60]. In these studies,
the silica outer surface was hydrophilic due to the presence of PEG chains or amine
groups originating from the aminopropylsilane used during the synthesis of the sil-
ica shell. Leaking of Cd*" from silica-coated particles is believed to be precluded,
although the absence of free Cd*"in cells treated with SiO,-coated QDs has not been
demonstrated experimentally.

Cadmium telluride-QDs also induce cytotoxic effects in vitro and in vivo. Their
toxicity was ascribed in part to the presence of free Cd* in a study of Cho et al., who
tested exposure of human breast cancer cells (MCF-7) to CdTe QDs with no protec-
tive coating other than an adsorbed layer of hydrophilic ligands, such as
mercaptopropionic acid (MPA) or cysteamine (Cys) [61]. They measured the
intracellular concentration of Cd*" in MCF-7 cells incubated for 24 hours with vari-
ous QDs (10 ug/mL) using a Cd-specific cellular assay (Measure-iT). This study
revealed that there is no linear correlation between the intracellular Cd** concentra-
tion measured in QD-exposed cells and the percent loss of metabolic activity (MTT
assay) of the same cells treated with the same QDs under the same conditions. For
example, MPA-coated CdTe QDs were significantly more toxic than Cys-coated
CdTe QDs, yet the intracellular Cd** concentration was significantly lower in
MPA-CdTe treated cells, compared to Cys-CdTe treated cells. Cho et al. also
reported that CdSe/ZnS QDs were nontoxic to MCF-7 cells under the same condi-
tions and that the intracellular Cd** concentration in cells treated with CdSe/Zn$S
QDs was not detectable within the sensitivity limits of the assay.

Kirchner et al. pointed out that the concentration of Cd** ions released from
unprotected CdSe particles should scale with the concentration of Cd atoms on the
surface of the CdSe core, a value that can be estimated from the size and concentra-
tion of the CdSe particles (i.e., a 1-nM solution of CdSe particles with 100 surface
Cd-atoms has a surface Cd concentration of 100 nM) [51]. Using this indicator of
Cd** concentration as a means to compare the cytotoxic effect of various CdSe QDs
on several cell lines (NRK fibroblasts, MDA-MB-435S breast cancer cells, CHO
cells, and RBL cells), these authors concluded that there is no correlation between
the Cd™ surface concentration and the viability of cells exposed to QDs in serum
free medium [51]. This study corroborates the findings of Cho et al. indicating that
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the toxicity of QDs (CdTe or CdSe) cannot be accounted solely by the inherent tox-
icity of released Cd™.

7.3.2 Effects of Capping Materials on Cytotoxicity

The standard protocol for QD synthesis involves first the formation of semiconduc-
tor crystals in an organic solvent, and second exchange of the lipophilic ligand, usu-
ally trioctylphosphine oxide (TOPO), with a hydrophilic ligand, yielding
water-soluble QDs. Since TOPO is a cytotoxic compound, it is important to ensure
its complete removal during the exchange step [62]. The chemical structure of the
lipophilic ligand needs to be selected with a view on its toxicity, since it has been
speculated that exposure to acidic or oxidative intracellular environments or com-
petitive adsorption of cellular components may trigger its desorption and
intracellular release. The toxicity of several standard low molecular weight ligands
was tested in the absence of QDs [62]. Some compounds, such as thioglycerol, were
shown to be innocuous to cells; others turned out to be harmful. For example,
mercaptoundecanoic acid (MUA) induced DNA damage at 50 ug/mL, and at con-
centrations > 100 ug/mL proved to be toxic in human lymphoblastoid WTK1 cells.
Cysteamine, another commonly used capping agent, was found to be weakly
genotoxic after a 12h treatment. These materials, whether inadvertently present in
the QD solution or desorbed from the QDs in vitro or in vivo, can contribute to the
overall cytotoxicity of QDs [63].

Several groups have demonstrated that the replacement of low molecular weight
ligands by a biocompatible hydrophilic polymer can alleviate the harmful effects of
QDs. Thus, PEG chains [51] or PEG-grafted polymers [60] yield water-dispersible,
stable, and generally nontoxic QDs. However, PEGylation increases substantially
the hydrodynamic volume of the QDs and lessens their cellular uptake, compared to
QDs with less bulky hydrophilic capping. These trends were observed in a study of
CdSe/Si-PEG QDs, which presented no toxic effects in NRK fibroblasts up to a con-
centration of 30 uM, as determined from the ratio of adherent cells after and before
QD exposure. However, cellular uptake of the PEGylated QDs was greatly reduced
compared to the corresponding non-PEGylated QDs that had cytotoxic effects [51].
A recent study by Ryman-Rasmussen et al. provides useful information on the toxic-
ity of various commercial PEG-coated CdSe/ZnS toward skin cells, primary neona-
tal human epidermal keratinocytes (NHEK) [12]. The QDs carried neutral PEG
chains, amine-terminated-PEG, or COOH terminated PEG-chains. They were
shown to localize in the cytoplasm and the nucleus of NHEK cells. The three types of
QDs were nontoxic, as determined by the MTT assay, when used in low concentra-
tion (2 nM). Exposure to higher concentrations of QDs (10 nM) revealed that the
amine- and carboxylic acid-functionalized QDs were toxic and triggered
pro-inflammatory cytokine release, whereas QDs coated with neutral PEG
remained harmless. Further experiments correlated the coating-dependent
cytotoxicity of QDs to the mechanism of their interactions with the cells [11].

Entrapment of CdSe QDs into poly(D-L)lactide nanoparticles stabilized by sur-
factants (overall hydrodynamic diameter of the composite particles: 160 to 260 nm)
was reported as yet another means to insulate the QD core from the cellular environ-
ment [65]. The QD-containing particles, when coated with neutral or negatively
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charged surfactants, were shown to be nontoxic toward HepG2 cells, as assessed by
the MTT test. Similar particles stabilized with a cationic surfactant (cetyltrimethyl
ammonium bromide) proved to be toxic to the cells. This study highlights some of
the problems related to the use of polymer-coated QDs, namely, increased size, and
introduction of materials, other than the metal core, which may be inherently toxic.

7.3.3 Effects of QD Size on Cytotoxicity

A comparison of the toxicity of QDs with identical, or at least similar, composition
and surface coating but different in size or hydrodynamic volume points to the
rather general trend that smaller QDs are more cytotoxic than larger ones. Kirchner
et al. tested the toxicity of different size CdSe QDs in several cell lines and attrib-
uted this trend to the higher surface-to-volume ratio of small nanoparticles com-
pared to larger ones (or higher Cd** surface concentration per mol or weight of QD)
[51]. Lovric et al. also noted that green CdTe QDs (diameter ~2.2-3 nm) were sig-
nificantly more toxic than red ones (~5.2-6 nm), with identical surface covering as
assessed by the MTT assay [66]. Moreover, they observed that the red QDs localize
primarily in the cell cytoplasm and do not enter in the nucleus, whereas the smaller
green QDs are found within the nucleus, where damage of the DNA can occur. Sim-
ilar trends were reported also during an in vitro study of the interactions of green
(~2 nm), yellow (~4 nm), and red (~6 nm) CdTe QDs in human hepatoma cells
(HepG2) in concentrations up to 100 uM treated for 48h [67]. The viability of cells
was assessed by the MTT assay and reported as IC;, values or concentration of QD
causing a 50 percent reduction in viability. The IC,, values were 3.0, 4.8, and 19.1
uM for the green, yellow, and red QDs, respectively. Note that the researcher car-
ried out in parallel an in vivo trial, exposing the same QDs to Sprague-Dawley rats
[67]. The animals experienced a temporary decrease in locomotion immediately
upon injection and some weight loss. However, after a 4-hr treatment, there was no
noticeable damage to the specific organs.

Most of cytotoxicity data from QD exposure in vitro relate loss of viability and
other cellular impairments to the concentration of the QD solution added to system
investigated. This concentration is a good estimate of the extracellular QD concen-
tration prior to internalization. If the QD size, coating, and concentration are such
that the nanoparticles are readily endocytosed by the cells employed, then one may
assume that the intracellular concentration will be equal, or similar, to the initial
concentration, given sufficient time for internalization to occur. However, this may
not be the case at all, since there is great variability in QD internalization, as
revealed by numerous studies. These considerations motivated Chang et al. to eval-
uate the toxicity of a set of CdSe/CdS QDs (core/shell structure) toward a human
breast cancer cell line (SK-BR-3) on the basis on the intracellular QD concentration,
rather than the initial QD concentration added to cells [64]. The QDs were either
coated with a thin polymeric shell bearing carboxylates or PEGylated with PEG
chains (MW 750 or 6000). Cell viability was assessed by the live/dead assay.
Cytotoxicity was shown to be (1) concentration dependent—the higher the dose,
the higher the cell death—a trend reported in many previous studies and (2) surface
dependent—the “bare” carboxylated QDs caused the largest decrease in cell viabil-
ity for a given initial concentration. However, the intracellular QD concentration,
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after a 4-hr incubation at 37 degrees C, differed greatly for the three types of QDs:
the intracellular concentration of uncoated QDs was approximately five times
higher than that of the PEGylated QDs. A plot of the fraction of cell death versus
intracellular QD concentration indicated no significant difference between viability
data obtained for the three types of QDs, although initial concentration/toxicity
studies revealed different cytotoxicities for each surface-modified QD (Figure 7.2).
Hence, the study suggests that the apparent improved biocompatibility of some QDs
arises from a reduced cellular uptake of QDs and is not a good indicator of the
intrinsic toxicity level of the QDs.

The generality of this observation remains to be confirmed. Nonetheless it
points to the importance of assessing the toxicity of QDs on the basis of their
intracellular concentration, a protocol rarely followed in the past. Special experi-
mental care needs to be taken in order to ensure the reliability of the intracellular
QD concentration determination. Several protocols have been reported and usually
involve several steps [68, 69]: (a) removal of excess extracellular QDs by washing
the cells; (b) determination of cell number; and (¢) measurement of the sample lumi-
nescence (from QDs) using appropriate controls and calibration curves. Some
authors recommend subjecting the cells to an alkali treatment (2-hr incubation in
0.1M NaOH) prior to luminescence measurement in order to destroy the cell and all
the organelles. Cellular residues are then removed by centrifugation prior to
fluorometric quantification.

7.3.4 Effects of Reactive Oxygen Species on Cytotoxicity
7.3.4.1 Oxidative Stress

The generation of ROS upon exposure of cells to nanoparticles is currently consid-
ered to be one of the major contributors to their toxicity [2, 4]. Alteration of the
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Figure 7.2 Cytotoxicity evaluation based on the same number of intracellular QDs for non
PEG-substituted, 750- and 6000-Mw PEG-substituted QDs (black, dark gray, and light gray,
respectively) on SK-BR-3 cells (n = 4). QDs were taken up into cells by endocytosis during a 4-h
incubation, and intracellular levels were quantified by photoluminescence measurements.
Cytotoxicity was determined using a commercial live/dead assay. Reproduced from [68] with
permission from Wiley-VCH.
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steady-state balance between oxidant and antioxidant agents in the cell causes what
is known as oxidative stress, which disrupts normal physiological processes suffi-
ciently to inhibit proliferation, induce differentiation [70], and, eventually, lead to
cell death [71]. There are many different types of cell death, and it is commonly
believed that QDs lead not only to apoptosis, but also to necrosis and cell death
with autophagy [72]. Several modes for the activation of cellular signaling cascades
by ROS have been identified and discussed in detail [73]. Cellular response depends
on the severity of the oxidative stress, cell type, expression of antioxidant enzymes,
microenvironment, and many other factors including other possible stressors pres-
ent together with QDs. At its lowest level, oxidative stress induces the generation of
antioxidants and the synthesis of detoxification enzymes [74]. At higher levels, this
protective response is overtaken by inflammation initiated through activation of
proinflammatory signaling cascades. It is well documented that certain types of
QDs cause cytokine release and the release of proapoptotic factors [11]. Pro-
grammed cell death can be initiated either extrinsically or intrinsically. A well-char-
acterized extrinsically initiated program involves the signal transduction cascade
starting with the Fas (CD95) receptor, which is a prototypical “death receptor”
[75]. Activation of the Fas receptor eventually leads to caspase activation and
cell death [76]. Downstream signaling of Fas can also induce activation of lipases
and pro-apoptotic transcription factors such as pS53, which then potentiate
apoptosis [77].

Various assays have been developed to detect and quantify the cellular
responses at each level of oxidative stress. Parameters assessed include increased
expression of antioxidant enzymes and cytokines, upregulation of “death recep-
tors” such as Fas, or cell membrane damage, including lipid peroxidation. ROS
themselves can be detected by electron spin resonance spectroscopy [78], an
approach that tends to be cumbersome with tissues or cells, or via in vitro assays
using a variety of fluorescent dyes [79, 80]. Dichlorodihydrofluorescein diacetate is
often used in preliminary screening since it detects nearly all ROS [81, 82]. Other
dyes are much more specific to individual types of free radicals. Two ROS species
often implicated in the oxidative stress induced by nanoparticles are superoxide and
singlet oxygen, which can be detected by dihydroethidium and singlet oxygen green
sensor, respectively.

Imaging by confocal fluorescence microscopy of cells stained with organelle-
specific dyes is a powerful tool to assess signature morphological damages inflicted
by ROS on cell organelles, such as the mitochondria (e.g., visualized with
MitoTracker Deep Red), lysosomes (e.g., LysoTracker DND 99), the nucleus (e.g.,
DAPI and Draq$), and lipid droplets (e.g., Oil Red O). Cells damaged upon treat-
ment with CdTe QDs (2-3 nm, green positively charged) are visualized by this tech-
nique, as presented in Figure 7.3, together with micrographs of normal cells
obtained under the same conditions [83]. By comparing the micrographs recorded
for normal cells and cells subjected to oxidative stress, one notices that in injured
cells the nuclei are deformed and is chromatin condensed, the mitochondria are
swollen and often localized in the perinuclear region; the lysosomes are swollen,
and the number of lipid droplets is increased.
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Figure 7.3 Organelle states and functions under normal conditions and under oxidative stress;
Top: schematic representation of the cellular compartments observed. Top row: organelles under
normal conditions. Bottom row: changes in organelles exposed to quantum dots for 24 hours.
Column 1: nuclei are deformed and often have condensed chromatin. Column 2: mitochondria
are swollen and often localized in the perinuclear region. Column 3: lysosomes are swollen in
Q-dot treated cells. Column 4: lipid droplets are more abundant and enlarged in CdTe Q-dot (10
mg mL") treated cells than in the untreated controls. Cells were stained with Drag5 (0.5 mM,
nucleus), MitoTracker deep red (0.5 mM, mitochondria); LysoTracker DND 99 (0.5 mM,
lysosomes) and oil red O (1 mM, lipid droplets). Reproduced from [83] by permission of the Royal
Society of Chemistry. (See Color Plate 15.)

7.3.4.2 Mechanisms of QD-Induced Oxidative Stress

While several studies, described later, point to the involvement of ROS generation as
one factor contributing to the toxicity of QDs, the exact mechanism by which QDs
cause ROS formation is not yet fully understood. Enhanced ROS generation may
occur by direct reaction of the QDs with molecular oxygen present in biological flu-
ids or via physical interaction with cellular structures involved in the catalysis of bio-
logical reduction/oxidation (redox) processes. Specific mechanisms that have been
suggested include the following: (a) light-induced energy transfer, in the presence of
a photosensitizer, leading to the formation of singlet oxygen ('O,) [61, 84]. The gen-
eration of 'O, upon irradiation of QDs has been shown to occur, but it is generally



7.3 Mechanisms of Quantum Dots Cytotoxicity 145

not an efficient process, except in the case of QD-photosensitizer conjugates, such
as those investigated for applications in photodynamic therapy [85-87]. (b)
Photoexcitation to generate free electrons and subsequent electron transfer to oxy-
gen vyielding superoxide (O,’), which disproportionates spontaneously or upon
enzymatic catalysis to produce hydrogen peroxide. Hydrogen peroxide can be fully
reduced to water by peroxidases or else partially reduced in the presence of redox
active transition metal ions in their reduced form, such as Fe*" or Cu" (Fenton reac-
tion), resulting in the production of hydroxyl radicals, which are potent initiators of
radical chain reactions with diverse biomolecules. In this context, it is useful to
recall the results of Ipe et al. [78], who performed a study of free radical generation
in aqueous solution by photoirradiation of CdS, CdSe, and CdSe/ZnS QDs coated
with mercaptopropionic acid. The study confirmed that QDs are able to produce
free of radicals upon UV irradiation, but the type and quantity of radical formed
depend on the QD composition. While CdS QDs have sufficient redox power to
generate both hydroxyl and superoxide radicals, CdSe QDs exclusively generate
hydroxyl radicals. Importantly, irradiation of CdSe/ZnS core/shell QDs did not pro-
duce free radicals under the conditions used.

7.3.4.3 Oxidative Stress and Free Cd2+

The situation is somewhat complicated by the fact that ROS generation can be
induced also by Cd**ions present inadvertently or leaked out of the QDs. A number
of authors have reported this mechanism to account for the toxicity of Cd**added as
soluble salt (not as QD) while investigating its effect on different cell types [88-90].
Often ROS formation is detected in the early stages of Cd**-induced toxicity. Lipid
peroxidation has also been associated to ROS produced from Cd*, rather than by
direct Cd** involvement. All the parameters studied (ROS formation, mitochondrial
potential dysfunction, and so on) were found to be lower in the presence of serum
than in its absence, implying a serum protection against oxidative stress [48]. The
protection is believed to be mediated by sequestration of cadmium by thiol groups
of serum proteins, which decreases the effective concentration of Cd** and conse-
quently reduces the damage caused by Cd*". It is worthwhile to remember here that
several researchers have noted a similar protective effect of serum against
QD-inflicted damages.

7.3.4.4 Experimental Evidence

In an early study, Lovric et al. [66], who examined the interactions of CdTe QDs
capped with small ligands on rat pheochromocytoma (PC12) cells, noted that QDs
coated with MPA or cysteamine were cytotoxic at concentrations of 10 ug/mL. Cell
death was characterized by chromatin condensation and membrane blebbing, com-
monly detected in cells undergoing apoptotic cell death. Based on the morphologi-
cal changes of cells upon exposure to QDs, the authors proposed that cell death was
caused by the generation of ROS and that, consequently, the outcome of exposure
may be altered by treating the cells with agents known to protect cells under oxida-
tive stress, such as N-acetylcysteine (NAC). Indeed, addition of NAC to cells
exposed to CdTe QDs significantly enhanced cell survival. Such a remarkable pro-
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tective effect by NAC is not only due to its antioxidant effect via interaction with
thiol groups but also due to several other mechanisms including its role as a
glutathione precursor, as a transcription regulator for genes involved in cellular
homeostasis, and as a cell survival promoter via inhibition of apoptotic signal
transduction pathways.

The generation of ROS was shown to take place also in QD-exposed human
neuroblastoma cells [91]. For example IMR-32 cells, treated with mercaptoacetic
acid (MPA) coated CdSe QDs underwent severe biochemical changes ascribed to the
generation of ROS detected in vitro by the 2°,7’-dichlorofluorescein diacetate fluo-
rescence assay. In contrast, none of these changes were observed when IMR-32 cells
were treated with CdSe/ZnS core-shell QDs, confirming previous reports on the pro-
tective effect of the ZnS shell. Damages inflicted by CdSe QDs were alleviated by
pretreatment of the cells with ROS scavengers, such as NAC or o-tocopherol.
Information on the apoptotic signal pwathways was gathered from a battery of cel-
lular assays that revealed activation of the protein kinase c-Jun-N-terminal kinase
(JNK) and of caspase-9 and caspase-3, but not caspase-8, decrease of the mitochon-
drial membrane potential, and mitochondrial release of cytochrome c¢. Moreover,
CdSe QDs were shown to inhibit survival-related signaling events, such as the
expression of the Ras and Raf-1 proteins, and to decrease activation of the
extracellular signal regulated kinase (ERK).

The effects caused to another human neuroblastoma cell line, SH-SY5Y, by
exposure to CdTe QDs were assessed by Choi et al. [92], who confirmed the role of
oxidative stress in cell death based on the results of experiments that combined bio-
chemical assessment of cellular mechanisms and chemical modification of the QD
surface layer. Various cellular responses were identified by treating SH-SYSY cells
with either NAC-conjugated, NAC-capped, or cysteamine-capped CdTe QDs. The
NAC-modified QDs led to reduced cell death, decreased Fas expression, decreased
mitochondrial membrane lipid peroxidation, and less extensive perturbation of the
mitochondrial membrane potential, compared to cysteamine-capped QDs. The
authors noted also that cellular uptake was reduced for NAC-modified QDs, com-
pared to cysteamine-QDs. These studies illustrate the fact that even if the surface of
the QDs is modified with molecules endowed of antioxidant therapeutic properties,
it is not possible to completely compensate for the lack of stable capping (e.g., by
ZnS). An additional reason for the partial but not full protection of cells exposed to
the uncapped CdTe QDs is that the most effective concentrations of NAC are within
the millimolar range (2-5 mM) which is unattainable with the number of NAC mol-
ecules associated with surfaces of low nanomolar QD concentrations. This notion
was confirmed by treating the cells concomitantly with unbound and QD-bound
NAC to achieve millimolar concentrations. This treatment provided full protection
from QD-induced toxicity.

In summary, CdSe and CdTe QDs are prone to disturb cellular ROS equilibria
to various extents depending on the type and redox status of the cell or organelle in
contact with the QDs. This characteristic of uncapped CdSe and CdTe QDs is a limi-
tation for their in vitro or in vivo long-term applications. In contrast, little evidence
has been reported so far indicating that core-shell type QDs, such as CdSe/ZnS QDs,
induce detectable levels of oxidative stress in the cellular environment.



7.3 Mechanisms of Quantum Dots Cytotoxicity 147

7.3.5 Effects of QDs on Genomic DNA

Some nanoparticles, such as titanium dioxide, fullerenes, or diesel exhaust particles,
have been shown to elicit nuclear DNA damage [3], which could have major
long-term physiological and pathological implications for cells, tissues, and organ-
isms. On the single cell level, such particle-induced injury may have three major
consequences: (1) induction and fixation of mutations; (2) induction of DNA cell
cycle arrest; and (3) activation of signal transduction pathways that promote
apoptosis [93]. Damages are thought to occur either by direct interaction of the
nanoparticles with DNA or via ROS originating from cell exposure to
nanoparticles. In the case of QDs, evidence of damage to DNA by direct interaction
is scarce. Green and Howman reported some DNA damage upon treatment with
biotin-conjugated CdSe/ZnS QDs in the dark and under UV irradiation [94]. The
experiments were conducted with solutions of supercoiled double stranded DNA,
which is highly sensitive to free radicals. Damage occurred immediately upon con-
tact of DNA with QDs. However, the authors of this study observed that ~70 per-
cent of the DNA was adsorbed irreversibly on the QDs and hence unavailable for
analysis. The DNA nicking detected was attributed to the photo- or dark-genera-
tion of free radicals in QD solutions. DNA damage was reported also by Liang et al.
[95], who studied the interactions of MAA-capped CdSe QDs with calf thymus
DNA. In this case, however, damage was noted only if the DNA/QD solution was
subjected to UV irradiation. It was also attributed to the generation of free radicals
and ROS. Control experiments confirmed that the damage was not caused by free
Cd* ions.

It is difficult to transpose these experimental results to the situation encountered
in the cellular environments. However, since there is evidence that QDs can pene-
trate the cell nucleus and that they can generate ROS intracellularly, there is a need
to assess the long-term effects of QD exposure on the genomic and epigenetic levels.
This aspect of the cytotoxicity of QDs is largely unexplored at this time, but several
research groups have initiated studies probing this issue. T. Zhang et al. [96] per-
formed a high throughput gene expression analysis to assess genotoxic effects in
two cell types, a human skin cell line (HSF-42) and lung fibroblasts (IMR-90),
exposed to low (2 nM) and high (> 20 nM) doses of core-shell CdSe/ZnS QDs cov-
ered with a PEG-silane outer layer. The two cell lines were selected as representative
of situations corresponding to dermal exposure or inhalation. The QD inner core
had a diameter of ~ 3 nm and the entire nanoparticle was 8 to 10 nm in diameter.
The gene expression assay failed to reveal any significant difference in the
phenotypic response of either cell line to high or low doses on QDs in the short term.
Twenty to 30 percent of the genes were affected and a reduced expression of genes
involved in M-phase exit was observed, together with an increased expression of
genes involved in vesicle transport and cell protection. Such changes could be dele-
terious in the long run. There was no evidence for altered expression of any genes
involved in Cd and Se toxicity, confirming that a combination of ZnS shell(s) and
silylation is effective in preventing leakage of Cd** from the QDs inner core. Using
various colorimetric assays, Zhang et al. confirmed by standard methodologies that
the PEG-Si-CdSe/ZnS QDs used in the high-throughput assay do not affect cell pro-
liferation significantly. A very modest increase in both necrosis and apoptosis was
noted for cells treated with high (10 nM) or low (2 nM) concentration of QDs.
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Imaging by confocal fluorescence microscopy of HSF-42 cells after a 48-hour expo-
sure to the QDs revealed that QDs had been internalized. They were localized in the
cytoplasm and the perinuclear region, but were unable to cross the nuclear mem-
brane. The authors conclude that the ZnS/Si-PEG-shielded QDs have minimal
impact on cells and on its genomic content, making them suitable for imaging of cel-
lular compartments, except for the nucleus, which they cannot enter.

Other types of QDs, however, are able to penetrate the cell nucleus via mecha-
nisms that are not yet fully understood. Treatment of cells with such QDs has an
increased probability to induce DNA damage. Nabiev et al. [20] demonstrated that
small QDs (2-3 nm in diameter) enter the nucleus via nuclear pore complexes and
specifically target histones in the nuclei and nucleoli. Recalling that histones play an
important role in the normal cell cycle and in tumor growth, the authors speculate
that QDs may have a different “tropism” for histones at some stages of the cell cycle.
The study was carried out with CdTe QDs capped with thioglycolic acid (d = 2.1
and 3.4 nm) as well as CdSe/ZnS QDs solubilized with cysteine (d = 3.8 nm) and
commercial CdSe/ZnS 605 nm QDs. Cells assessed were of various types: blood
monocyte-derived primary macrophages, human THP-1 monocytes, transformed
epithelial cell lines (HCT-116 and AGS), and vascular endothelial HUVEC cells. It is
important to observe that the QDs had no cytotoxic effects over the 72-hr incuba-
tion period during which the assays were performed. Nabiev et al. pointed out, how-
ever, that the specific intracellular and intranuclear accumulation of
unfunctionalized QDs may produce unknown delayed effects in the long term, add-
ing that given the fast nuclear localization of QDs exposed to epithelial cells and
macrophages, it seems important to implement strict environmental control of
nanoparticles.

A study by Choi et al. [97] aimed at assessing the long-term effects of exposure
to QDs provides strong evidence that small CdTe QDs coated with
mercaptopropionic acid are able to trigger genotoxic and epigenetic changes in
human breast cancer cells (MCF-7). Fluorescence microscopy imaging together with
TEM confirmed that the CdTe/MPA QDs were internalized by the cells and
translocated in the nucleus, where they induced chromatin condensation and reor-
ganization, as well as overall nuclear shrinking in the case of a high-dose (10 ug/mL)
24-hr exposure. These macroscopic changes were traced to hypoacetylation of
histone 3, suggesting reduced gene transcription. RT-PCR amplification studies
indicated that the mRNA levels of two genes involved in preventing cell death
(cIAP-1 and Hsp70) were significantly reduced in QD-treated cells and that GPx
(glutathione peroxidase) mRNA expression was completely suppressed upon QD
treatment. Other effects were noted to occur simultaneously, in particular
upregulation of proapoptotic genes (Bax, Puma, and Noxa), as well as a dramatic
increase in phosphorylated p53 protein levels in the nucleus, cytosol, and mitochon-
dria. The authors speculate that it may be possible that, despite the global
hypoacetylation observed after QD treatment, local p53 recruitment brings about
local hyperacetylation to allow for increased mRNA production. The authors sug-
gest that changes in the cell epigenome may be triggered by QD-generated ROS and
by free Cd** released by the QDs, two phenomena that have been associated previ-
ously to CdTe QDs. A schematic representation of the overall changes that occur
upon exposure of MCF-7 cells to minute amounts of intracellular CdTe QDs is
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given in Figure 7.4. Information on the effects of QDs on the epigenome, such as
histone modification and DNA methylation, is scarce. The study by Choi et al., who
employed poorly protected CdTe QDs prone to degradation, shows that, aside from
genotoxic effects, nanoparticles may cause more subtle epigenetic changes, which
need to be examined thoroughly in particular when medical applications are to be
considered.

The long-term effects of QDs and their impact on cell differentiation have been
evaluated also from the viewpoint of their impact on stem cell growth, differentia-
tion, and functions. Hsieh et al. [98] monitored human bone marrow mesenchymal
stem cells (hBMSC) exposed to CdSe/ZnS QDs in the presence of lipofectamine.
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Figure 7.4 Schematic representation of the changes induced by QDs at the cellular epigenic and
genomic levels. QDs release reactive oxygen species (ROS)and free cadmium ions extra- and
intracellularly, triggering changes in the epigenome through chromatin condensation and histone
hypoacetylation. QDs induce increased protein levels and activation of the transcription factor p53
resulting in: 1 cytosolic p53 directly activating Bax by freeing it from its binding proteins and facili-
tating the mitochondrial accumulation of Bax; 2. p53 proteins can mistranslocate to the mitochon-
dria, leading to membrane permeabilization and consequential cell death. Pifithrin-& (PFT), a
specific inhibitor of p53, can prevent this mistranslocation, and thereby can partially prevent
QD-induced cell death; 3 activated (phosphorylated) p53 induces the transcription of
proapoptotic genes, including Bax, Puma, and Noxa. Bax proteins accumulate and oligomerize at
the mitochondrial membrane, forming pores and releasing cytochrome ¢, leading to cell death.
Puma facilitates Bax mitochondrial accumulation by occupying Bax-binding proteins (i.e., Bcl-xL),
freeing cytosolic Ba. Reproduced from [97] with permission from Springer Science and Business
Media. (See Color Plate 16.)
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They assessed other methods of QDs internalization, such as the presence of cal-
cium phosphate or of the HIV-derived Tat peptides, which were not effective in
mediating the transport of QDs through the cell membrane. The internalized QDs
localized in endosome-like structures. They had no damaging effect on cell prolifer-
ation, and the cell cycle distribution was not disturbed. Hsieh et al. also carried out
RT-PCR on treated cells and noticed that the expression of two osteogenic markers,
osteopontin and osteocalcin, was inhibited significantly. They concluded that
exposure to CdSe/ZnS QDs prevents the full response of hBMSCs in the induction
of osteogenic differentiation. The authors observed that the effect took place inde-
pendently of the QD size, although no data was provided. Another study by the
same group suggests that QD labeling of hBMSCs also inhibits the elaboration of
chondrogenic matrix [99].

In contrast, Shah et al. [100] did not observe any QD-induced damaging effects
in the course of a study of primary BMSCs exposed to CdSe/ZnS (4., 600 £ 10 nm)
conjugated to a peptide (CGGGRGD). The conjugated QDs, which had a tendency
to aggregate, were internalized by the cells but did not translocate in the nucleus.
QD-treated cells were able to proliferate for extended periods (up to 28 days) with
no sign of adverse effect. Moreover, multilineage differentiation of the BMSCs into
osteoblasts, chondrocytes, and adipocytes occurred, yielding QD-labeled differenti-
ated cells. The successful outcome of cell differentiation was verified by matrix
biosynthesis markers. Possible QD-inflicted damage to the DNA was not assessed
and therefore cannot be entirely ruled out.

7.4 Bioaccumulation and Clearance of QDs

The palette of QDs currently available for in vitro studies of cellular mechanisms is
quite staggering. As described in the preceding sections, a number of design rules
have emerged to guide the elaboration of QDs able to perform a specific imaging
task without affecting the cell functions significantly, at least in the short term. In
vitro studies have answered in part some of the key biological questions related to
QD uptake, subcellular distribution, and functional consequences. The next step is
to introduce QDs in animals and eventually into the human body for live, real-time
imaging. Early in vivo imaging experiments with QDs gave no indication of acute
toxicity over the experiment time period (up to 24 hrs) [22]. These experiments dem-
onstrated the power of QDs to image various tissues and to allow the precise imag-
ing of tumors and the simultaneous identification of different populations of cells.

However, early in vivo studies suggested also that QDs may be systemically dis-
tributed in rodent animals and accumulate in various organs. Ballou et al. [101]
assessed the effect of the size and surface coating of QDs on their biodistribution.
This study indicated that QDs accumulate and can be detected in the lymph nodes,
bone marrow, liver, and spleen up to four months after injection. In addition,
Ballou’s experiments demonstrated that the organs and tissues in which QDs tend to
accumulate depend on the size and surface charge of the QDs. A recent study sug-
gests that QDs with appropriate organic coating are retained in injected animals
(mice) for more than two years, with minimal toxicity as assessed by pathological
examination [102]. Akerman et al. [22] investigated the in vivo fate of CdSe/ZnS
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QDs coated with lung- and tumor-targeting peptides injected (intravenously) in
mice. The QDs were shown to accumulate, not only in the targeted organs, but also
in the liver and spleen, regardless of the peptide conjugated to the QDs.

In these studies, the strong QD emission was exploited for detection and quali-
tative measure of QD concentration. This approach is not suitable for accurate
assessment of QD concentrations, given the impact of environmental variability on
the intensity of QD emission. Studies by Ballou et al. and Akerman et al. were the
first reports of the exceptional potential of QDs in experimental biology and medi-
cine and of the possible pitfalls of nanoparticle-based medical imaging techniques.

Recently, a few research groups have carried out quantitative pharmacokinetic
analyses in which the QD concentrations were determined from Cd concentration
in various organs obtained by inductively coupled plasma atomic emission spectros-
copy (ICP-AES) or inductively coupled plasma mass spectroscopy (ICP-MS). This
analytical technique yields accurate quantitative values, unlike measurements rely-
ing on the light emitting properties of QDs. Gopee et al. [99] have evaluated the
biodistribution of intradermally injected QDs (CdSe/ZnS PEG coated, diameter =
37 nm, emission at 621 nm) in mice. The QDs migrated rapidly from the injection
site to regional lymph nodes. Quantification of the QDs 24 hrs after dosing revealed
that residual QDs remained at the injection site, but there was also a significant
accumulation in the liver, regional draining lymph nodes, kidneys, spleen, and
hepatic lymph nodes.

Fischer et al. [104] performed a pharmacokinetic study in Sprague-Dawley rats
(intravenous injection) with two samples of CdSe/ZnS QDs (core size = 5.5 nm)
coated either with mercaptoundecanoic acid with lysine crosslinking (total hydro-
dynamic diameter = 25 nm) or with bovine serum albumin (BSA, total hydrody-
namic diameter (HD) = 80 nm). The plasma half-life was longer for the smaller QDs
(58 + 17 min versus 39 + 3 min or clearances of 0.59 + 0.16 mL min™" kg™ versus
1.23 £0.22 mL min~' kg™'). Negligible clearance in the urine or feces was observed
for both QD samples over a period of up to 10 days after injection, leading the
authors to conclude that the QDs are sequestered and not excreted. The liver took
up most of the QD dose (99 percent of the BSA-coated QDs and 40 percent of the
smaller QDs after 90 min), and, in the liver, the QDs were localized in vesicles
within the Kupffer cells. Small amounts of both types of QDs were localized in the
spleen, kidney, and bone marrow with some level of selectivity depending on the
coating of the QDs. The authors carried out experiments aimed at detecting the
presence of free cadmium in spleen and liver tissues, but they were unable to detect
any Cd that might have leaked from the QDs.

Yang et al. [105] monitored the pharmacokinetics of commercial QD705
CdTe/ZnS coated with methoxy-PEG-5000, diameter ~13 nm) after a single intra-
venous injection in mice. The QDs had a plasma half-life of 18.5 hrs. After a period
of 24 hrs post injection, high levels of QDs were detected in the liver, spleen, and
kidney. Complete QD mass balance studies were carried 1 day and 28 days after
dosing. High levels of QDs persisted in the liver, spleen, and kidney. Over time,
the liver uptake appeared to increase relative to the QD content in all other organs
(Figure 7.5). About 50 percent of the QD mass was retained in the carcass, mainly
distributed in large masses of muscle, skin, and bone. No excretion occurred over
28 days, except for minute amounts of QDs (accounting for 0.01 to 0.04 percent of
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Figure 7.5 Mass balance studies of an intravenous dose of QD705 injected in ICR mice; (a) 24
hours after injection, and (b) 28 days after injection. Reproduced from [105] with permission from
Environmental Health Perspectives.

the total dose) found in the urine. Tissue localizations, judged from imaging by fluo-
rescence microscopy of the red QD emission, were mainly in the linings of hepatic
sinusoids, renal vessels, and glomerular vasculature in the kidneys.

The accumulation of QDs may cause renal and hepatic toxicity in the long term,
even if they remain intact and do not erode and exude free cadmium ions. The reten-
tion of metal particles in various organs can also interfere with subsequent medical
tests, such as radiological tests by X-ray imaging or magnetic resonance imaging.
Thus, for nanoparticles such as QDs, which do not and should not degrade in vivo,
body clearance needs to be one of the required design parameters for clinical appli-
cations. This criterion is related to the size of the nanoparticles, since glomerular fil-
tration in the kidneys, controlled by the effective renal pore size, is a sensitive
function of the hydrodynamic particle size. The liver is designed specifically to cap-
ture and eliminate particles 10 to 20 nm in size. Particles that remain intact in the
liver can be excreted via the bile and the feces. However transport of intact particles
from the liver to bile is very slow, which accounts for the significant long-term accu-
mulation of QDs in the liver as observed in most in vivo imaging experiments.

Long-term problems related to persistent retention of QDs in the liver and kid-
neys can be avoided by using QDs able to be cleared rapidly from the body via renal
filtration. Based on the assumption that the renal filtration threshold of QDs is a
function of the hydrodynamic diameter of the nanoparticles, H.-S Choi et al. [106]
carried out a pharmacokinetic study of QDs with different hydrodynamic diameters
but identical compositions and surface properties. They employed cysteine-coated
CdSe/ZnS QDs ranging in hydrodynamic diameter from 4.4 nm to 8.7 nm by
increasing the core size while keeping the same organic coating. The authors care-
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fully selected an organic coating able to withstand the adsorption of serum proteins,
in order to prevent undesirable size increase of the QDs upon injection. Particles
were labeled with a chelated form of the y-ray emitting isotope ° "Tc.
Radioscintigraphic images were recorded to monitor the distribution and clearance
of QDs upon intravenous injection into CD mice. Four hours after injection with
QDs of hydrodynamic diameter 4.36 nm, the dominant signal was in the bladder,
whereas QDs of hydrodynamic diameter 8.65 nm exhibited a higher uptake in the
liver, lung, and spleen. By measuring the radiographic intensity in urine (excreted
and preexcreted) and in the entire carcass (less the bladder and urethra), H.-S Choi
et al. obtained a relationship between hydrodynamic diameter, renal clearance, and
total body retention (Figure 7.6). Results from these studies suggest that the upper
limit of hydrodynamic diameter for total nanoparticle renal QD clearance (after 4
hrs) is approximately 5.5 nm. The authors conclude that larger particles are most
likely not promising imaging tools for clinical applications.

7.5 Outlook

In view of their size and composition, QDs may impact physiological functions and
exert toxic effects that cannot be ignored. However, there is no conclusive evidence
that QD-induced effects will cause major problems to human health or to the envi-
ronment. In this review, we have assessed the risks associated with the use of QDs as
imaging agents in medical diagnostics, as well as those associated with inadvertent
contact with QDs by inhalation, dermal exposure, or ingestion. We considered fac-
tors susceptible to trigger toxic effects and means to minimize them. The core/shell
QDs of the current generation are very robust against surface erosion and leaching
of toxic metal ions or coating materials, a severe concern associated with the use of
the first generation QDs. However, the bioaccumulation/clearance issue needs to be
addressed in detail, since QDs are potential inducers of oxidative stress upon cell
internalization. This property of QDs needs to be fully understood on the
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Figure 7.6 Urine excretion and carcass retention of *"TC-labeled QDs after intravenous injection
into CD1-mice as a function of the hydrodynamic diameter of the QDs. Reproduced from [106]
with permission from Nature Biotechnology.



154 Assessment of the Issues Related to the Toxicity of Quantum Dots

nongenomic, genomic, and epigenomic levels. Even small, hardly detectable
amounts of QDs can cause epigenetic changes, which remain programmed long
after the initial signal has been removed. We are still far from solving the numerous
problems related to the unknown fate of cells and tissues exposed to QDs for long
time periods in intracellular concentrations so low that they cannot be determined
accurately by currently available techniques. This issue can only be addressed by
employing a combination of techniques, such as high throughput gene expression
analysis, proteomics, lipidomics, metabolomics, and expertise in cell biology,
physics, chemistry, and environmental science.
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Chemical and Biological Sensing Based
on Gold Nanoparticles

Chang-Cheng You, Sarit S. Agasti, Myoung-Hwan Park, and Vincent M. Rotello

8.1 Introduction

Chemical and biological sensing plays a significant role in medical, forensic, agri-
cultural, and environmental sciences [1]. The prompt and accurate sensing of dis-
eases and harmful agents will give significant improvement in various fields such as
healthcare, food safety, and environmental monitoring. In general, sensor systems
consist of a recognition component for target binding and a transduction element
for signaling the binding event. There are multiple criteria for the creation of effi-
cient sensors, including response time, signal-to-noise characteristics, sensitivity,
and selectivity. Thus, sensing technology has been concerned with both develop-
ments of the recognition process and understanding of the transduction mechanism
through the use of new materials. Similarly, the miniaturization of a sensor often
increases its signal-to-noise ratio, facilitating the signal transduction [2]. To this
end, nanomaterials are particularly interesting in creating novel chemical and bio-
logical sensors due to unique physicochemical properties that are absent in
macro-scaled materials [3].

Gold nanoparticles (AuNPs) are stable materials that can be readily fabricated
through either chemical reduction of gold salts or physical treatment of bulk
gold. AuNPs possess unique optical and electronic properties due to the large sur-
face-to-volume ratio with high density, and they show excellent biocompatibility
with varied ligands [4]. The optoelectronic properties of AuNPs depend on their size
and shape, as well as upon the surrounding chemical environment. As shown in Fig-
ure 8.1, the binding event may change the physicochemical properties of AuNPs
such as surface plasmon resonance, conductivity, and redox behavior, leading to
detectable signals. In this regard, AuNPs behave as signal transducers. On the other
hand, AuNPs provide an adaptable platform for multiple functionalization with
either small organic ligands or large biomacromolecules. The resultant
functionalized AuNPs offer opportunities in the selective binding and sensing of
organic as well as biological targets [5-7].

In this chapter, we have organized our discussion on the basis of the
transduction mechanisms that have been used with these sensors, including absorp-
tion, quenching, conductivity, redox, and density. Within these sections, we will

161



162 Chemical and Biological Sensing Based on Gold Nanoparticles

Surface

plasiion

resonance

(@) pto-\

electronic

Agyte
| F— : i
signalin
Recepto AuNP ? ?
transducer /

Figure 8.1 Physical properties of AuNPs and the schematic depiction of an AuNP-based sensor.

focus on the recent research activities involving the use of AuNPs in the detection of
a variety of target analytes including metal ions, volatile molecules, organic com-
pounds, oligonucleotides, and proteins.

8.2 Synthesis of Gold Nanoparticles

The synthesis of colloidal gold dates back to Faraday, who obtained gold hydrosols
by the reduction of an aqueous solution of chloroaurate using phosphorus dissolved
in carbon disulfide in 1857 [8]. During the past few decades, many efforts have been
devoted to the preparation of AuNPs with control over their size, shape, stability,
solubility, and surface functionality. Both “top-down” (e.g., physical manipulation)
and “bottom-up” (e.g., chemical transformation) methods have been successfully
developed. AuNPs with varying core sizes can be prepared by the chemical reduc-
tion of gold salts in the presence of appropriate stabilizing agents that provide the
necessary barrier to particle coalescence. Some common synthetic methods of
core-shell AuNPs are summarized in Table 8.1. It should be noted that the terms
colloid and cluster are often used interchangeably; the former generally refers to par-
ticles with diameters larger than 10 nm, while the latter refers to smaller particles.

Turkevich et al. developed a simple synthetic method of gold colloids in 1951 by
the treatment of hydrogen tetrachloroaurate with citric acid in boiling water [18]. In
this approach, citric acid acts as both reducing and stabilizing agent. Frens’s group
further refined this method and manipulated the core sizes by changing the feed
ratio of gold salt to sodium citrate [19]. This protocol is usually used to prepare
spherical AuNPs in diameters of 10 to 20 nm, though larger AuNPs (e.g., 100 nm)
can also be prepared.

Triphenylphosphine has been used as the capping agent to prepare small gold
clusters. Monodisperse AuNPs in diameters of 1-2 nm are obtained by reduction of
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Table 8.1 Synthetic Methods and Capping Agents for AuNPs of Diverse Core Size

Core Size (d) Synthetic Methods Capping Agents References

1-2 nm Reduction of AuCl(PPh;) with diborane or sodium  Phosphine [9-11]
borohydride

1.5-5 nm Biphasic reduction of HAuCl, by sodium Alkanethiol [12-14]
borohydride in the presence of thiol capping agents

5-8 nm Reduction of HAuCl, by sodium borohydride in the Quaternary [15]
presence of TOAB ammonium

salt (TOAB)

8-20 nm Reduction of HAuCl, by oleyl amine in water under Oleyl amine [16,17]
heating

10-40 nm Reduction of HAuCl, with sodium citrate in water ~ Citrate [18-20]

AuCl(PPh;) with diborane [9] or sodium borohydride [11]. Particularly, particles of
formula Au,(PPh;),,Cl, (or Au,,,(PPh;),,Cl;) [11] constitute the predominant frac-
tion of the products. These small AuNPs have found interesting applications in
molecular devices [10, 21]. Kinetic studies have revealed that phosphine-capped
AuNPs undergo rapid exchange of capping ligand phosphine with dissociated
phosphine [22].

In 1990s, a breakthrough in the AuNP synthesis was achieved, involving the
transfer of hydrogen tetrachloroaurate from aqueous phase to toluene phase by the
surfactant tetraoctylammonium bromide (TOAB) and the subsequent reduction by
sodium borohydride in the presence of alkanethiols to generate nanoparticles that
are soluble in organic solvents [12]. This synthetic approach, known as
Brust-Schiffrin method, leads to relatively monodisperse AuNPs protected by thiol
ligands with controlled diameters ranging from 1.5 to 5 nm. The nanoparticle size
can be readily varied by the various reaction conditions, including gold-to-thiol
ratio, reduction rate, and reaction temperature [14]. Thiol-protected AuNPs possess
superior stability to most of the other AuNPs due to the synergistic effect of strong
thiol-gold interactions and van der Waals interactions of the ligands. Nanoparticles
of this kind can be thoroughly dried and redispersed in solution without any aggre-
gation. Monophasic reduction of gold salts by sodium borohydride in the presence
of thiols has also been developed [23, 24], through which water-soluble AuNPs
could be prepared in a single step. In the biphasic reduction protocol, the absence of
thiol ligands can lead to slightly larger nanoparticles stabilized by quaternary
ammonium, which show considerable stability in solution and serve as excellent
precursors for other functionalized nanoparticles [15].

Various reducing/capping agents, such as amino acid [25], oleyl amine [16],
aliphatic and aromatic amines [26, 27], and hyperbranched polyethylenimine [28]
have been used to reduce gold salts into nanoparticles with various core sizes and
dispersities. The size and shape of AuNPs can be further manipulated by
physicochemical treatments including light-irradiation and thermolysis [13, 31].
For example, conventional ripening [29, 30] and digestive ripening [32, 33] treat-
ments have been conducted to increase and decrease the nanoparticle size, with the
concurrent decrease in polydispersity. UV and laser irradiation provides another
powerful approach to improve the nanoparticle quality [34, 35]. The capping
agents listed in Table 8.1 are generally lacking in chemical functionality, thus
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restricting their applications in sensing. One efficient approach for the nanoparticle
functionalization is the place-exchange process introduced by Murray et al. [36].
Initially, the thiol ligands are anchored on the nanoparticle surface, and then they’re
replaced by the presence of external thiol ligands [37]. The loading of functional lig-
ands can be controlled by modulating the reaction time and/or the amount of incom-
ing ligands. Mixed monolayer-protected gold clusters can be obtained by
place-exchange reactions using a mixture of two or more ligands as the incoming
agents. The thiol ligands on gold surface possess a certain level of mobility, and con-
sequently they can undergo reposition on the surface to optimize interaction with
analytes [38], as well as slowly hop between nanoparticles [39].

Labile capping agents such as citrate [40], triphenylphosphine [41], and
dimethylaminopyridine [42] can be displaced by thiols under mild reaction condi-
tions with no residual capping agent. Citrate-stabilized AuNPs are important pre-
cursors for large functionalized colloidal ensembles such as those carrying
oligonucleotide [43], protein, or antibody functionalities [44]. However, the
chemisorption of thiol ligands onto the citrate-stabilized nanoparticles can cause
irreversible aggregation [45]. In this case, the addition of nonionic surfactant such as
Tween 20 can prevent aggregation during the place-exchange [46].

8.3 Physical Properties of Gold Nanoparticles

AuNPs possess unique size- and shape-dependent optical and electronic properties.
Solutions of spherical AuNPs exhibit a diverse range of colors including brown, red,
and violet as the core size increases from 1 to 100 nm. Generally, AuNPs show an
intense absorption peak from 500 to 550 nm [47], referred to as surface plasmon
band, which arises from the collective oscillation of the conduction electrons due to
the resonant excitation by the incident photons (Figure 8.2). This surface plasmon
band is absent in both small nanoparticles (d < 2 nm) and bulk materials. Mie theo-
retically interpreted the surface plasmon resonance (SPR) phenomena in 1908 [48],
and his theory has been extensively correlated with the experimental results [49, 50].
The SPR is sensitive not only to nanoparticle size, but also to the surrounding envi-
ronment such as ligand, solvent, and temperature. Particularly, the SPR frequency is
dependent on the proximity to other nanoparticles. Thus, under nanoparticle aggre-
gation, the surface plasmon band shows significant red-shifting (to ca. 650 nm) and
broadening, and the solution displays a red-to-blue color change due to the
interparticle plasmon coupling [51]. This phenomenon constitutes the cornerstone
for their application in colorimetric sensing, which will be discussed in detail in the
following sections.
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Figure 8.2 Schematic representation of the oscillation of conduction electrons across the
nanoparticle in the electromagnetic field of the incident light.
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Generally, it is not easy to determine AuNP concentrations. As the molar
extinction coefficient of colloidal gold (520 nm) is ~4000 M~ cm™" per gold atom
[52], the nanoparticle concentration can then be roughly estimated based on the
number of gold atoms. The extinction coefficients of AuNPs with different sizes and
capping ligands have also been measured experimentally [53]. A linear relationship
is observed between logarithms of molar extinction coefficient (€) and core diameter
(d), essentially irrespective of the ligands and solvents:

Ine = kInd +c¢ (8.1)

where k£ =3.32 and ¢ =10.8 (A = 506 nm). The nanoparticle concentrations can be
readily deduced from Beer-Lambert Law once the nanoparticle size is known (from
TEM). For example, it is estimated that the AuNP of 20-nm diameter has a molar
extinction coefficient of 1 x 10° M em™ from (8.1). This value is at least three
orders higher than that of common organic dyes (10* — 10° M™" cm™), indicating
that AuNPs may serve as excellent light collectors [54].

Not only can AuNPs show photoluminescence under certain conditions [535,
56], but they can also enhance fluorescence at appropriate fluorophore-to-metal
distances on solid substrates [57], based on the superb quenching ability of AuNPs
to proximal fluorophores. This effect could be explained by the reflected far-field
radiation from the fluorophore back on itself, which depends on the distance from
the metal surface. The lifetime of fluorophore was decreased when the reflected field
amplitude was increased, whereas it was increased when the field was opposed. Flu-
orescence resonance energy transfer (FRET) is an important deactivation pathway
for the excited fluorophores in case of a good overlap between the donor’s emission
spectrum and the gold surface plasmon band [58, 59]. Both radiative and
nonradiative decay rates of fluorescent molecules are distinctly affected, indicating
highly efficient fluorescence quenching with small (1-nm) nanoparticles.
Photoinduced electron transfer (PET) can also quench fluorophores in the vicinity
of AulNPs, where the nanoparticles act as electron acceptors [5]. The electron trans-
fer process can be modulated by charging/discharging the gold core, providing an
interesting opportunity for sensor fabrication [60].

In contrast to bulk metals, a band gap exists between the valence and the con-
duction bands of small metal nanoparticles. Therefore, small metal nanoparticles
display size-dependent quantization effects, leading to the discrete electron-transi-
tion energy levels. For example, 15 redox states have been observed for
hexanethiol-capped AuNPs (Au,,,, = 0.81 nm) at room temperature [61], indicat-
ing that AuNPs are multivalent redox species with molecule-like redox properties
[62]. The quantized capacitance charging behavior of AuNPs is distinctly affected
by applied electrolyte ions, external ligands, and magnetic fields, expanding their
utility in electronic devices and electrochemical labels [21].

8.4 Colorimetric Sensing

The clustering of AuNPs of appropriate sizes (d > 3.5 nm) results in interparticle
surface plasmon coupling [63], resulting in a color change from red to blue. These
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color changes can be easily observed by the naked eye at nanomolar concentrations.
Therefore, AuNPs have been intensely used in the colorimetric sensing of diverse
substances ranging from simple metal ions and small molecules to complex polynuc-
leotides and proteins [3].

8.4.1 Colorimetric Detection of Metal lons and Anions

The colorimetric detection of metal ions using AuNPs requires the incorporation of
chelating agents onto the nanoparticle surface (Figure 8.3). AuNPs carrying
15-crown-5 moieties have been fabricated to detect potassium ions, which are physi-
ologically important [64], through a red-to-blue color change. The concentration
ranges of K' detection are from uM to mM, depending upon the concentrations of
colloid gold. Attractively, this sensor system is still viable in the presence of a large
amount of interferential Na®. This system, extended to the detection of Na’, has
been achieved by the incorporation of 12-crown-4 onto the AuNPs [65]. Similarly,
phenanthroline-functionalized 4-nm AuNPs and lactose-functionalized 16-nm
AuNPs have been constructed, respectively, to detect Li" and Ca** with little interfer-
ence from other metal ions [66, 67].

Heavy metal ions such as Pb™*, Cd**, and Hg*" are quite toxic. Hupp et al. have
reported a simple metal ion sensing system based on 11-mercaptoundecanoic acid
(MUA)-functionalized 13 nm AuNPs [68]. In their design, the surface carboxylates
act as metal ion receptors and the nanoparticle aggregation is driven by heavy-metal
ion chelation. The presence of Pb**, Cd*, or Hg™" (= 400 uM) causes nanoparticle
aggregation, whereas Zn* exhibits no response. Fine control of the buffer composite
can significantly improve the selectivity and sensitivity of this system [69]. Mixed
monolayer-protected AuNPs carrying both carboxylate and 15-crown-5
functionalities provide a colorimetric sensor for Pb**, where Pb* ions disrupt the ini-
tially hydrogen-bonded assemblies [70]. Cysteine and peptide-functionalized
AuNPs have been fabricated and used to detect Cu”" and Hg™, respectively [71, 72].
These sensing systems are able to detect the target analytes at submicromolar con-
centrations. Recently, Mirkin et al. reported a detection limit of 100 nM with
DNA-functionalized AuNPs [73].

In general, selectivity and sensitivity are very important in ionic sensing. Liu and
Lu have devised a highly selective lead biosensors using DNAzyme-directed assem-
bly of AuNPs [74-76]. DNAzymes are catalytically active DNA molecules and show
metal-dependent activities. In the sensor design, a Pb**-specific DNAzyme was cho-
sen as the target recognition element and DNA-functionalized AuNPs as the signal
transducer. The DNAzyme consists of an enzyme strand and a substrate strand, and
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Figure 8.3 Schematic illustration of metal ion-induced nanoparticle aggregation.



8.4 Colorimetric Sensing 167

both ends are extended with bases that are complementary to the DNA anchored on
AuNPs. The DNAzyme and the DNA-functionalized AuNPs initially form blue-col-
ored assemblies through Watson-Crick base pairing [77, 78]. In the presence of
Pb**, the DNAzyme is activated and cleaves the substrate strand to disassemble the
AuNPs, resulting in a blue-to-red color change. In addition, the sensor is available
for detecting Pb™* of 100 nM, while other divalent metal ions such as Ca®*, Co™,
Ni**, and Cd** show only background blue color. Further investigation indicated
that it’s very important to arrange AuNPs’ assemblies in the disassembly process,
because “head-to-tail” manner might result in a large steric hindrance that could
disfavor the assembly, comparing with the “tail-to-tail” alignment [79]. Thus, opti-
mization of the AuNP alignment in the assemblies allows a fast detection of Pb** (<
10 min) at ambient temperature [76, 79]. This approach has also been extended to
the detection of adenosine by using AuNPs functionalized with an adenosine-spe-
cific aptazyme [80].

In comparison with metal ions, the colorimetric detection of anions using
AuNPs is still limited mainly due to the lack of appropriate anion receptors. Kubo et
al. have attached isothiouronium groups onto AuNPs and then explored their
colorimetric sensing of oxoanions in aqueous methanol solution [81]. The presence
of CI" does not affect the absorption properties of the nanoparticle, whereas
oxanions such as AcO”, HPO,”, and malonate induce color changes. Particularly,
ditopic malonate causes the big color change from red to blue due to the significant
AuNP aggregation. Thioglucose-coated AuNPs have been used to sense fluoride
anions in water [82]. Although other anions such as CI', Br', I', AcO", and NO;"
show only a little color change, the relatively narrow concentration range (20 ~ 40
mM) for F~ detection restricts the practical application of this system.

8.4.2 Colorimetric Detection of Biomaterials

In solution-based colorimetric detection, it is critical to introduce appropriate
receptors onto AuNPs such that aggregation or disaggregation can be triggered by
target complexations. However, this recognition is not readily achieved for the
small organic molecule sensing, as the small organic analytes cannot serve as the
bridging agents for nanoparticle assembly in most cases. On the basis of a competi-
tive colorimetric assay, Geddes et al. have demonstrated glucose sensing by using
assemblies of concanavalin A (Con A) and dextran-functionalized AuNPs [83, 84].
Con A is a multivalent protein (four sugar binding sites at pH 7), which allows dex-
tran-coated nanoparticles to cross-link, affording assemblies with broadened and
red-shifted SPR. When glucose is present, it competitively interacts with Con A,
releasing the individual dextran-coated AuNPs. This process can be readily moni-
tored by either conventional UV/Vis spectrometry [83] or wavelength-ratiometric
resonance light scattering [84]. Significantly, the dynamic range for glucose sensing
can be modulated by various factors such as dextran length, particle size, and the
loading amount of dextran or Con A. A glucose dynamic sensing range of 1-40 mM
has been achieved, and it can potentially be used to diagnose the blood glucose level
in healthy people (3-8 mM) and in diabetics (2-40 mM).

Incorporation of AuNPs into the polymer matrix of molecularly imprinted
polymers (MIPs) provides SPR-based molecular sensors. For example,
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MUA-AuNPs have been immobilized into a MIP gel placed between two glass slides
to serve as a colorimetric adrenaline sensor [85]. The initially shrunken MIP gel in
the absence of adrenaline affords the close proximity of AuNPs. The selective bind-
ing of target analytes, however, causes a blue-shift in the SPR band of the immobi-
lized AuNPs due to the swelling of the MIP gel. This AuNP-MIP system selectively
detects adrenaline with a dynamic range from 5 uM to 2 mM.

Aptamers are single-stranded oligonucleic acid-based binding molecules that
can bind a great variety of targets with high affinity and specificity [86]. For exam-
ple, Lu and coworkers have designed an effective cocaine sensor using a cocaine
aptamer-mediated AuNP assembly [87]. As illustrated in Figure 8.4, the sensor con-
sists of two kinds of single-stranded (ss) DNA-modified AuNPs and a linker DNA
molecule that carries cocaine aptamer. The linker molecule pairs respectively with
two ssDNA-functionalized AuNPs to generate blue aggregates where a part of
cocaine aptamer takes part in the DNA hybridization. When cocaine is present in
the system, the aptamer changes its structure to bind cocaine, resulting in the disas-
sembly of the aggregates with a concomitant blue-to-red color change whose rate
depends upon the cocaine concentration (50 to 500 uM). This sensing approach is of
general significance in the sensor design, as any aptamer of choice can potentially
be grafted into this system [87]. Interestingly, the use of a mixture of different
aptamers provides smart materials for responding to the combination of analytes
[88]. Recently, both adenosine and cocaine aptamer-linked nanoparticle aggregates
have been immobilized onto a lateral flow device, allowing a more sensitive “dip-
stick” test that can be performed in complex sample matrices such as human blood
serum [89].

DNA-meditated AuNP assembly was first described by Mirkin et al. in 1996
[77]. Since then, the oligonucleotide-directed AuNP aggregation has been exten-
sively used in the colorimetric detection of oligonucleotides [78, 90-97] and fabrica-
tion of structured assemblies [98]. Generally, two ssDNA-modified AuNPs are used
for the detection of oligonucleotides, where the base sequences are respectively com-
plementary to both ends of the target oligonucleotides. Therefore, the presence of
target oligonucleotides causes the AuNP aggregation accompanied with a color
change. The intense absorptivity of AuNPs coupled with the strong and highly spe-
cific base-pairing of DNA molecules enables the ultrasensitive detection of
oligonuceotides in a quantitative manner. When large AuNPs (e.g., 50 nm or 100
nm) are employed, the detection limit was subpicomolar without the assistance of
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Figure 8.4 Schematic representation of the colorimetric detection of cocaine based on the tar-
get-induced disassembly of nanoparticle aggregates linked by corresponding aptamers.
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polymerase chain reaction (PCR) [91]. Interestingly, citrate-stabilized AuNPs can
distinguish ssDNA and dsDNA at the level of 100 fmol based on simple electrostatic
interactions [99], such as single-base-pair mismatches.

The oligonucleotide-directed AuNP assembly has important applications in the
colorimetric screening of DNA binders [100] and triplex DNA binders [101]. In the
latter case, the assay is composed of two sets of noncomplementary AuNPs and a
free strand of DNA that can form triplexes with those on the nanoparticles with no
aggregation at room temperature due to the low stability of the triplex structure
(Figure 8.5). However, the appropriate triplex DNA binders can stabilize the com-
plexes, inducing the aggregation of AuNPs. The simplicity of this approach makes it
more convenient than other methods such as competitive dialysis, mass spectros-
copy, and electrophoresis, thus being suitable in high-throughput screening of
potential triplex binders from large combinatorial libraries [101].

Protein detection and identification is important in medical diagnostics,
proteomics, and antibioterrorism. Ligand-modified AuNPs provide a promising
scaffold for colorimetric detection of proteins. For example, agglutinin, a bivalent
lectin that can specifically recognize f-D-galactose, induces the aggregation of
galactose-functionalized AuNPs based on the lectin concentration, allowing the
quantitative detection of the protein [102]. Significantly, the sensitivity of this sys-
tem is appreciably high enough to detect the lectin concentration of 1 ppm, compa-
rable to that of immunological assay methods such as ELISA [102]. Protein-directed
glyconanoparticle assembly has been used to detect protein-protein interactions.
Interestingly, Chen et al. used the assemblies Con A and mannose-modified AuNPs
to identify the binding partners for Con A, since the protein-protein interactions dis-
rupt the initial nanoparticle-protein assemblies, affording both quantitative results
[103]. Recently, the controlled aggregation of glyconanoparticles has been har-
nessed to attain colorimetric detection of cholera toxin [104]. By using the high
binding affinity between biotin and avidin, biotin-functionalized AuNPs have been
deposited on glass substrates, with colorimetric changes upon streptavidin binding
with nanoparticle size-dependent sensitivity [105, 106].

Aptamers rival antibodies in terms of binding ability. AuNPs carrying an
aptamer that is specific to platelet-derived growth factors (PDGFs) have been

.3'H5-PEG-G’CT CAATTC TTC TTITTTTCTS
5' CGA GTT AAG AAG AAA AAA 3'
5 TTC TTC TTT TTT CT-PEG-SHB'.

Figure 8.5 Schematic depiction of the screening of DNA triplex binder using DNA-directed AuNP
assembly.
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exploited to detect PDGFs by monitoring the changes in color and extinction of the
AuNPs as a consequence of aggregation [107]. Noteworthy, this assembly of
aptamer-AuNP-PDGF could also be used to detect PDGF receptors through a com-
petitive binding mechanism. Recently, Dong’s group reported a much simpler
aptamer-based colorimetric sensing system by thrombin-binding aptamers [108].
The aptamers fold into a structure of G-quadruplex/duplex in the presence of
thrombin due to the aptamer-protein recognition, losing their protecting function.
The AuNP aggregates are formed accordingly with a detection limit of 0.83 nM for
thrombin.

Willner et al. have achieved thrombin sensing using thrombin aptamer-modified
glass surface [109]. The functionalized glass substrate was treated with thrombin
targets and aptamer-functionalized AuNPs successively, leading to a “sandwich”
complex. The immobilized AuNPs are further enlarged in a growth solution con-
taining HAuCl,, CTAB, and NADH [110], which initiates the SPR coupling interac-
tion of adjacent nanoparticles with a sensitivity limit of 2 nM.

Dithiols have long been used as cross-linkers in the assembly of AuNPs [111]. In
case of dithiol-functionalized peptides as bridging agents, the AuNP assemblies pro-
vide a powerful platform for colorimetric detection of proteases [112]. In a represen-
tative study, Scrimin and coworkers designed two C- and N-terminal cysteinyl
derivatives of peptide substrates that are specific to thrombin and lethal factor,
respectively [113]. First, the peptides were treated with the analytes, and then they
were incubated with citrate-stabilized 12-nm AuNPs. In the absence of target pro-
teases, the intact peptides induce nanoparticle aggregations, showing a red-to-blue
color change, while the protease-cleaved peptides do not bring any color change
with the sensitivity in the low nanomolar range. Stevens et al. further simplified this
two-stage approach by using AuNPs functionalized with Fmoc-protected peptides
(substrate of thermolysin) with a cysteine anchor. The n-n stacking interactions
between Fmoc groups led to an assembled state of AuNPs, which can be directly
subjected to protein sensing. Once thermolysin is present, the peptide ligands are
digested and AulNPs are dispersed in the solution along with a blue-to-red color
change. This system has achieved an impressive sensitivity of 90 zg mL" (less than
380 molecules) [114]. Based on the enzymatic cleavage of DNA molecules, real-time
colorimetric screening methods for endonuclease activity and inhibition have been
developed by using DNA-mediated AuNP assemblies [115]. Similarly, the principle
of enzyme-triggered AuNP assembly/disassembly has been employed to detect
kinase [116] and phosphatases [117, 118], along with the screening of their activity.
It has also been demonstrated that AuNPs can act as a colorimetric sensor for
protein conformational changes [119].

8.5 Fluorescence Sensing

As it has been demonstrated earlier, AuNPs can be treated as nonmolecular chromo-
phores with high molar extinction coefficients. Their exceptional quenching ability
makes them excellent energy acceptors in the FRET assays [58, 120]. Poly-pyridyl
complex [Ru(bpy)’]** is a well-known fluorophore, which is effectively quenched by
anionic tiopronin-coated AuNPs [121]. The electrostatic interaction-driven com-
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plexes can be dissociated by addition of electrolytes such as K*, Bu,N*, and Ca**
salts. The fluorescence quenching and recovery follow Stern-Volmer relations, thus
showing promising exploitation in the detection of these ions [121]. By employing
the same principle, Rhodamine B-adsorbed AuNPs have been used in the turn-on
fluorescence sensing of Hg”* [122]. By optimizing the AuNP surface functionality
and the chelating agent in the sample solution, the selectivity of this system for Hg"*
is 50-fold over other metal ions (e.g., Pb**, Cd**, Co**) with a detection limit of 2.0
ppb. Similarly, Nile red-adsorbed AuNPs show the selective detection of
aminothiols [123], whereas Zhu, Li, and collaborators have fabricated bispyridyl
perylene bridged AuNPs as Cu”* sensors [124]. The fluorescence of perylene is
quenched by AuNPs, while Cu”" ions release the dye from the aggregate by stronger
pyridine-Cu®* coordination, regenerating the fluorescence. Significantly, this system
can also be used in the colorimetric sensing of Cu”* as the ion recognition involves
the aggregation and disaggregation of AuNPs. Recently, lanthanum complexes of
bipyridine-functionalized AuNPs have been used as phosphorescent sensors for
alkaline earth metal ions and transition metal ions [125].

AuNP-based molecular beacons have been designed to provide fluorescence
sensing of DNA [126]. As shown in Figure 8.6, the dye molecules within the initial
closed hairpin structure are in close proximity to the AuNPs, resulting in effective
fluorescence quenching through FRET. The hybridization of target DNA opens up
the hairpin structure, increasing the donor-acceptor distance and providing a signif-
icant increase in fluorescence. In comparison with common molecular quenchers,
this AuNP-based molecular beacon exhibits a sensitivity enhanced up to 100-fold
with significantly improved detection of a single mismatch. Similarly, Nie et al.
reported that oligonucleotide-functionalized AuNPs with fluorophore-terminus
spontaneously assemble into a constrained arch-like conformation with close
donor-acceptor distance, which responds to target ssDNA by a hybridiza-
tion-induced strand stretching and consequent fluorescence light-up [127]. The dis-
tance-dependent FRET also provides a powerful way for the detection of DNA
cleavage [128].

As with organic fluorescent dyes, the emission of semiconductor quantum dots
can be effectively quenched by AuNPs in the appropriate vicinity. Melvin et al. have
designed a fluorescent competitive assay for DNA detection using QDs and AuNPs
as the FRET donor-acceptor couple [129]. In their protocol, the CdSe QDs linked to
a short DNA strand are hybridized with a complementary DNA strand linked to an
AuNP, leading to quenched assemblies due to the surface contact between QDs and
AuNPs. When unlabelled complementary oligonucleotides are present, the
AuNP-DNA is displaced from the QD-DNA, regenerating the QD fluorescence.
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Figure 8.6 Schematic drawings of the conformational changes of the dye-oligonucleotide-AuNP
conjugates before and after hybridization with the target DNA.
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Kim, Oh, and coworkers have fabricated an inhibition assay of proteins on the
basis of FRET between QDs and AuNPs [130]. The streptavidin-functionalized QDs
specifically interact with biotinylated AuNPs to afford quenched assemblies through
a QD-to-AuNP FRET process (Figure 8.7). This system has been exploited to the tar-
get avidin, which releases the biotinylated AuNPs from QDs through a competitive
binding and regenerates the photoluminescence of QDs with a detection limit of 10
nM coupled with a dynamic range up to 2 uM. This study provides a generic tactic
for designing protein sensors. For example, the assembly of dextran-functionalized
QDs and Con A—coated AuNPs are available for the detection of glycoproteins in the
protein sensing through specific protein-ligand interactions [131].

On the basis of fluorescent indicator-displacement assay coupled with “chemi-
cal nose” approach, Rotello and collaborators have devised a sensor array consist-
ing of six cationic AuNPs and one anionic poly(p-phenyleneethynylene) (PPE)
polymer, which can properly identify seven common proteins [132]. The initially
quenched polymer-AuNP complexes are disrupted by protein analytes through com-
petitive binding, resulting in fluorescence restoration, as shown in Figure 8.8(a).
Because the protein-nanoparticle interactions are determined by their respective
structural features such as charged, hydrophobic, hydrophilic, and hydrogen-bond-
ing sites [133, 134], the diverse particle-protein affinities generate a distinguished
fluorescence response pattern for individual proteins (Figure 8.8(b)). Linear discrim-
ination analysis (LDA) has been used to differentiate the response patterns in high
accuracy. Protein samples with both unknown identity and concentration have been
subjected to the detection with the sensor array. With the training matrix (7 proteins
X 6 sensors X 6 replicates) as the standard, an identification accuracy of 94.2 percent
was obtained on the basis of 52 samples, and the protein concentrations were gener-
ally determined within £5 percent error.

8.6 Electrical and Electrochemical Sensing

Attributes such as the roughening of the conductive sensing interface, the catalytic
properties, and the conductivity properties of AuNPs make them excellent candi-
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Figure 8.7 Competitive inhibition assay for the detection of avidin by using QD-AuNP couple.
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Figure 8.8 Schematic illustration of “chemical nose” sensor array based on AuNP-fluorescent
polymer conjugates: (a) The competitive binding between protein and quenched polymer-AuNP
complexes leads to the fluorescence light-up. (b) The combination of an array of sensors generates
fingerprint response patterns for individual proteins.

dates for electroanalytical applications [135]. The assembly of multilayered AuNPs
onto electrodes significantly enhances electrode surface area, enabling the highly
sensitive electrochemical detection of redox analytes [136]. On the other hand, the
analyte or redox partners on a roughened electrode have more freedom in orienta-
tion to facilitate the electron transfer through the conducting pathways provided by
AuNPs. Particularly, the AuNP-decorated electrode displays high electrocatalytic
activity in comparison with bulk electrodes. For example, AuNP-electrodes are able
to discriminate the voltammetric signals of dopamine, ascorbate, and uric acid
[137, 138].

Chemiresistors are solid-state devices that exhibit electrical resistance changes
upon interaction with chemical species. The electronic conductivities of self-assem-
bled films of monolayer-protected AuNPs can be varied by particle size,
interparticle separation, ligand properties, and chemical environments [139]. These
materials have been widely used to build chemiresistors for vapor sensing during the
past decade [135]. Recently, Wohltjen and Snow have fabricated a sensor by deposi-
tion of a thin film of octanethiol-coated AuNPs (d ~ 2 nm) onto an interdigitated
microelectrode [140]. This sensor shows a large and rapid decrease in the conduc-
tance upon exposure to toluene and tetrachloroethylene, with a detection limit of
ca. 1 ppm. The increase of the resistance indicates that the film swelling dominates
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the vapor sensing, leading to an increase of the interparticle distances. Once the
coated ligands of AuNPs are replaced by those bearing polar functional groups, the
resultant chemiresistors are more sensitive to polar analytes [141].

Vossmeyer et al. have systematically investigated the sensing system with vapor
of toluene and tetrachloroethylene from films formed by dodecylamine-stabilized
AuNPs and a,w-dithiols with different chain lengths (C,, C,, C,,, C,,) [142]. It was
found that the resistance responses at a given concentration of toluene analyte
increase exponentially with increasing number of methylene units. This effect has
been attributed to the augmentation of sorption sites along with increasing the
ligand length. Zhong and coworkers have tested the cofactors influencing the per-
formance of sensor arrays constructed from AuNP films and interdigitated
microelectrodes, proving the correlation between the vapor-response sensitivity and
the interparticle spacing properties [143, 144]. Significantly, it was demonstrated
that a compromised balance between the interparticle chain-chain cohesive
interdigitation and the film-vapor interaction determines the relative change of the
electrical resistance.

AuNP-dendrimer composites have likewise been used in vapor sensing [145]. In
these layer-by-layer self-assemblies, the AuNPs provide the film material with elec-
tric conductivity, while the dendrimers serve to cross-link the particles and to pro-
vide sites for the selective sorption of analyte molecules. The chemical selectivity of
the films is predominantly determined by the solubility properties of the dendrimer
component. In an early study, an interesting bioconjugate material has been fabri-
cated by the in situ reduction of gold salts to nanoparticles by spider silk [146]. The
spider-silk fiber displays environmentally dependent expansion/contraction that
consequently changes the conductivity of the adhesive nanoparticles. This material
distinguishes the polarity of alcohol vapors (from methanol to butanol) by distinct
conductivity changes and shows excellent cycling efficiency for exposure to
methanol vapor.

The combination of the electroactivity of AuNPs and the complexation features
of macrocyclic compounds lead to attractive sensory materials. In a series of studies
[147-150], Willner and coworkers have demonstrated an attractive concept to real-
ize three-dimensional electrode surfaces, where citrate-stabilized AuNPs and
oligocationic cyclophanes or molecular squares were alternately deposited onto a
3-aminopropyltriethoxysilane-modified indium-doped tin oxide (ITO) conductive
glass (Figure 8.9). In these systems, the AuNPs provide conductive surfaces, while the
macrocycles serve as “molecular glues” that associate with zz-donor substrates such
as hydroquinone in their cavities. The molecular recognition increases the local
concentration of substrates at the electrode surface, facilitating the detection of tar-
gets at low concentration (e.g., 1 uM of hydroquinone) where the bare ITO electrode
describes no electrical response [151]. The sensitivity of this system can be readily
tuned by adjusting the number of the assembled layers, as the electrical response of
the analytes are proportional to the number of layers [147]. The preconcentration
of substrates can be determined by controlling the binding affinity between
macrocycles and analytes, providing selectivity. For example, the multilayered elec-
trodes built up from AuNPs and cyclobis(paraquat-p-phenylene) cyclophane
respond to hydroquninone, whereas the electrodes consisting of multilayers of
AuNPs and the enlarged cyclophane cyclobis(paraquat- pbiphenylene) respond only
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Figure 8.9 Electroactive multilayers formed by the self-assembly of anionic AuNPs and
bipyridinium-based oligocations.

to dihydroxymethyl ferrocene [149]. Sensing studies on anionic zz-donor analytes
such as 3,4-dihydroxyphenylacetic acid confirm that the preconcentration of
analytes at the conductive support originates from the specific 7 donor-acceptor
interactions rather than nonspecific electrostatic interactions [148].

In most cases, the electrochemical sensors can only be used to detect
redox-active analytes due to their voltammetric nature. To allow the analysis of
nonredox-active compounds, Willner et al. have deposited a film composed of
polyethyleneimine, AuNPs, and cyclobis(paraquat-p-phenylene) on the Al,O; insu-
lating layer of an ion-sensitive field-effect transistor to serve as a sensing interface
[152]. This device is able to sense any charged analytes that are bound to
the cyclophane, irrespective of their redox activity. With adrenaline as a model
compound, it was demonstrated that the analysis could be accomplished by mea-
suring either the source-drain current or the gate-source voltage. Significantly, the
sensing device is reusable (at least 100 cycles) with high stability. Recently,
AuNP-based microelectronic devices have been fabricated to detect H,S where the
adsorption of H,S molecules onto the nanoparticles drastically changes the hop-
ping behavior of electrons through the particles and consequently the current-volt-
age profile [153].

Although bulk Au metal is chemically inert, AuNPs have proven to be catalysts
for many reactions. These materials feature extraordinary catalytic activity due to
their large surface-to-volume ratio and interface-dominated properties [4, 154].
Therefore, AuNP-modified electrodes hold great promises in the electrocatalytic
detection of organic and biological molecules [137, 155-157]. As an example,
Jena and Raj have demonstrated the electrocatalytic sensing of glucose by
using an AulNP-coated gold electrode [156]. The AuNPs are self-assembled on
a three-dimensional silicate network anchored on an electrode followed by
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enlargement with hydroxylamine. The enzyme-free amperometric response of this
system increases linearly with the glucose concentration with a detection limit of 50
nM.

While the integration of enzymes and electrodes would lead to highly selective
electrical biosensors, the direct immobilization of redox enzymes onto the electrodes
generally results in low sensitivity due to the lack of mutual electrical communica-
tion between the enzyme and the electrode. AuNPs and redox enzymes have been
codeposited on the electrodes to improve such electrical communication [158-161];
likewise, the immobilization of enzymes onto AuNPs can often increase their turn-
over rates [162, 163], which would potentially reinforce the detection sensitivity. To
facilitate the electron transfer between the enzyme active sites and the electrode sup-
port, Willner and coworkers have constructed a bioelectrocatalytic system with
highly efficient electrical contacting of glucose oxidase (GOx) with electrode sup-
port by the reconstitution of apo-glucose oxidase (apo-GOx) on a 1.4-nm gold
nanoparticle that was functionalized with the cofactor flavin adenine dinucleotide
(FAD) (Figure 8.10) [164]. The nanoparticle-reconstituted enzyme electrodes exhib-
ited extremely efficient electrical communication with the electrode, with elec-
tron-transfer turnover rate of ca. 5000 s sevenfold higher than the electron-transfer
rate constant of native GOx.

AuNP-based electrochemical detection of DNA has been developed as an alter-
native to optical approaches [165]. In this route, the DNA recognition events are
transduced into electrical or electrochemical signals by using AuNPs as mediators.
For example, Mirkin et al. have fabricated a DNA array detection method in which
the binding of oligonucleotide-functionalized AuNPs leads to conductivity changes
associated with target binding events [166]. First, short capture oligonucleotides
were immobilized on the SiO, surface between two electrodes, and then the target
DNA and AuNPs functionalized with oligonucleotides were added successively for
hybridization. Finally, the enlargement of metal nanoparticles was conducted to

o e

Figure 8.10 Fabrication of GOx electrode by the reconstitution of apo-GOx on a
FAD-functionalized AuNP: (a) The adsorption of AuNP-reconstituted apo-GOx to a dithiol
monolayer assembled on a gold electrode, and (b) the adsorption of FAD-AuNPs to a dithiol
monolayer assembled on a gold electrode followed by the reconstitution of apo-GOx on the func-
tional nanoparticles. Both routes afforded almost identical monolayers.
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Figure 8.11 Electrical detection of DNA based on the “sandwich” hybridization with
DNA-functionalized AuNPs followed by silver deposition.

enhance the conductivity by deposition of silver onto AuNPs (Figure 8.11). Using
this method, the target DNA has been detected at concentrations as low as 500
femtomolar with a point mutation selectivity factor of ~100,000:1 [166].

The redox properties of AuNPs further enable their applications as electro-
chemical labels in oligonucleotide detection. In a representative study, Ozsoz et al.
have shown that the treatment of a target DNA-modified electrode with comple-
mentary probes conjugated to AuNPs resulted in the appearance of a gold oxide
wave at +1.2V, showing the detection limit as low as 0.78 fmol with the assistance
of PCR amplification [167]. So far, several amplification tactics that are readily
accessible have been developed, involving the nanoparticle enhancement by silver
deposition [168] and the incorporation of electrochemically active groups onto
AuNPs [169, 170]. As an example, ferrocene-capped AuNP/streptavidin conjugates
were attached to a biotinylated DNA detection probe of a “sandwich” DNA com-
plex on the electrode, showing good selectivity and reproducibility with a detection
limit of 2 pM, in spite of its simplicity [169, 171]. Similarly, Fan et al. described a
sandwich detection system involving hybridization with AuNP-labeled reporter
probe DNA and subsequent treatment with [Ru(NH,)]*" complexes [172]. The
quantitative adsorption of [Ru(NH,),]’* to the surface-confined capture probe
DNA via electrostatic interactions resulted in amplified electrochemical signals
under chronocoulometric interrogation. The DNA sensor could detect as low as
femtomolar (zeptomoles) DNA targets and exhibit excellent selectivity against even
a single base mismatch. More recently, Willner et al. reported a novel amplified
electrochemical detection of DNA through the aggregation of AuNPs on electrodes
and the intercalation of methylene blue into the DNA-crosslinked structure [173].
In this system, the methylene blue units act as a specific electrochemical indicator
for the double-stranded DNA formation, while the AuNP assemblies facilitate the
electrical contact of the intercalated methylene blue with the electrodes. Therefore,
this approach exhibits a detection limit of 0.1 pM for a 27-mer DNA.
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AuNP-based immunoassays have been employed in the protein sensing by moni-
toring either the conductivity changes or the electrochemical signaling. A conductiv-
ity immunoassay system designed by Velev and Kaler involved the adsorption of
proteins between antibodies immobilized in an electrode gap and a secondary
AuNP-tagged antibody followed by AuNPs that are enlarged and fused together by
a metastable solution of silver salts, which via nucleation deposits a silver layer on
top of the gold (this is called silver enhancement) [174]. Conductive paths were
formed across interdigitated electrodes, leading to a measurable conductivity
changes. This assay has achieved ultrasensitive detection of human IgG at 0.2 pM.
Likewise, Limoges et al. devised a highly electrochemical immunoassay by using
AuNP-labeled antibodies [175]. As illustrated in Figure 8.12, the AuNP-labeled
antibody forms sandwich complexes with the goat IgG target and the immobilized
antibody. After removal of the unbound labeled antibody, AuNPs were dissolved in
an acidic bromine-bromide solution to release gold ions, which are quantitatively
determined at a disposable carbon-based screen-printed electrode (SPE) by anodic
stripping voltammetry (ASV). With 18 £ 5 nm AuNPs as the label, a detection limit
of 3 pM was obtained through this protocol benefiting from the sensitive ASV deter-
mination of Au(IIl) at a SPE (5 nM) and the large number of atoms in AuNPs (1.7 x
10’ gold atoms in a 18 nm AuNP). In an early study, a new strategy based on cyclic
accumulation of AuNPs has been developed for determination of human IgG by
ASV [176]. In this protocol, the probe antibody in the sandwich complexes is
labeled with dethiobiotin and advidin-AuNPs, which are introduced for further
complexation. The alternative treatment of the system with biotin solution and
avidin-AuNPs could realize cyclic accumulation of AuNPs. The detection limit of
this method reaches as low as 0.1 ng mL" human IgG.
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Figure 8.12 Schematic representation of the sandwich electrochemical immunoassay with an
AuNP label.
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8.7 Surface Enhanced Raman Scattering-Based Sensing

Raman scattering is the inelastic scattering of incident photons, which is sensitive to
different vibrational modes and consequently provides the fingerprint of the target
molecules. The cross-section of Raman scattering is about 10 to 15 orders smaller
than that of fluorescence, which severely restricts the direct application of this tech-
nique. It has been demonstrated that when a molecule is adsorbed on rough metal
surfaces, its Raman scattering may be significantly enhanced by up to 15 orders of
magnitude, enabling single molecule detection [177]. This surface-enhanced Raman
scattering (SERS) has been attributed to a local electromagnetic field enhancement
induced by a plasmon resonance of optically active nanoparticles [178, 179]. The
field enhancement is dependent on the nanoparticle size, shape, orientation, and
aggregation.

AuNP-based SERS has been successfully exploited in biological sensing. In a
representative study, Mirkin et al. used AuNP probes labeled with oligonucleotides
and Raman-active dyes to achieve multiplexed detection of oligonucleotide targets
[180]. Through a sandwich assay approach followed by silver enhancement, SERS
signals are detected exclusively from the Raman dyes immobilized on the particles,
showing a detection limit of 20 fM. Specifically, this method is able to discriminate
single nucleotide polymorphisms relating to six different viruses, benefiting from
the specificity of complementary probe sequences as well as the fingerprint of the
Raman dyes. Recently, nonfluorescent Raman tags have been incorporated into
DNA-functionalized 30-nm AuNP probes for the SERS detection of DNA [181]. In
this system, the intensity of Raman signal of the probes could be controlled by the
surface coverage of the Raman tags on the particles, indicating a simultaneous iden-
tification of up to eight probes in a mixture and a detection limit of ca. 100 nM
without further metal enhancement.

AuNPs functionalized with either protein ligands or antibodies and Raman dyes
have been developed to detect the protein-small molecule and protein-protein inter-
actions [182]. However, this approach required further silver enhancement to get
appropriate SERS when 13-nm AuNPs were used. Lipert, Porter, and coworkers
have coated 30-nm AuNPs with a monolayer of an intrinsically strong Raman scat-
ter (5-thiol-2-nitrobenzoate) followed by a layer of covalently linked antibodies for
SERS detection [183]. This design not only minimizes the separation between label
and particle surface but also maximizes the number of labels on each particle, so
that the sensitivity can be drastically enhanced. This immunoassay system has been
exploited in the detection of free prostate-specific antigen (PSA) through a sandwich
assay format based on monoclonal antibodies. Detection limits of ~1 pg mL™" in
human serum and ~ 4 pg mL" in bovine serum albumin have been achieved with a
spectrometer readout time of 60s. In addition, Nie et al. reported biocompatible and
nontoxic AuNPs for in vivo tumor targeting and detection based on pegylated
AuNPs and SERS [184]. These particles were >200 times brighter than near-infra-
red-emitting quantum dots and allowed spectroscopic detection of small tumors
(0.03 cm’) at a penetration depth of 1-2 cm.
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8.8 Gold Nanoparticle-Amplified SPR Sensing

The excitation of planar noble metal film by light leads to SPR, which is dependent on
the refractive index of layers present in the interfacial region. This phenomenon has
been extensively exploited in chemical and biological sensing, and some sensors have
been commercialized [185]. SPR sensors exhibit higher sensitivity for large analyte
molecules because their effect on the refractive index is proportionally greater.
Accordingly, the introduction of AuNPs onto the sensing surface provides an effective
way to enhance this effect attributing to their high mass coupled with the high dielec-
tric constant of AuNPs and the electromagnetic coupling between AuNPs and the
metal film [186]. By way of example, a MIP gel with embedded AuNPs has been pre-
pared on a gold film-coated chip [187]. Not only can the swelling of MIPs by binding
of analytes lead to the significant changes in dielectric constant near the gold sub-
strate surface, it can also increase the distance between the AuNPs within the polymer
and the substrate surface, drastically enhancing the degree of SPR angle shift. By
using this method, dopamine could be detected at as low as nanomolar concentra-
tions [187], as compared to the micromolar sensitivity of colorimetric methods [85].

The specific base pairing in nucleotide interactions facilitates the highly selective
sensing of oligoncucleotides. The sensitivity of oligonucleotide detection can be
drastically improved by using AuNP-amplified SPR [188, 189]. Keating et al. have
designed a sandwich approach where a monolayer of 12-mer oligonucleotides were
first immobilized onto a gold substrate and the target DNA and AuNPs carrying
complementary DNA molecules were combined successively [188]. The
AuNP-tagged surface shows a greater than 10-fold increase in angle shift, corre-
sponding to a more than 1,000-fold improvement in sensitivity for the target DNA
compared with the nonamplified assay. As a consequence, a ~10 pM limit of quanti-
fication was achieved for a 24-mer DNA. The nonspecific adsorption of AuNPs
onto the surface may attenuate the SPR signal enhancement. It has been shown that
a dextran layer between the gold film and the immobilized DNA molecules effec-
tively reduces the nonspecific adsorption, leading to an extremely sensitive detection
of a 39-mer DNA at femtomolar level [190]. The real-time multicolor DNA detec-
tion has been achieved by using ssDNA-modified AuNPs and micropatterned
chemoresponsive diffraction gratings interrogated simultaneously at multiple laser
wavelengths [191].

Highly specific antibody-antigen recognition holds great promise in selective
protein sensing [192]. Natan et al. devised the first AuNP-enhanced SPR
immunosensing system by using either antigen- or antibody-functionalized AuNPs
as signal amplifier [193]. In a typical sandwich immunoassay, the gold film is first
coated with y-chain-specific monoclonal goat antihuman immunoglobulin G
(0-h-IgG(y)). Subsequently, the addition of h-IgG and the second free antibody leads
only a small plasmon angle shift. While the second free antibody is replaced by an
electrostatic conjugate between 10-nm-diameter AuNP and a-h-IgG(Fc), the
plasmon angle shift drastically increases by 28 times compared with the unamplified
assay. Picomolar detection of h-IgG has been realized using such particle enhance-
ment. Recently, both competitive and sandwich immunoassays have been developed
to quantify human tissue inhibitor of metalloproteinases-2 on the basis of

AuNP-enhanced SPR [194].
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8.9 Quartz Crystal Microbalance-Based Sensing

Quartz crystal microbalance (QCM) (i.e., a piezoelectric microbalance) measures
mass changes on a quartz crystal resonator in gas phase or in aqueous solution by
following the respective frequency changes. This technique has been widely used in
the sensing of various targets ranging from volatile molecules to microorganisms
due to its high sensitivity, economic effectiveness, and convenient operation [195].
The integration of AulNPs into QCM-based sensing systems is of great interest
mainly due to their two appealing attributes. First, nanoparticles possess large sur-
face area and surface-to-volume ratio. Accordingly, AuNPs and AuNP-dendrimer
acting as sorptive materials have been used for applications in vapor sensing
[196-198]. Based on the relatively heavy mass of AuNPs and the direct response of
QCM related to surface mass changes, the use of nanoparticles as “mass enhancers”
provides a powerful approach for promoting detection sensitivity by amplifying fre-
quency changes [199].

Efforts have been focused on the detection of oligonucleotides using QCM sen-
sors with the assistance of AuNPs. Generally, the experimental setup involves the
immobilization of thiol-terminated ssDNA onto the gold-coated QCM, followed by
hybridization with target oligonucleotides. It was demonstrated that the introduc-
tion of a layer of AuNPs between the gold film and the immobilized ssDNA signifi-
cantly improves the detection capacity of the system as a consequence of the large
surface of AuNPs [200]. On the other hand, sandwich approaches can drastically
improve the detection limit, where one end of target oligonucleotides hybridizes
with the immobilized ssDNA molecules (recognition elements) while the other end
hybridizes with ssDNA-modified AuNPs (signal amplifier) [201-205]. Particularly,
multivalent ssDNA-modified AuNPs are able to further hybridize with AuNPs
functionalized with complementary ssDNA and provide the dendritic amplification
effect [202]. Catalyzed deposition of gold onto the amplifier AuNPs has also been
conducted to improve the sensitivity of the QCM approach, and a detection limit of
ca. 1 fM has been attained [206]. However, it should be noted that nonspecific
adsorption of AuNPs to the gold film of QCM needs to be avoided in the amplifica-
tion process, as it will lead to an overestimate of signal enhancement [207].
Recently, a microcantilever-based DNA sensor has been designed as an analogy to
QCM [208]. In comparison with QCM, the sensor element is 100 times smaller,
enabling the construction of a high-density senor array for multiplexed detection.
On the basis of the sandwich approach coupled with AuNP-amplification, a
detection limit of 23 pM has been achieved on a microcantilever for sensing a
30-mer DNA [208].

Detection of streptavidin on a QCM has been reported using AuNPs as a signal
amplification probe [209]. In the experimental setup, biotinylated BSA was first
immobilized on the gold surface of the QCM electrode and the combination of
strepatvidin induced small frequency changes of the piezoelectric crystal. The fur-
ther treatment of the resulting interface with biotin-functionalized AuNP enhanced
the sensing signal with an additional frequency change two times higher, resulting
in a wide detection window from 1 ng mL™" to 10 ug mL™".
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8.10 Gold Nanoparticle-Based Bio-Barcode Assay

Mirkin’s group has developed an AuNP-based bio-barcode assay to amplify the tar-
get molecules with highly multiplexed and ultrasensitive detection of proteins and
nucleic acids. In order to prove this concept, the bio-barcode assay was first
employed to analyze PSA, which is a biomarker protein for prostate and breast can-
cer [210]. As shown in Figure 8.13(a), a magnetic microparticle carrying antibodies
that specifically bind PSA was first used to capture the protein. Subsequently, a
30-nm AuNP that was functionalized with barcode DNA and antibodies unique to
the protein target was combined to sandwich the protein between magnetic and gold
particles. Magnetic separation of this assembly followed by thermal dehybridization
of double-stranded DNA on AulNPs yielded the ssDNA-functionalized AuNPs and
free barcode nucleic acids. The free barcode DNA was analyzed directly by using
chip-based sandwich hybridization with ss-DNA functionalized AuNP probes, fol-
lowed by silver amplification, leading to a detection limit of 30 aM. When PCR
amplification on the barcode DNA was conducted, an unprecedented sensitivity of 3
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Figure 8.13 AuNP-based bio-barcode assay of (a) proteins and (b) DNA.
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attomolar was obtained [210]. The feasibility of this bio-barcode approach has also
been verified by the detection of amyloid-3-derived diffusible ligands, a soluble
pathogenic Alzheimer’s disease marker, in the cerebrospinal fluid [211]. Interest-
ingly, this approach has proven to be able to achieve multiplexed detection of pro-
tein cancer markers by using a mixture of different biobarcoded AuNP probes
[212]. During the detection process, the released barcode DNA molecules can be
specifically immobilized onto a DNA functionalized surface, followed by hybridiza-
tion with ssDNA-AuNP and silver amplification. Therefore, the barcode
oligonucleotides can be scanometrically identified.

To simplify the signal readout, fluorophore-tagged biobarcoded AuNPs have
been used in protein detection [213]. As the released barcode DNA is fluorescent, it
can be readily quantified by measuring the fluorescence intensity. With PSA as the
model protein, a detection limit of 300 aM was obtained without other amplifica-
tion. Nam and Groves et al. developed a colorimetric bio-barcode assay for protein
detection [214, 215]. In their approach, the released barcode nucleotides serve as a
bridging agent of two ssDNA-functionalized barcode-capture AuNPs. The
barcode-directed AuNP aggregation leads to a red-to-blue color change. Through
this method, cytokine has been detected at 30 aM, which far higher than that of
conventional colorimetric detection.

Ultrasensitive detection of DNA has also been developed through the principle
of biobarcode amplification [216, 217]. As illustrated in Figure 8.13(b), the anti-
bodies in the protein detection system are replaced by specific ssDNA. Conse-
quently, the target DNA can hybridize with both the magnetic particle probes and
the biobarcoded AuNP probes to form sandwich assemblies. The magnetic separa-
tion followed by thermal dehybridization releases the free barcode nucleotides for
analysis. Using scanometric detection, this method has led to a 500-zeptomolar sen-
sitivity, which is comparable to many PCR-based approaches without the need for
enzymatic amplification [216]. Multiplexed DNA detection is also feasible using a
mixture of different biobarcoded nanoparticle probes [217].

Concluding Remarks

AuNPs present a versatile scaffold for the creation of chemical and biological sen-
sors. First, the particles provide an adaptable platform for the incorporation of vari-
ous functionalities ranging from small organic ligands to large biomacromolecules,
allowing the binding of target molecules with appropriate affinity and selectivity.
Additionally, the physical, optical, and electronic attributes of AuNPs can be uti-
lized to recognize the transduction of the binding events. Thus, functionalized
AuNPs may act as both molecular receptor and signal transducer in a single sensing
process, which often simplifies the sensor design. Moreover, AuNPs exhibit many
attributes that are superior to small molecules (e.g., their high absorptivity and
dense mass). These features further facilitate the application of AuNPs in the con-
struction of highly sensitive sensors. A great variety of analytes have been subjected
to the sensing studies.

The sensitivity of AuNP-based sensors is correlated with a variety of factors,
such as the analyte, the recognition partner, and the transduction mechanism. As
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Table 8.2 Comparison of Detection Limits of Different AuNP-Based Chemical
and Biological Sensors

Detection
Assay Method — Analytes Limit Reference
Colorimetric Metal ion (Pb2+) 2.5nM  [70]
Organic compound (adrenaline) 5uM [85]
Oligonucleotide (ssDNA 30mer) 50 pM [91]
Protein (thermolysin) ~1aM [114]
Fluorescence Metal ion (Hg2+) 10 nM [122]
Oligonucleotide (ssDNA 16mer) 0.2 uM [126]
Protein (avidin) 10 nM [130]
Electrochemical Volatile compound (toluene) 1 ppm [140]
Organic compound (glucose) 50 nM [156]
Oligonucleotide (ssDNA 27mer) 0.1 pM [173]
Protein (human IgG) 0.2 pM [174]
SERS Oligonucleotide (ssDNA 30 mer) 20 ftM [180]
Protein (PSA) 30 fM [183]
SPR Organic compound (dopamine) 1 nM [187]
Oligonucleotide (ssDNA 39mer) 1.38fM  [190]
Protein (human IgG) 6.7 pM [193]
QCM Volatile compound (toluene) 10 ppm  [196]
Oligonucleotide (ssDNA 27mer) ~1 fM [206]
Protein (streptavidin) ~20pM  [209]
Bio-barcode Oligonucleotide (ssDNA 27mer) 500 zM [216]
Protein (PSA) 30 aM [210]

summarized in Table 8.2, the detection limit of AuNP sensors ranges from
micromolar to zeptomolar, which is dependent not only on the target species, but
also on the precise design of the sensors. Generally, the detection sensitivities are less
than pico-/femto-molar, with DNA and protein as target molecules. It seems that a
theoretical detection limit has been attained for the targets of this type, as it has been
proposed that individual nanoscale sensors will be limited to picomolar-order sensi-
tivity for practical time scales due to the analyte transport limitation [2], making
directed transport of biomolecules essential for further enhancements in sensitivity.

To achieve highly efficient sensors, it is important to modulate the nanoparticle
surface functionality for the selective capture of target analytes. Highly selective
double-stranded DNA, antibody-antigen, and aptamer-analyte interactions have
been utilized to engineer the recognition events. Despite their extraordinary specific-
ity, these systems are not advantageous in the high-throughput screening of different
analytes because a tremendous amount of pertinent recognition elements need to be
fabricated for multianalyte detection. In this regard, the sensor array approach
would play an important role, as selectivity rather than specificity is required. To
this end, a limited number of individual sensors may provide nearly unlimited
screening capability toward the target analytes.

Opverall, the AuNP-based sensing studies described have mainly been focused on
colorimetric and electrochemical protocols. Both methods afford pronounced detec-
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tion sensitivity and extensive range of targets. By contrast, studies concerned with
fluorescence-based sensing are relatively scarce, with current systems having high
detection limits. AuNP-based fluorescence sensing systems are in principle superior
to small organic molecular systems due to the intense absorptivity of AuNPs cou-
pled with their superb quenching ability. This capability, however, has not been
realized as of yet. Taken together, however, both the optoelectronic properties of
AuNPs and their amplification ability hold great promise in producing chemical
and biological sensors featuring high performance.
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Plasmon-Resonant Gold Nanorods:
Photophysical Properties Applied Toward
Biological Imaging and Therapy
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9.1 Introduction

Anisotropic gold nanoparticles are ideally suited as contrast agents for the optical
imaging of biological tissues. Unlike many other inorganic nanomaterials, colloidal
gold is essentially inert and has a long history of clinical use, not only as
immunocytochemical probes for ex vivo applications [1-4] but also as colloidal
adjuvants for in vivo radiotherapies [5-8], and more recently in animal studies for
rheumatoid arthritis [9-11]. Moreover, recent developments in nanomaterials syn-
thesis have enabled gold nanoparticles to be engineered into structures with tunable
surface plasmon modes and with optical resonances ranging from visible to
near-infrared (NIR) wavelengths [12]. Several types of gold nanostructures are cur-
rently being investigated as contrast agents for various optical imaging modalities,
but those with plasmon resonances in the NIR region between 750 and 1300 nm are
particularly favorable for biomedical imaging, as shorter wavelengths are extin-
guished by hemoglobin or other endogenous pigments and longer wavelengths are
strongly attenuated by water [13]. Gold nanorods (GNRs) are especially attractive
due to the tunability of their plasmon resonances, and also their straightforward
and highly reproducible synthesis. GNRs support a higher absorption cross section
at NIR frequencies per unit volume than most other nanostructures and have nar-
rower linewidths at comparable resonance frequencies due to reduced radiative
damping effects [14]. With respect to synthesis, GNRs are efficiently prepared in
micellar surfactant solutions using seeded growth conditions, with various modifi-
cations developed for fine control over aspect ratio, scalability and uniformity, opti-
cal and colloidal stability, and absorption and scattering properties. The latter
define the types of optical imaging modalities that can be empowered by the use of
GNRs as contrast agents.

In this chapter, we review the current level of knowledge on the chemistry and
photophysical properties of GNRs, followed by their applications toward biologi-
cal imaging. Numerous examples of biological applications will be discussed to
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illustrate the breadth of possibilities that have been inspired by the versatility of
these useful nanomaterials.

9.2 Synthesis

In recent years, numerous methods have been developed toward the preparation of
GNRs with controlled diameters and length-to-width (aspect) ratios. Mesoscopic
(micron to submicron) GNRs have been fabricated using “top-down” lithographic
methods such as electron-beam lithography [15], focused-ion beam milling [16],
and microtomy (nanoskiving) [17], or by templated electrodeposition into
nanoporous aluminum oxide [18-24] or polycarbonate [25] membranes. However,
these methods are less useful for preparing smaller GNRs with lengths below 100
nm, a more compatible size range for biomedical and in vivo applications. Instead,
GNRs can be synthesized in a scalable fashion by the reduction of gold chloride
(HAuCl,) in aqueous solutions containing micellar cationic surfactants, such as
cetyltrimethylammonium bromide (CTAB). These methods are extremely popular
for the tunability of reaction parameters that determine the aspect ratio and subse-
quent optical properties of GNRs. The CTAB-mediated synthesis of GNRs has gone
through several stages of development. Seminal contributions by Wang and cowork-
ers demonstrated the synthesis of GNRs in CTAB solutions by electrochemical
reduction of gold ions or by the electrolysis of gold electrodes, with controlled
aspect ratios from 2.5 to 6.0 and optical extinctions extending well into the NIR
range [26-29]. Photochemical reduction of HAuCl, has also proven to be quite use-
ful for GNR synthesis [30-37], as well as more recently developed methods based on
microwave [38-40] and proton beam irradiation [41].

At present, the most popular method for synthesizing GNRs with NIR absorp-
tion involves the chemical reduction of HAuCl, using a mild, organic reductant such
as ascorbic acid, nucleated by small gold nanoparticle “seeds” [42, 43]. The seeded
growth concept for GNR synthesis was first established in 2001 by Murphy and
coworkers, and has rapidly gone through numerous stages of development [44-46].
Initial studies involved the addition of citrate-stabilized nanoparticles to growth
solutions containing HAuCl, and CTAB, with ascorbic acid as a reducing agent and
silver nitrate (AgNO;) as an additive (Figure 9.1) [42, 47]. Variations in the reaction
conditions and seeding strategies yielded GNRs with diameters of 15-20 nm and
controlled aspect ratios as high as 20, but these dispersions often contained a signifi-
cant fraction of spherical nanoparticles. Replacing citrate-stabilized seeds with
CTAB-stabilized seeds increases the GNR yields to over 90 percent [48].

The aspect ratio and NIR-absorbing properties of GNRs can be tuned either by
controlling the relative concentration of seeds or by the amount of AgNO, [42, 47,
48, 50], which was later established to have a passivating role through the
underpotential deposition of a silver monolayer, primarily onto the {110} facets
along the length of the GNRs [51]. The kinetics of GNR growth are rapid and nearly
complete within minutes of seed addition, and typically produce dumbbell-shaped
GNRs with slightly flared ends with lengths well below 100 nm and absorptions in
the range of 750-900 nm, due to their longitudinal plasmon resonances (see next
section). However, the reduction of HAuCl, by ascorbic acid is often incomplete and
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Figure 9.1 (a) Scheme for seed-mediated growth of GNRs; (b) crystalline facets on a typical

GNR [49]. Reprinted with permission from the Materials Research Society and American Chemical
Society.

can lead to a slower, secondary growth stage, in which the GNRs are “fattened” by
the galvanic displacement of silver from the GNR sides. This can gradually shift the
plasmon resonance from NIR to visible wavelengths, resulting in an “optical drift”
by as much as 100 nm. This secondary growth process can be suppressed by ensur-
ing the consumption of residual HAuCl,, either by adding sodium sulfide (Na,S)
after the nanorod synthesis to quench further growth [52] or by adjusting the
amount of ascorbic acid to ensure complete reduction.'

GNRs with higher aspect ratios and submicron lengths can be prepared by a
consecutive seeded growth process [53-56] or by serial addition of growth solution
[57, 58]. These growth conditions do not require the addition of AgNO; and can be
further promoted by introducing small amounts of nitric acid [59, 60], although the
exact role of the latter additive is presently unknown. Alternative surfactants to
CTAB with larger cationic headgroups [48, 61-63] or polymeric ligands [64] can
also be used to increase GNR aspect ratio.

With regard to the GNR growth mechanism, a full understanding is lacking,
although several hypotheses have been suggested. One of these concerns the role of
CTAB and its possible preference for certain crystalline facets on the surfaces of the
gold nanoparticle seeds [65]. Preferential adsorption to the {100} facets will lead to
faster growth along the {110} common axis shared by {111} facets, resulting in the
production of {110} facets along the sides of the GNRs at the expense of {111} sur-
face area. An electric field-directed growth mechanism has also been proposed, in
which Au'-CTAB complexes are transported to the nanorod tips by convective
forces driven by electric field gradients [66]. The role of the AgNO; is also of great
interest: the competitive deposition of Ag ions slows down the overall growth rate
and can account for the high uniformity and yield of GNRs. Furthermore, the
electroless (underpotential) deposition of Ag occurs preferentially on high-energy
{110} facets, promoting anisotropic growth [51]. The GNR growth kinetics are also
influenced by the relative concentrations of the nucleating particle, HAuCl,, CTAB,
AgNO,, and ascorbic acid, as well as the pH and reaction temperature, all of which
can lead to significant changes in particle shapes, sizes, and yields [50, 67-71].

Zubarev, E. R., personal communication.
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9.3 Optical Properties

9.3.1 Absorption

The tremendous interest in GNRs in the past decade stems in large part from their
intense and wavelength-tunable optical properties. These are intimately associated
with an electrodynamic phenomenon known as surface plasmons, which embody
the collective oscillations of conduction electrons when excited by light. In the case
of gold nanoparticles (which are much smaller than the wavelength of visible light),
the plasmons are bounded and will resonate at specific electromagnetic frequencies,
and are thus characterized by very large optical cross sections. These localized sur-
face plasmon resonances (LSPRs) are highly sensitive to particle size, shape, material
composition, and the local dielectric environment. A number of recent monographs
and reviews provide a detailed discussion on the many factors that significantly
impact the LSPR of metal nanoparticles [72-86].

For small isotropic nanoparticles, the LSPR can be simply described as a single
dipole mode according to Mie theory [87].> However, the reduced symmetry of
anisotropic particles such as GNRs results in at least two resonance modes, a longi-
tudinal resonance (LR) along the GNR axis and a transverse resonance (TR) normal
to that axis. The LR and TR modes were first defined for ellipsoidal particles by
Gans in the early twentieth century as an extension of Mie theory [88]. The extinc-
tion cross section (C,,,) of an ellipsoid can be mathematically expressed as

C
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where V is the particle volume, ¢, is the dielectric constant of the surrounding
medium, & =¢, + i, is the complex dielectric function of the metal, and P, are depo-
larization factors associated with dimensions A, B, and C (A =length; B, C = width).
These factors are defined for GNRs as
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1 . . .
wheree = ,[1- e represents the ellipticity and R is the aspect ratio, or A/B.

El-Sayed and coworkers adapted the Mie-Gans equation to derive a simple,
semiempirical relationship between the GNR longitudinal resonance wavelength
(A, z) and aspect ratio R [89-91]:

2. Mie theory is more accurately defined as a complete analytical solution of Maxwell’s equations for the elec-
tromagnetic scattering by polarizable bodies.
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A =(5371R = 4229)¢,, +495.14 (9.4)

This relationship indicates that A, shifts from the visible to NIR and mid-IR
wavelengths with increasing R, and is valid within the first degree of approxima-
tion. However, significant disparities exist between (9.4) and experimental absorp-
tion values. This is not surprising given the assumption of GNRs as ideally prolate
ellipsoids, and also because of polydispersity in particle aspect ratio as well as unac-
counted modulations in the dielectric function at the GNR surface. A better fit of
experimental measurements to (9.4) can be achieved by adjusting one or more phys-
ical parameters, such as a higher effective dielectric medium to offset the presence of
charge near the GNR surface [92].

The plasmon resonance modes of GNRs can also be calculated numerically,
such as by the discrete dipole approximation (DDA) [93-96] or finite-difference
time-domain (FDTD) [15, 97] methods, which take into account the true shape of
GNRs. Again, linear relationships between 4, and R can be established within a
limited range [93], but the calculations also reveal that 4, is highly dependent on
particle shape [98], diameter [89, 99], and the dielectric medium [100-104]. In con-
trast, the transverse resonance wavelength () is only mildly affected by changes in
GNR shape and aspect ratio, usually staying within the range of 515-525 nm.

The tunable LR is most easily appreciated by the variations in color of GNRs as
a function of aspect ratio R. Shorter GNRs appear blue, while longer GNRs appear
red, indicating the minima in extinction at those wavelengths (Figure 9.2(a)); more
precisely, the colors are the consequence of strong absorption at orange and green
wavelengths. These are on the opposite side of the color wheel of blue and red (Fig-
ure 9.2(b)), and correspond, respectively, to 4, for short GNRs and A4 for long
GNRs [105].
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Figure 9.2 (a) Optical absorption spectra of GNRs with different aspect ratios; (b) color wheel
with reference to 1,, (and 4,;) for GNR samples a-e. (See Color Plate 17.)
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The LR mode is highly sensitive to environmental factors. The anisotropy of
GNRs intrinsically renders them polarization-dependent, which gives rise to a cos”
relationship between the GNR long axis and polarized incident light [106, 107].
This angular dependency on light absorption has been observed experimentally
using GNRs aligned in polymer films [106, 108]: the LR mode is at its strongest
when the polarized light is aligned parallel to the GNRs, whereas the TR mode
becomes dominant if the polarization is perpendicular to the GNR axis. The LR
wavelength is also strongly influenced by changes in the surface dielectric by chemi-
cal adsorption or surface modifications [52, 109-111]. Metal nanoparticles are well
known to experience LSPR shifts due to surface adsorption, and nanorods are the
most sensitive among these [112]. This has led to the development of GNR-based
multiplex biosensors, using shifts in LR for optical detection (Section 9.5.3) [110,
113]. Other factors known to influence the LR wavelength include surface rough-
ness [114], electron charging [115, 116], and interparticle coupling (aggregation)
effects [117-119]. Multipole plasmon resonances are also reported in relatively long
rods [120-122].

9.3.2 Plasmon-Resonant Scattering

Resonant light scattering detection is one of the most straightforward and versatile
methods for visualizing and tracking nanoparticles. Plasmon-resonant scattering
from GNRs has been investigated by confocal and darkfield microscopy [17,
123-125] and is also modeled wusing numerical approaches [126-130].
Time-resolved light scattering from individual GNRs adsorbed loosely onto glass
substrates has been monitored at a high frame rate, revealing orientational diffusion
on the millisecond timescale but local residency (stiction) times on the order of sec-
onds [131]. The low particle volumes of GNRs prepared by seeded growth make
their scattering cross-sections relatively small compared with their absorbances
[128]. On the other hand, the small size of GNRs supports a narrow plasmon reso-
nance linewidth, whereas those produced by NIR-absorbing spherical nanoparticles
are much broader due to size-dependent damping effects [5]. The scattering signals
from GNRs increase with particle diameter, commensurate with an increase in vol-
ume [97]. In contrast, the resonant scattering does not increase linearly with length
but achieves a maximum when the aspect ratio is close to 2, then gradually decreases
[127, 128, 130]. Far-field optical microscopy techniques based on elastic light scat-
tering will likely remain a useful tool for decades to come, but other methods have
also been developed for the direct observation of LSPRs in GNRs. These include
scanning near-field optical microscopy (SNOM) [132-136], two-dimensional tran-
sient absorption mapping [137], high-resolution cathodoluminescence spectroscopy
[138], and photoemission electron microscopy [139].

9.3.3 Linear Photoluminescence

The absorption and scattering properties of gold nanoparticles are well established,
but their photoemission properties are much less so. Indeed, photoluminescence
(PL) is considered a rather unusual property for metals, which are better known for
their ability to quench fluorescent molecules or particles by back-electron transfer.
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Nevertheless, weak yet detectable PL can be generated from bulk Au [140] and from
Au nanoparticles and GNRs using laser excitation [141-143]. PL can also be effi-
ciently generated by UV excitation of very small (<2 nm) gold nanoclusters [144,
145], whose discretized energy states are absent in larger colloidal nanoparticles.

El-Sayed and coworkers excited GNRs at 480 nm (above plasmon resonance)
to produce linear photoemission spectra with 4, ranging from 548-588 nm. The
emission wavelength was observed to increase linearly with aspect ratio, whereas
the quantum efficiency (¢,,) had a quadratic dependency on GNR length [141].
Plasmons were determined to be important in PL amplification, with the ¢, of
GNRs estimated to be more than 10° times compared with bulk Au, due to resonant
coupling with local electromagnetic fields. Subsequent studies attributed the
increase in PL to ultrafast, plasmon-enhanced emissions [142, 143]. The effect of
higher aspect ratios (R > 3.5) on PL is somewhat less clear and in partial conflict
with the earlier study [141]. In a report by the same group, the PL intensity (4,, =
480 nm; 4,,, ca. 600 nm) decreased with R, which was attributed to the reduced
overlap between LR and the interband transition [146]. This was also accompanied
by the appearance of a second emission peak at 740 nm, close to the band edge of
Au. A second, independent report indicated that the intensity of this emission band
increased when using even longer GNRs (R = 13) at lower energy excitation (4, up
to 690 nm) [147].

9.3.4 Nonlinear Optical Properties

GNRs exhibit several nonlinear optical (NLO) properties, generated upon
plasmon-resonant excitation with ultrashort (femtosecond) laser pulses.
Two-photon luminescence (TPL), hyper-Rayleigh scattering (HRS), and second
harmonic generation (SHG) have all attracted a great deal of attention for their
capacity to produce optical contrast at visible wavelengths using NIR excitation
and with very low autofluorescence. TPL involves the simultaneous absorption of
two photons (typically in the NIR range), followed by a three-step process: (1)
excitation of electrons from the d- to the sp-band to generate electron-hole pairs,
(2) scattering of electrons and holes on the picosecond timescale with partial
energy transfer to the phonon lattice, and (3) electron-hole recombination result-
ing in photoemission [140]. As with single-photon PL, the intrinsic TPL efficiency
of bulk gold is poor, but TPL signals from GNRs can be greatly amplified by reso-
nant coupling of the incident excitation with the LR mode (Figure 9.3(a)) [148,
149]. The two-photon absorption cross section of GNRs produced by seeded
growth methods is on the order of 2 x 10’ GM, intermediate between that of typi-
cal dye molecules (~10° GM) [150, 151] and semiconductor quantum dots (~10*
GM) [152]. Other Au nanostructures such as nanospheres [153], nanoplates
[154], nanoshells [155], and nanoparticle dimers [156, 157] have also been found
to exhibit TPL activity, but GNRs produced by seeded growth methods have the
highest TPL intensity per unit volume, as well as the added feature of polariza-
tion-dependent excitation [148, 158].

The TPL intensity of GNRs is quadratically dependent on excitation power as
expected, but has little correlation with excitation frequency (Figure 9.3(b, ¢))
[148]. The emission spectra are broad and contain several peaks associated with
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Figure 9.3 TPL generated from GNRs, using a femtosecond-pulsed Ti:sapphire laser: (a) Excita-
tion intensities superimposed onto GNR absorption spectrum; (b) quadratic dependence of PL
intensity with excitation power; (c) TPL emission spectra from GNRs in aqueous solution, excited
at 730, 780, and 830 nm, respectively [148].

interband transitions. The TPL of individual GNRs have also been examined by
SNOM and shown to depend strongly on the local density of states, with maximum
PL enhancement at the tips where the electromagnetic field is strongest [159, 160].
Furthermore, the TPL intensity of single GNRs has a cos* dependency on the polar-
ization of incident light, another characteristic of a nonlinear absorption process
[148]. Higher-order, multiphoton emissions have been reported in Au nanostripes
fabricated by focused-ion beam milling [16] and Au nanowire arrays [161], as well
as third-order absorption coefficients of GNRs embedded in a silica matrix [162].
These studies contribute toward our fundamental understanding of the nonlinear
absorption properties of GNRs.

The second-order polarizability of GNRs has been measured by hyper-Rayleigh
scattering (HRS) [163]. Unlike TPL, the HRS signal is frequency-doubled and the
incident polarization is retained. The HRS response is plasmon-enhanced and has
been modeled as a discrete, linear aggregate of spherical nanoparticles, whose strong
interparticle couplings increase the HRS signal by an order of magnitude compared
with the sum of individual nanospheres. Second harmonic generation (SHG) is
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another closely related, plasmon-enhanced NLO response, and has been investi-
gated in oriented GNR arrays as a function of excitation polarization and wave-
length [164, 165]. The emergence and characterization of these NLO properties
provide fertile ground for biological imaging applications, as will be discussed in the
next section.

9.3.5 Other Optical Properties

The tunable plasmonic responses of GNRs endow them with exciting potential for
various bioanalytical applications, such as surface-enhanced Raman scattering
(SERS) and surface-enhanced fluorescence (SEF). SERS is based on the Raman
vibrational modes of chemical species adsorbed onto the surfaces of plasmon-reso-
nant nanoparticles. The normally weak Raman intensities can be amplified by many
orders of magnitude using local, plasmon-enhanced electromagnetic fields; conse-
quently, the signal strength is highly dependent on the plasmon resonance of the
supporting nanostructure. GNRs have been shown to support SERS using a NIR
excitation source with estimated enhancement factors ranging from 10" to 10°, up
to 10’ times larger than from Au nanoparticles irradiated under identical
(nonresonant) conditions [166, 167]. Not surprisingly, the SERS response of GNRs
is also very sensitive to aspect ratio, with differences of up to 100-fold in signal
enhancement between resonant and nonresonant conditions [168]. The
interparticle spacing between GNRs can also be important, as it determines the
strength of coupled plasmon modes and can generate “hot spots” with extremely
high local enhancements [169]. GNR aggregates have been prepared simply by
salt-induced flocculation [170], whereas substrates with adjustable packing densi-
ties have been prepared using layer-by-layer (LbL) assembly [171, 172], by
two-dimensional self-assembly at solvent interfaces [173], and by one-dimensional
(end-to-end) assembly with a pronounced shift in 4, ; [174]. In addition to local field
enhancement, the electronic interaction between the Au substrate and absorbed
molecules can also contribute to SERS, commonly referred to as a chemical
enhancement effect [175, 176].

SEF has been carefully investigated for fluorophores on colloidal nanoparticle
surfaces [177-180], but less attention has been paid toward GNRs [181, 182]. SEF
is very sensitive to the distance between fluorophores and nanoparticles, as a result
of the competition between local field enhancement and quenching effects due to
back-electron or resonant energy transfer. The latter effects are at their maximum
when the fluorophores are within a few nanometers (<5 nm) of the metal surface,
but a slight increase in separation can result in an emission enhancement of up to
100-fold [183]. Both SEF and fluorescence energy transfer are strongly dependent
on the overlap between the LSPR and the molecule’s absorption and emission spec-
tra. For example, rhodamine B (4,./4,,,= 520/570 nm) adsorbed onto GNRs with 4, ,
=700 nm experienced less than 10 percent quenching by resonant energy transfer,
but almost 100 percent quenching on Au nanospheres [181]. Interestingly, the elec-
tronic coupling between the dye and GNR can split 4, , into two peaks, with a large
plasmon shift up to 120 nm [182]. This splitting was highly dependent on the dye
concentration as well as the dye-nanorod distance.
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9.4 Surface Chemistry and Biocompatibility

Surface engineering plays a critical role in the development of GNRs for biomedical
applications. Nanoparticle-based agents need to meet at least several criteria in
order to be considered useful for in vivo applications: (1) dispersion stability in
blood and other physiological fluids; (2) functionalization methods for site-selective
targeting and/or cell uptake; (3) resistance against nonspecific cell uptake and pro-
tein adsorption; (4) sufficiently long circulation lifetimes to allow efficient delivery
to the region of interest; (5) low cytotoxicity and inflammatory response. In addi-
tion, the engineered nanomaterial must be robust against chemical degradation
while under biological exposure to avoid compromising its ability to meet these cri-
teria. Together, these present a formidable obstacle course through which very few
materials have successfully navigated. Consequently, the surface chemistry of GNRs
(and of nanoparticles in general) requires as much attention and development as the
nanomaterials themselves, if they are to meet their full biomedical potential. In this
section, we survey the various surface chemistries developed for GNRs and their
intended use in biological systems.

9.4.1 Bioconjugation Methods

It is not difficult to appreciate the utility of GNRs functionalized with biomolecular
recognition elements. Decades of research have already been devoted to the
bioconjugation of colloidal gold nanoparticles, many of which have been targeted
toward cell-surface biomarkers for ex vivo immunolabeling studies by optical or
electron microscopy [1]. However, many of those protocols cannot be adapted in a
straightforward manner toward the bioconjugation of GNRs, particularly those
synthesized or stabilized in micellar CTAB solutions [184]. As will become clear
later, the presence of this cationic and toxic surfactant introduces some significant
challenges in the preparation of functionalized GNRs, which can fulfill the criteria
described earlier.

The physical or electrostatic absorption of anionic polyelectrolytes (PE) such as
polystyrenesulfonate is the most direct and practical method of coating CTAB-stabi-
lized GNRs (Figure 9.4(a)). PE-coated GNRs have been shown to form stable dis-
persions at various pH or ionic strength, and are also stable against dilution effects
[185]. The latter is important because soluble CTAB can be removed from aqueous
suspensions of GNRs by multiple centrifugation-redispersion cycles or by extraction
with chloroform, but when CTAB falls below the critical micelle concentration (ca.
1 mM) [186], the GNRs become destabilized and quickly flocculate. In most cases,
the polyanionic coating prevents GNRs from agglomerating and also reverses their
zeta potential from positive to negative, which substantially improves their compati-
bility with biological media. The PE coating can also serve as a “primer” layer for
antibodies [187] or small proteins such as myoglobin [188, 189], transferrin [185],
or streptavidin [190, 191] via physisorption at a relatively low pH. Recent examples
of GNRs functionalized by this approach have been targeted against epidermal
growth factor receptor (EGFR) [192, 193], prostate specific antigen (PSA) [194],
and the d-opioid receptor [195]. It is worth mentioning that multilayer PE coatings
have also been used to load various molecular cargos onto GNRs, including dye



9.4 Surface Chemistry and Biocompatibility 207

Antibody

iy

EDC 5% b Biotin
9 Y
Amine-linked K/ :
biOti n ‘.‘t:\‘t EI- -IN f\/ Blotl "
H
GNR-carboxylate
(c)
Alkyne-linked 4
N, protein N‘N’ N
SO,Na :_G SO,Na
Cu(l)
GNR-azide "Click" conjugation
(d)
1) mPEG-SH
o s, N
A
o] F
3) Y antibody
CTAB-GNR Thiol-linked antibodies
(e)

1) HN-mPEG-NH,
s
CS,, pH 9.5 ?_Hf\/H-Folam

2) Folate-NHS
CTAB-GNR DTC-linked folate

Figure 9.4 Surface functionalization and bioconjugation methods developed for GNRs: (a) elec-
trostatic physisorption onto PE-coated GNRs [187]; (b) covalent attachment via carbodiimide cou-
pling [197]; (c) “click” bioconjugation [198]; (d) chemisorption using thiols [200]; (e)
chemisorption using dithiocarbamates (DTCs) [224]. Reprinted with permission from the American
Chemical Society.

molecules [182] and hydrophobic proteins such as bovine serum albumin (BSA)
[196].

Covalent crosslinking further increases the stability of bioconjugated GNRs,
although the long-term stability of the physisorbed polyelectrolyte remains an open
question for the time being. Amine- and acetylene-terminated biomolecules have been
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incorporated onto GNRs via carbodiimide coupling [197] and “click” bioconjugation
[198], using intermediate PE coatings bearing activated N-hydroxysuccinimide
(NHS) carboxylate esters or azides, respectively (Figure 9.4(b,c)).

Chemisorption offers an alternative route for the surface bioconjugation of
GNRs and other Au nanoparticles. Thiols (-SH) are presently the most widely used
functional group [199], and have been conjugated to proteins [200],
oligonucleotides [201, 202], DNA aptamers [203], and oligopeptides [204] for their
immobilization on GNR surfaces (Figure 9.4(d)). Low molecular-weight species
such as alkanedithiols [205], biotin [206, 207], mercaptoacetic acid [208-210],
cysteine [117, 209, 211-213], and glutathione [117, 211, 212] can also be intro-
duced for subsequent biofunctionalization. A very interesting consequence of the
chemisorptive approach is that many of these ligands adsorb preferentially onto the
tips of GNRs, either on the {111} facets or their edges. This anisotropic
functionalization has enabled GNRs to be assembled in end-to-end fashion, with a
strong effect on their plasmon resonances (Section 9.3.5) [117, 202, 205-210, 212,
213]. End-to-end assembly can be coupled with biomolecular recognition events,
and has been used as an optical switch for biosensing applications (Section 9.5.3.1)
[117, 174, 202, 205, 210].

Despite their popularity for the functionalization of Au surfaces, chemisorbed
thiols may have limited stability when exposed to physiological conditions [214,
215]. A number of reports have demonstrated that chemisorbed alkanethiols are
readily displaced by surface exchange by other molecules [216-218] (including
biogenic thiols such as glutathione) [219] and desorb at an appreciable rate under
oxidative conditions [220] or in the presence of electrolytes [221]. These pathways
compromise the integrity of alkanethiol-based self-assembled monolayers [215,
217], with less than positive consequences for in vivo applications.

Robust alternatives to thiol chemisorption are currently under investigation.
One promising development involves ligands based on the dithiocarbamate (DTC)
group (-NCS,’), which can be formed in situ by the condensation of alkylamines
with CS, under moderately basic conditions (Figure 9.4(e)) [222]. This is a useful
addition to existing bioconjugation methods, as it provides the option of attaching
amine-terminated ligands directly onto Au surfaces. DTC chemisorption has been
demonstrated on GNRs using amine-terminated polyethyeleneglycol (PEG) [223]
and diamine oligoethyleneglycols conjugated to folic acid [224, 279]. Other recent
examples involving DTC chemisorption include the conjugation of amine-termi-
nated DNA oligonucleotides [225] and proline-terminated oligopeptides [226].

Finally, it is worth noting that CTAB-stabilized GNRs have also been coated
with a silica layer using the well-known Stober method [184, 227-231].
Mesoporous silica coatings have also been prepared by adjusting the amount of
CTAB around the nucleating GNR [232]. The surface modification of silica is well
known and may represent yet another direction for bioconjugation, given sufficient
chemical stability and control over dispersion stability.

9.4.2 Cytotoxicity and Nonspecific Cell Uptake

The cytotoxicity of nanomaterials has been a broadly discussed issue and has
attracted a great deal of attention worldwide [233]. With respect to GNRs,
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cytotoxicity studies have been few but are increasing in number, paving the way
toward their potential biomedical applications. The membrane-compromising
effects of the cationic surfactant CTAB is a primary concern due to its high acute
cytotoxicity (IC,, < 10 uM) and ability to inhibit mitochondrial activity [234, 235],
so considerable attention has been paid to reduce its presence [236-238].
CTAB-stabilized GNRs coated with anionic PE [239, 197], serum proteins [238], or
exchanged with phosphatidylcholine [230] or synthetic cationic lipids [240] all have
reduced cytotoxicity profiles, due in part to the shielding effect of those physisorbed
materials. On the other hand, in vitro studies have shown that the CTAB-stabilized
GNRs themselves are not necessarily cytotoxic, if the excess CTAB is removed from
the solution. For example, CTAB-coated GNRs were observed to be internalized by
K562 or KB cells (from human leukemia or nasopharyngeal carcinoma cell lines,
respectively) but did not produce an appreciable cytotoxic response over several
days of incubation [223, 236]. Nevertheless, the nonspecific uptake of GNRs medi-
ated by CTAB is undesirable, and efforts are currently underway to ensure its com-
plete removal.

Chemisorptive approaches have also been used to improve the biocompability
of GNRs. Treatment of CTAB-stabilized GNRs with thiol-terminated poly(ethylene
glycol) (PEG-SH) [200, 237, 241] or with amine-terminated PEGs in the presence of
CS, (in situ PEG-DTC formation) [223] have been shown to be inert to cell uptake
and amenable to in vivo biodistribution studies, with a circulation half life on the
order of several hours [159]. PEG-coated GNRs form stable dispersions in buffered
solutions, can be extensively dialyzed for the rigorous removal of CTAB [223, 162],
and have low cytotoxicity even at high concentrations, with 90 percent cell viability
reported for a GNR concentration of 0.5 mM [237].

9.5 Biological Applications of Gold Nanorods

Like many other inorganic nanomaterials discussed throughout this volume,
plasmon-resonant GNRs have several key advantages over conventional NIR dyes
and chromophores for in vitro and in vivo applications. Their linear and nonlinear
optical cross sections are many times larger than organic molecules, and their
photophysical responses are essentially invulnerable to photobleaching effects.
Moreover, GNRs are capable of producing intense photothermal effects, a property
not typically associated with conventional imaging agents or fluorophores. The
concept of using NIR-absorbing nanoparticles as highly localized heat sources has
inspired a tidal wave of possibilities for combining diagnostic imaging with
photoactivated therapies, nowadays referred to by the portmanteau
“theragnostics.” Here we survey a wide range of studies that apply the optical and
photothermal properties of GNRs in a biological context.

9.5.1 Contrast Agents for Imaging
9.5.1.1 Dark-Field Microscopy

The ever-increasing sensitivity and resolving power of optical and optoelectronic
systems has renewed an interest in imaging modalities based on resonant light scat-
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tering, both in the visible and the NIR range. Plasmon-resonant scatterers are well
matched with dark-field microscopy, a popular tool for imaging biological samples.
GNRs have a certain appeal as scattering contrast agents because they support dual
plasmon modes in the visible and NIR range. The latter can be expected to produce a
polarization-dependent response (Section 9.3.1), although this feature has yet to be
exploited for biological imaging. GNRs have been used in dark-field microscopy for
targeted cancer cell imaging: for example, antibody-labeled GNRs were observed to
label malignant carcinoma cell lines by recognition of their cell-surface EFGRs,
whereas their affinity for normal human keratinocytes was low [192]. In this case,
the TR mode of GNRs produced an easily detectable orange-red scattering with
white light excitation. The same strategy has been used to monitor the targeted
nuclear delivery of GNRs conjugated with transferrin [185] or cell-penetrating pep-
tides [204]. Dark-field microscopy with white-light illumination can also support
multiplex labeling strategies, as demonstrated by the simultaneous detection of
GNRs with different aspect ratios, targeted toward separate cell-surface biomarkers
on human breast epithelial cells [113]. Dark-field GNR imaging can even be used to
measure tissue properties: longer GNRs (R~15) were embedded in a cardiac
fibroblast network to track local deformations induced by mechanical stress (Figure
9.5) [242]. Strain distributions were measured by monitoring the positions of GNRs
in real time [242, 243].

9.5.1.2 Two-Photon Luminescence Microscopy

Interest in nanomaterials for NLO imaging has grown very rapidly in the past five
years, in sync with the greater availability of multiphoton confocal microscopy.
Semiconductor quantum-dot nanocrystals [152, 244] and quantum rods [245-247],
nanosized carbon dots [248], and gold nanoshells [249] have all proven to have use-
ful NLO properties and can serve as contrast agents for biological imaging in
multiphoton microscopy. GNRs exhibit appreciable luminescence under both linear
and nonlinear excitation conditions (Sections 9.3.3 and 9.3.4) [141, 146], but the
latter is better suited for biological imaging for the following reasons: (1) as men-

Figure 9.5 Partially overlapping dark-field and fluorescence images of GNRs incubated with car-
diac fibroblasts [242]. TEM image of GNRs shown in upper-left inset. Reprinted with permission
from the American Chemical Society. (See Color Plate 18.)



9.5 Biological Applications of Gold Nanorods 211

3.

tioned previously, NIR illumination has greater transmittivity through biological
structures and can therefore achieve greater penetration depth than visible light; (2)
multiphoton excitation produces a much lower autofluorescence background, with
a commensurate increase in signal-to-noise ratio; (3) NLO signal intensities are
highly power dependent, which increases the 3D spatial resolution and minimizes
collateral photodamage.

The utility of GNRs as TPL contrast agents has been demonstrated both in vitro
and in vivo [148]. In a seminal in vivo TPL imaging study by Cheng and coworkers,
a dilute solution of CTAB-stabilized GNRs were delivered into an anesthetized
mouse by tail vein injection, then detected some minutes later passing through ear
blood vessels after dilution in the blood pool (Figure 9.6) [148]. Continuous TPL
monitoring revealed that the GNRs were cleared from the bloodstream within 30
minutes presumably due to opsonization, but subsequent in vivo TPL studies with
PEG-conjugated GNRs indicate a much longer blood residency time, with a circula-
tion half life of several hours.” A three-dimensional TPL imaging modality has also
been developed for tissues using GNRs as contrast agents [193], with penetration
depths up to 75 um in a tissue phantom [193].

In vitro TPL imaging can be performed in real time or over the course of many
hours, and has been used to track the trajectory and eventual fate of individual
GNRs incubated with KB cells [223, 224]. CTAB-stabilized GNRs were internal-
ized by KB cells within a few hours and observed to migrate toward the nucleus with
a bidirectional motion, suggestive of co-transport with endosomes along
microtubules [223]. In contrast, GNRs coated with PEG chains by in situ DTC for-
mation were not taken up by KB cells, as characterized by the near-absence of TPL
signals. Folic acid-conjugated GNRs have been targeted to the high-affinity folate
receptor expressed on the surfaces of KB cells and observed by TPL imaging to accu-
mulate on the outer cell membrane for many hours prior to their receptor-mediated
endocytosis and delivery to the perinuclear region [224]. This image-guided deliv-

Figure 9.6 Still-frame TPL image of several GNRs (indicated by arrows) passing through a mouse
ear blood vessel, several minutes after a tail vein injection [148]. Blood vessel walls in transmission
overlay enhanced for clarity.

Tong, L., and Cheng, J.-X., personal communication.
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ery provides an opportunity not just to identify and target cancer cells for
photothermally induced cell death (discussed later), but also to time the delivery of
NIR dosage for maximum efficacy.

9.5.1.3 Optical Coherence Tomography

Optical coherence tomography (OCT) is a recently established biomedical imaging
technology capable of 2-3-mm depth penetration, with axial resolution on the order
of 10 um and lateral resolution in the low micron range [250-252]. OCT is
noninvasive and analogous in several respects to ultrasound imaging, except that
reflections of NIR light are detected rather than sound. OCT is primarily used in
clinical opthalmology, but recent technological advances have made it possible to
image nontransparent tissues, extending its application toward a broader range of
medical specialties. But unlike other noninvasive imaging modalities such as ultra-
sound, magnetic resonance imaging (MRI), or x-ray computed tomography (CT),
OCT can image cellular and even subcellular structures, with 10-25 times greater
spatial resolution than that produced by ultrasound imaging, and up to 100 times
better than MRI or CT [253].

OCT typically generates images based on morphology-dependent scattering,
but can also produce images by differential absorption contrast (spectroscopic
mode) or by differences in absorption/scattering profiles. These OCT variations can
profit enormously from NIR-active contrast agents. Plasmon-resonant
nanoparticles such as gold nanoshells [254-257], nanocages [258, 259], and GNRs
[260-263] are among the most promising contrast agents, based on their NIR
extinction properties. However, GNRs differ from the others in that their optical
response is dominated by their absorption cross section. GNRs have been employed
in conventional backscattering OCT, but a very high concentration is needed to
produce detectable contrast [262].

GNRs are much better suited to support OCT modalities based on differential
absorption or backscattering albedo (the ratio of backscattering to total extinction),
which have the advantage of producing contrast in tissues with intrinsically high
scattering cross-sections. An OCT modality based on low backscattering albedo has
been demonstrated with GNRs in highly backscattering tissue phantoms, with an
estimated detection limit as low as 30 ppm [260]. The narrow absorption linewidths
of GNRs can also be used to enhance spectroscopic-domain OCT, and were recently
investigated as contrast agents in an excised sample of human breast invasive ductal
carcinoma [261]. The GNR distribution was parameterized by evaluating the evolu-
tion of the backscattered light spectrum over a range of tissue depths. The polariza-
tion-dependent extinction of GNRs has not yet been exploited for OCT imaging,
but is anticipated to provide further enhancements to absorption-based modalities,
and offers untapped potential for polarization-sensitive OCT.

9.5.1.4 Photoacoustic Imaging

The optoacoustic properties of plasmon-resonant gold nanoparticles originate from
photoinduced cavitation effects. This process can be summarized as follows: (1)
thermalization of conduction electrons on the subpicosecond timescale [74]; (2)
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electron-phonon relaxation on the picosecond timescale and thermalization of the
phonon lattice, with a subsequent rise in temperature by hundreds to thousands of
degrees; (3) transient microbubble expansion upon reaching the kinetic spinodal of
the superheated medium, initiated on the nanosecond timescale [264, 265]; (4)
microbubble collapse, resulting in shockwaves and other forms of acoustic emis-
sion. The expansion and collapse of a cavitation bubble takes place on a microsec-
ond timescale and are easily detected by ultrasonic transducers.

Photoacoustic tomography (PAT) is an emerging noninvasive imaging tech-
nique based on NIR-induced photoacoustic effects [266]. Images are obtained by
the reconstruction of the optical energy absorption distributed across an array of
acoustic transducers. The advantage of PAT over pure optical or ultrasonic imaging
technique relies on the combined merits of optical irradiation and acoustic detec-
tion. Laser pulse irradiation provides a site-directed illumination with micron-level
spatial resolution, as compared with the millimeter resolution of ultrasound waves.
On the other hand, the low diffusion of propagating acoustic waves is advantageous
over reflected optical signals, which suffer from scattering by biological tissue
[267]. The depth resolution of PAT can be several centimeters in biological tissue
[268], whereas pure optical imaging is limited to millimeter penetration depths
[269].

NIR-absorbing gold nanoparticles have only recently been employed as exoge-
nous in vivo contrast agents for PAT, which normally relies on the intrinsic differ-
ences in optical absorption by different tissue for producing contrast. In one recent
example, PAT images of nude mice were significantly enhanced by the injection of
GNRs, which could provide variations in signal intensity with concentration differ-
ences as low as 1.25 pM (Figure 9.7) [270]. This limit of sensitivity is 75 times
greater than the detection of superparamagnetic iron oxide nanoparticles by MRI.
Other examples involving GNRs in PAT include quantitative flow analysis in bio-
logical tissues [271] and the distribution kinetics of drug delivery systems [272].
Gold nanoshells (>100 nm) and nanocages of more compact size (<50 nm) have also
been used as PAT contrast agents and detected in rat brains after intravenous injec-
tion, with observable vascular contrast within minutes [273, 274].

9.5.2 Photothermal Therapy

Metal nanoparticles are highly efficient converters of light energy into heat, making
them promising agents for the targeted photothermolysis of cells. Numerous in
vitro examples have been reported using Au nanoparticles conjugated to

Figure 9.7 Photoacoustic tomography of a nude mouse (a) before and (b) after injection of GNRs
[270]. Reprinted with permission from the American Chemical Society.
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biomolecular recognition elements. The threshold laser fluence required for
photoinduced damage can be remarkably low: an early report by Lin and coworkers
demonstrated that antibody-labeled Au nanoparticles targeted toward CD8+ lym-
phocytes could deliver a death blow with just a single 20-ns laser pulse of 0.35 J/cm®
[275]. For photothermolysis in vivo, NIR irradiation is preferred due to their greater
penetration depth into biological tissue [13]. A seminal report by Halas and West
illustrated the use of NIR-active gold nanoshells for in vivo photothermal imaging
and therapy in a tumor mouse model [276]. PEG-coated nanoshells administered in
the vicinity of tumors could induce photothermal ablation following exposure to
NIR laser irradiation, which raised the local temperature by nearly 40K [276]. A
subsequent study indicated that mice subjected to nanoshell-mediated photothermal
therapy had a 100 percent survival rate with complete tumor reduction (N=7),
whereas control mice all died within 10-20 days [277].

GNRs are also highly efficient converters of NIR light energy into heat and have
been explored for the targeted photothermolysis of tumor cells [192, 224,278,279],
parasitic protozoans [280], macrophage [281], and pathogenic bacteria [282].
While the issue of cell-selective delivery is of primary importance for future
theragnostic applications, attention must also be paid toward the mechanisms of
photoinduced cell injury. In particular, necrosis is often assumed to be the result of
hyperthermia, for which a few degrees is sufficient to cause cell and tissue malfunc-
tion. However, this is not necessarily the case at the single-cell level. A recent study
by Wei and Cheng has shown that GNRs bound to tumor cell membranes can serve
as “optoporation” agents and induce cell necrosis by promoting an intracellular
influx of Ca ions (Figure 9.8) [279]. This is explained most straightfowardly by the
injury of the cell membrane due to local cavitation dynamics [264, 265], although a
number of biomolecular mechanisms can also contribute toward the disruption of
intracellular homeostasis.

The photothermal properties of GNRs suggest another attractive therapeutic
application: molecular release triggered by NIR light. Photoinduced release of DNA
previously adsorbed onto GNRs has been reported by several groups [283-285].
The release mechanism has been attributed to the reshaping of GNRs [283, 285] as
well as the photoinduced dissociation of thiolated DNA from the GNR surface
[284]. Importantly, the released DNA remains biologically active as proven in sub-
sequent transfection experiments, resulting in GFP expression [284]. Poly-

Figure 9.8 (a, b) Folate-conjugated GNRs (red) targeted to the membranes of KB cells, before
and after a 1-min exposure to a scanning NIR laser (12 J/cm?). (c) Evidence for “optoporation” was
obtained by using ethidium bromide (red) and a fluorescent dye indicating high levels of
intracellular Ca” (green) [279]. Reprinted with permission from Wiley-VCH Publishing. (See Color
Plate 19.)
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mer-coated GNRs are also appealing from the perspective of drug delivery and
controlled release. Thermoresponsive polymers such as poly(N-isopropy-
lacrylamide), or PNIPAAm, can be actuated in response to light when adsorbed
onto GNRs or by loading GNRs into PNIPAAm hydrogels [286]. GNRs adsorbed
onto PNIPAAm microspheres have also been prepared by electrostatic absorption,
with reversible volume transitions and LSPR shifts observed upon photothermal
stimulation [287-290]. Photoresponsive GNR-PNIPAAm hydrogels loaded with
bioactive substances may have potential for controlled drug release but are pres-
ently limited by the uneven distribution of GNRs within the hydrogel matrix, result-
ing in a nonuniform photothermal response. As an alternative, PNIPAAm chains
can be grafted directly onto GNRs via surface-initiated atom transfer radical poly-
merization (SI-ATRP) [291]. These polymer-conjugated GNRs have a well-defined
core-shell morphology and a unit particle size below 100 nm, and may be more
appropriate intermediates for the preparation of hydrogels with uniform
photoresponsive behavior.

9.5.3 Ex Vivo Bioanalytical Applications

The longitudinal SPR of GNRs is highly sensitive to surface adsorption and environ-
mental changes, making them excellent substrates for optically based bioanalytical
applications. A few of these have already been discussed in the context of in vitro
biosensing [113]; however, some of the most powerful and widely used diagnostic
methods are performed offline. Here we focus on ex vivo bioanalytical applications
whose scope can be further augmented by the incorporation of GNRs.

9.5.3.1 LSPR-Based Biosensors

Bioanalytical methods based on the LSPR of plasmon-resonant nanoparticles typi-
cally fall into two categories: colorimetric response to analytes triggered by
nanoparticle aggregation and LSPR shifts caused by changes in local refractive
index. GNRs have been successfully used in both types of sensing modalities.
Low-aspect ratio GNRs are particularly well suited for detecting analytes that can
trigger their end-to-end aggregation. Their longitudinal resonances produce much
stronger redshifts than that observed for isotropic nanoparticles of comparable size
(and can thus support lower limits of detection) but are still readily measured using
conventional optical detection systems [208]. Aggregation-induced LSPR shifts can
also be adapted for multiplexing strategies; for example, sequence-selective
oligonucleotide detection based on GNR-GNR versus GNR-nanosphere assembly
has been demonstrated [202]. Interestingly, the GNR-nanosphere coupling pro-
duced a greater redshift than GNR-GNR assemblies under similar sampling condi-
tions. This counterintuitive observation may be attributed to the kinetics of
nanoparticle aggregation and the preferential chemisorption of the thiolated
antisense oligonucleotide on the GNR tips: the frequency of collision with isotropic
gold nanospheres is higher than the rate of self-aggregation.

Thiolated amino acids such as cysteine and glutathione have also been reported
to induce GNR aggregation selectively (see Figure 9.9) [117]. The combination of
the primary thiol and the o-amino acid functionality is required to induce a strong
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Figure 9.9 Selective detection of cysteine and glutathione by end-to-end aggregation of GNRs
[117]: (a) Structures of cysteine and glutathione; (b) TEM images of GNRs in the absence (left) and
presence (middle and right) of cysteine. Reprinted with permission from the American Chemical
Society.

colorimetric response. Antibody-antigen recognition can also be used to trigger the
self-assembly of GNRs at low antigen concentrations, with detection limits as low as
60 ng/mL during a 2-min sampling cycle [187]. Inorganic ions such as Fe** can cause
the aggregation of PSS-coated GNRs [292], and even alkali ions such as Na* and K*
ions can be used to selectively induce GNR aggregation by appending thiolated
crown ether derivatives onto the GNR surfaces [293]. But not all metal ions are
detected by a redshift in LSPR: Hg** ions have been shown to be a selective etchant
of GNRs due to the amalgamation of mercury and gold, and can reduce their aspect
ratio to produce a chemoselective blueshift [294]. This detection modality is suffi-
ciently sensitive to detect trace Hg™ in tap water by simple addition to a GNR
dispersion.

Chemical and biomolecular analytes can also produce sizable LSPR shifts in
GNRs via receptor-mediated surface adsorption, which produces a change in local
refractive index. GNRs are typically immobilized on glass substrates and separated
by at least one particle length to minimize plasmon coupling effects [295]. These sys-
tems have been applied to streptavidin-biotin binding in serum [101, 296] and for
antibody-antigen recognition on freely suspended GNRs [110] or on core-shell
GNR-silica films [297]. The kinetics of biomolecular adsorption have also been
studied by using time-resolved LSPR shifts of GNRs immobilized along the walls of
a flow cell channel [298]. The sensitivity of adsorption-induced LSPR shifts can be
further enhanced by the interrogation of single GNRs rather than ensemble mea-
surements. Single-GNR scattering spectra recorded by dark-field microscopy have
been monitored for LSPR shifts induced by analyte adsorption to biomolecular
receptors [299].
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9.5.3.2 SERS-Based Sensors

While the SERS activities of GNRs have been extensively investigated (Section
9.3.5) [166-174], at present there are only a few demonstrations for bioanalytical
applications. One recent in vitro study investigated the potential of CTAB-stabilized
GNRs as SERS tags for cancer diagnostics, using anti-EFGR for targeting oral carci-
noma cells distributed in a population of healthy cells (Figure 9.10) [300]. CTAB
provided a convenient Raman vibrational signature for identifying cancer cells.
Another SERS-related effort is under development for detecting nuclear
translocation events using GNRs functionalized with rationally designed peptide
ligands [204]. The in vivo use of dye-functionalized gold nanoparticles as
immunolabels for SERS-based imaging has recently been demonstrated [301] and
will likely inspire further developments in this area using NIR-active GNRs.

9.6 Outlook

Current developments of plasmon-resonant GNRs as biological sensors and
theragnostic agents place them on a fast track toward technologies with exciting
potential for biomedical diagnostics and image-guided therapies. With respect to
imaging, optical microscopies based on linear and multiphoton processes such as
TPL can be used to investigate GNR-based theragnostics in cells and tissues with
micron spatial resolution, whereas emerging in vivo imaging modalities such as
OCT and PAT stand to make tremendous gains by employing GNRs as NIR-active
contrast agents. Preclinical evaluation of functionalized GNRs remains an out-
standing issue: While colloidal Au nanoparticles have been employed as adjuvants
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Figure 9.10 Antibody-functionalized GNRs for SERS imaging [300]: (a) Bright- and dark-field images of
anti-EGFR-conjugated GNRs on normal human keratinocytes (HaCat) and malignant squamous carcinoma

(HSC) cells. (b, c) SERS spectra of GNRs incubated with HaCat and HSC cells, respectively. Reprinted with
permission from the American Chemical Society.
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in clinical radiotherapies for many years [5-8], functionalized GNRs will be
regarded as novel combination products and will require the same pharmacokinetic
testing as any other chemical entity. Indeed, the photothermal activity of GNRs
underscores the importance of optimizing their biodistribution, adsorption, and
excretion to minimize unintended photodamage to healthy tissues and organs. Sur-
face chemistry has a vital role in the development of safe and clinically useful
nanomaterials and may prove to be the critical determinant for meeting regulatory
standards. Successful advances in nanomedicine will require active collaborations
between research scientists and engineers for further optimization of GNR-based
technologies, clinicians and veterinarians for translational research on patient out-
comes as well as medium- to long-term health effects, and government agencies for
providing the necessary support and infrastructure to catalyze the transition from
promising nanotechnologies to biomedical practice.
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Introduction

Magnetic nanoparticles not only possess interesting nano-size phenomena and
properties including superparamagnetism, they have begun to show promise in a
variety of technological applications [1-3]. In recent decades, magnetic
nanoparticles have shown potential applicability in the biomedical fields. They are
becoming important tools for the diagnosis and treatment of diseases, and for the
separation of specific pathogens and biological species. In this chapter, we will
briefly cover nanoscale magnetism and describe several important applications that
have leveraged this pheonomena, including magnetic resonance imaging (MRI)
contrast agents, biomagnetic separation, and drug delivery.

Nanoscale Magnetic Properties

In bulk magnetic materials, the composition, crystalline structure, anisotropic
energy, and crystalline defects are the crucial parameters that determine magnetic
properties [4]. However, in the nanoscale regime, size is a significant parameter in
determining its magnetic properties [5, 6]. One of the interesting size-dependent
phenomena of nanoparticles is superparamagnetism. The main characteristics of
superparamagnetism, contrary to its bulk counterpart, ferromagnetism, are shown
in Figure 10.1(a, b). In bulk ferromagnetic materials, once the magnetic spins of the
material are aligned along the external magnetic field (B,), the net magnetization
(M) is conserved even after B, is removed. An additional reverse external magnetic
field referred to as the coercive field (coercivity, H,) is required to drive the net mag-
netization to zero. In superparamagnetism, however, M becomes zero immediately
after B, is removed (Figure 10.1(b)).

The origin of this phenomenon is deeply related to the magnetic anisotropy
energy, the energy required for a spin flip, and it is proportional to the product of
the magnetic anisotropic constant (K,) and the volume (V) of the magnet [4]. In bulk
materials the magnetic anisotropy energy (K,V) is much larger than the thermal
energy (kT) (Figure 10.1(c), blue line), whereas in a nanoparticle this energy is com-
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Figure 10.1 The main characteristics of nanoscale magnetism. Magnetic spin structures of (a) ferromagne-
tism which has a significant amount of net magnetization (M) after the external magnetic field (B,) has dis-
appeared and (b) superparamagnetism in which the net magnetization (M) becomes zero. (c) Energy
diagram of magnetic nanoparticles of different particle sizes. In large particle, anisotropy energy (U,) is
higher than thermal energy (kT) which results in ferromagnetism (top), and in a small particle, anisotropy
energy (U,) is lower than kT which results in superparamagnetism (bottom). (d) Size-dependent zero-field
cooling curves indicating changes in the blocking temperature (T,). (e) Size-dependent coercivity (H) curve,
in which magnetic domain structures changes from multidomain ferromagnetism to single-domain and
superparamagnetism. (See Color Plate 20.)

parable to kT and is sufficient to readily invert the magnetic spin direction (Figure
10.1(c), red line). The magnetic spin fluctuation in nanoparticles that results in a net
magnetization of zero is referred to as superparamagnetism.

In superparamagnetism, the blocking temperature (T) is defined as the transi-
tion temperature from ferromagnetism to superparamagnetism. Below Ty,
nanoparticles remain ferromagnetic since the thermal energy (kT) is smaller than
K,V, whereas above T, kT is comparable to K,V so they are easily demagnetized
and become superparamagnetic. T, can be expressed by the size-dependent
relationship

K,V
T, =—* 10.1
5= 5ep (10.1)

which results in a lower T for smaller nanoparticles (Figure 10.1(d)) [4d].
The magnetic coercivity (H,) also exhibits the size-dependent characteristics in
nanoparticles (Figure 10.1(e)). Contrary to bulk magnets with multidomain mag-
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netic structures, nanoparticles possesses a single-domain magnetic structure in
which all spins are unidirectional below a critical size (D ). In this stage, H,
decreases as the size of the nanoparticle decreases following the relationship

H

c

1-5 10.2
I KMV| (10.2)

2K, | ( kT Jl/q

| ]
in which m_is the saturation magnetization of a nanoparticle [4d]. Further, the
nanoparticle enters into the superparamagnetic stage of zero H_ below D..

Another size-dependent property observed in magnetic nanoparticles is the sat-

uration magnetization (12,). Magnetically disordered-spin glasslike layers exist on
the surface of magnetic materials due to the thermally reduced spin-spin exchange
coupling energy, which is referred to as surface spin canting. In bulk materials, the
surface spin canting effect is negligible due to the relatively small surface area com-
pared to the total volume of magnet. However, this effect becomes prominent in
nanoparticle and can be described as

m :MS[

N

(7_d)} (10.3)

r

where M, is the saturation magnetization of the bulk, 7 is the size of the nanopartile,
and d is the thickness of the disordered surface layer [7].

Understanding these nanoscale properties of magnetic nanoparticles is critical
for the design of optimized magnetic nanoparticles for their enhanced applicability
in the biomedical science as contrast enhancement agents for magnetic resonance
imaging (MRI), for translational vectors for magnetophoretic separation and sens-
ing of biological species, and for magnetic drug delivery.

Magnetic Resonance Imaging (MRI) Contrast Agent

Superparamagnetic nanoparticles are emerging as next generation molecular imag-
ing probes for observing and tracking molecular events via MRI, which is one of the
most powerful medical diagnostic tools available due to its noninvasive nature and
multidimensional tomographic capability coupled with its high spatial resolution
[8]. Although MRI lags in sensitivity compared to other imaging modalities [9], this
disadvantage can be overcome using magnetic nanoparticle-based contrast agents
[10]. Under an applied magnetic field, nanoparticles are magnetized with a moment
of u and generate induced magnetic fields, which can perturb the magnetic relax-
ation processes of the proton in water molecules surrounding the magnetic
nanoparticles.

Figure 10.2 depicts the basic concept of how a magnetic nanoparticle influences
the spin-spin (T2) relaxation time of a proton and the resulting T2-weighted MRI
contrast [8]. T2 relaxation refers to the temporal decay of the transverse magnetiza-
tion (m,,) of the proton that is perpendicular to the external magnetic field (B,)
upon the excitation by a radiofrequency (RF) pulse. Before the excitation, the pre-
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Figure 10.2 Conceptual figure of spin-spin (T2) relaxation processes of proton and T2-weighted
MRI contrast. (a) Temporal decays of transverse magnetization (m,)) in Cartesian coordinates: (a
(i)) before radiofrequency (RF) excitation, and (a (ii-iv)) after excitation along with echo time (TE).
(b) The magnitude changes of transverse magnetization (m, ) changes in proton with TE: (b (i))
before RF excitation, and (b (ii-iv)) after excitation, with magnetic nanoparticle (black arrows) or
without magnetic nanoparticles (gray arrows). (c (i-iii)) MRI contrast changes along with TE, with
magnetic nanoparticle (lower circles) or without magnetic nanoparticles (upper circles).

cession of m,, has nearly zero phase coherency (Figure 10.2(a) i, (b) i). However,
when the RF pulse changes both the orientation of the protons and their magnetiza-
tion with respect to the external magnetic field, it generates strong phase coherency
of m,, (Figure 10.2(a) ii, (b) ii). After that the magnetization relaxes back to the ini-
tial dephased state within a certain echo time (Figure 10.2(a) ii-iv, (b) ii—iv). MRI
records this relaxation process and then reconstructs them to obtain grayscale
images. In T2-weighted MRI, faster relaxation results in a darker MRI signal. An
induced magnetic field generated by a magnetic nanoparticle can make the T2 relax-
ation much faster and result in an even darker MRI signal (Figure 10.2(c), i-iii) [10].

For conventional MRI contrast agents, superparamagnetic iron oxide (SPIO)
nanoparticles are synthesized through the precipitation of iron oxide in an aqueous
solution containing ferrous salts by adding an alkaline solution [11]. Such iron oxide
nanoparticles are usually insoluble as-is, and a coating material is required for them
to be soluble in aqueous media. For this purpose, nanoparticles with a surface coat-
ing of dextran are commonly used, including the SPIO products Feridex (Endorem),
the ultrasmall superparamagnetic iron oxide (USPIO) Combidex (Sinerem), and
MION (monocrystalline iron oxide nanocomposite) or CLIO (cross-linked iron
oxide), which present the amine functional group on the outer surface for further
bioconjugation [12]. Since these nanoparticles are relatively small in size, have a
long blood half life time, and have bioconjugation capabilities, they are useful for in
vivo MRI of biological targets. These agents have been used to assist in the identifi-
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cation of not only liver tumors, blood vessel angiography, and malignant lymph
nodes, but also for target-specific molecular and cellular imaging such as small sized
tumors, monitoring of gene expression in specially engineered cells that overexpress
a given gene, detection of amyloid 8 plagues for Alzheimer’s disease diagnosis, and
imaging of apoptosis, which is an active process in the programmed self-destruction
of cells [13]. Weissleder and coworkers demonstrated that MRI detection of
transgene expression of engineered transferring receptor (ETR) in tumors is possible
by using MION-trasnferrin contrast agents [13d]. Also, Bogdanov and coworkers
successfully imaged angiogenesis with MRI as selectively targeting the E-selectin
markers that involve angiogenesis by CLIO-anti-human E-selectin antibody conju-
gates [13h]. Figure 10.3 shows the scheme and in vivo MRI of apoptosis, the pro-
grammed cell death where the redistribution of phosphatidylserine in the cell
membrane occurs (Figure 10.3(a)). Representative binding proteins to
phosphatidylserine are annexin V and synaptotagmin I. Although imaging of
apoptosis using these proteins has already been performed through radioisotope
techniques, the spatial resolution is only 1~3 mm and needs improvement [14].
Brindle and coworkers have shown that conjugates of the SPIO and C2 domain of
synaptotagmin I (SPIO-C2) can detect apoptotic cells through MRI with ~0.1-mm
resolution [13g]. MR images were taken before and after the injection at several
time intervals in a tumor-bearing mouse. The SPTIO-C2s are able to detect apoptotic
regions with significant MRI signal changes exhibiting as dark contrasts (Figure

10.3(b)).
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Figure 10.3 (a) Targeting of apoptosis using SPIO-C2 domain of synaptotagmin 1. (b)
T2-weighted in vivo MR images of tumors implanted in a mouse taken before and at several time
points after the injection of SPIO-C2 domain of synaptotagmin | nanoparticles. (Reproduced with
permission from [13g]. © 2001 Nature Publishing Group.)
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One important issue in the MRI contrast effect using magnetic nanoparticles is
the attainment of a high R2 value (spin-spin relaxivity, R2 = 1/T2), a determining
factor for increasing MRI detection sensitivity. According to the outer sphere relax-
ation model of water protons by solute magnetic nanoparticles, R2 of the proton is
given by

M
-2~ (i (S s o152 0 0a
where M is molarity of the magnetic nanoparticle; 7 is nanoparticle size; D is relative
diffusion; j (w) is the spectral density function; u is the magnetic moment of the
nanoparticle; y, is the gyromagnetic ratio of protons; N, is Avogadro’s number; and
w and w, are the Larmor angular precession frequencies of the nanoparticle and
water proton magnetic moments, respectively [15]. According to this equation,
spin-spin relaxivity (R2) is roughly proportional to the square of the magnetic
moment (¢) of the nanoparticle that has a linear relationship with saturation magne-
tization (m,) [4a]. From (10.3) and (10.4), it can be shown that particle size (r) is pro-
portional to R2. Recently, Cheon, Suh, and coworkers developed magnetism
engineered iron oxide (MEIO) nanoparticles and empirically demonstrated their
size effect on m_and R2, which increase along with increasing particle size from 4 to
6,9, and 12 nm [16].

In addition to the size effects, magnetic dopant effects of MEIO nanoparticles
are also significant. For example, MEIO (Fe,O,) nanoparticles have ferromagnetic
spin structures where Fe’" and Fe’* occupying O, sites align parallel to the external
magnetic field, and Fe’" in T} sites align antiparallel to the field [4d]. Incorporation
of a magnetic dopant M** (M = Mn, Co, Ni) to replace O, Fe** leads to a change in
the net magnetization. MnMEIO (Mn** ion doped magnetism engineered iron
oxide) nanoparticles show the highest magnetization values (110 emu/g(Mn+Fe))
and exhibit the better MR signal enhancement effects than the other metal-doped
MEIO nanoparticles, including MEIO, CoMEIO, and NiMEIO with diminished
mass magnetization values of 101 emu/g(Fe), 99 emu/g(Co+Fe), and 85
emu/g(Ni+Fe), respectively. One item of note is that the R2 coefficient (#2) of 12-nm
MnMEIO nanoparticle (358 mM™'s™') is ~5.8 times higher than that of a conven-
tional molecular MR imaging contrast agent such as CLIO nanoparticles (62
mM™'s™) [17]. Such MR signal enhancement effects of MnMEIO nanoparticles
enable successful ultrasensitive in vivo detection of biological targets (Figure 10.4).
When these nanoparticles are conjugated with the cancer-targeting antibody,
Herceptin, and intravenously injected into a mouse bearing a small HER2/neu
receptor positive cancer (<50 mg of cancer weight), they selectively detect the small
cancer after 2 hr with strong MR signals (shown in blue), which represents high R2
(~34 percent of R2 change) (Figure 10.4(a—c, g)). However, under the same condi-
tions, conventional CLIO-Herceptin probes do not distinguish tumors in MR
images (shown in red) without a noticeable R2 change (Figure 10.4(d-g)) [17]. Such
results clearly demonstrate the significance of magnetism engineering of
nanoparticles in order to increase R2 and MRI detection sensitivity.
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Figure 10.4 Highly sensitive in vivo cancer detection by utilization of MNnMEIO-Herceptin
nanoparticles. (a—c) Color mapped MRI of the tumor-bearing mouse at different temporal points
following injection of MNMEIO-Herceptin nanoparticles, and (d—f) CLIO-Herceptin nanoparticles.
(9) Time-dependent AR2/R2_,,., changes at the tumor site after injection of MNMEIO-Herceptin
probes (blue square) and CLIO-Herceptin probes (red circle). (Reproduced with permission from
[17]. © 2007 Nature Publishing Group.) (See Color Plate 21.)

Magnetic Separation

In biomedical applications, separation of specific biological entities from the inci-
dent solution for controlling sample concentration and subsequent analyses is
important. Among the various separation techniques, magnetic separation has its
merits, including fast separation time, and good separation yield and resolution,
and has proven to be a very sensitive technique for separating small amounts of
molecules (e.g., cells, nucleic acids, and proteins) [18].
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Magnetism of the particle is a determining factor for attaining the best separa-
tion efficiency against the hydrodynamic drag force acting on the magnetic particle
in the solution. The relative velocity of the particle (Av) in the carrier fluid can be
expressed as follows:

_ rtu 2
Av = 98077V(B ) (10.5)

where 7 is particle size; u is magnetic moment of the particle; ¢, is permeability of
free space; 7 is viscosity of the medium; and B is the external magnetic field [19].
According to this equation, larger particles with a large magnetic moment should be
more effective in magnetic separation. Until now, magnetic beads have been widely
used for such purposes, but these still have problems including low magnetic
moment and magnetic inhomogeneity [20]. The use of nanoparticles with
well-defined size and magnetism can be advantageous in this situation, due to the
large surface areas of nanoparticles ensuring the binding of targets with very small
quantities as well as high controllability and reproducibility. Furthermore, the use of
nanoparticles can reduce the possibilities of the interference of targeted molecules by
the magnetic particles themselves for further tests [21].

Using magnetic nanoparticles, Terstappen and colleagues devised a platform for
cell analysis based on immunomagnetic selection and magnetic alignment of cells
(Figure 10.5) [18b]. Whole blood is mixed with magnetic nanoparticles (SPIO) con-
jugated with leukocyte targeting antibodies and fluorescent probes, and placed in a
magnetic field separating chamber (Figure 10.5(a)). Leukocytes selectively labeled
with magnetic nanoparticles move upward by magnetic force and align between
magnetic nickel lines. An epi-illumination system can optically image and measure
signals obtained from the aligned cells (Figure 10.5(b)). It is notable that cell counts
per unit blood volume obtained from this system are roughly 10 times larger than

other cell

magnetic
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Figure 10.5 (a) Schematic representation of the cell analysis system using immunomagnetic
selection. (b) Fluorescent microscopic images of leukocytes aligned between ferromagnetic nickel
lines. (Reproduced with permission from [18b]. © 1999 Nature Publishing Group.)
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from the standard hematology analyzer and flow cytometer, which means the mag-
netic separation system has significantly enhanced sensitivity with minimal
complexity.

As another example, target proteins can be selectively separated out from the
cell lysates. Proteins are much smaller than cells and usually have ~ 1-5 binding sites
for conventional iron oxide nanoparticles with relatively low magnetic moment
that do not show effective separation [18f]. Xu and coworkers used Co or SmCoj,
magnetic nanoparticles to resolve this problem [22]. Due to the superior magnetic
moment value of Co or SmCos, to iron oxide [4b, 23], this nanoparticle can
enhance the separation yield of proteins. As a feasibility test, the nanoparticles were
bioconjugated with nitrilotriacetic acid (Ni-NTA) ligands that specifically bind to
histidine (His) tagged proteins (Figure 10.6(a)) and successfully separate green fluo-
rescent protein (6xHis-GFP) in whole cell lysates.

Sodiumdodecylsulfate/polyacrylamide gel electrophoresis (SDS/PAGE) show
only a single intense GFP band after separation (Figure 10.6(b), lane 2), whereas
numerous protein bands are observed prior to separation (Figure 10.6(b), lane 1)
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Figure 10.6 (a) Schematic of SmCo,, nanoparticles conjugated with nitrilotriacetic acid (Ni-NTA)
ligand for the specific separation of histidine (His) tagged green fluorescence protein (GFP). (b)
SDS/PAGE analysis for the purification of the proteins. Lane 1: cell lysates; lane 2: magnetically sep-
arated GFP proteins; lane 3: molecular weight marker. (Reproduced with permission from [22a]. ©
2004 Nature Publishing Group.)
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[22a]. Apart from these examples, there are numerous examples of magnetic separa-
tion using magnetic nanoparticles. Recently it is shown that Fe;O, nanoparticles are
effective to remove arsenic from wastewater by a relatively low-gradient magnet
(<100 T/m) [18g].

The magnetic separation technique can be extended to ultrasensitive and reli-
able target sensing and diagnostic systems. Park, Kim, Cheon, and coworkers
adopted the magnetic separation to microfluidic systems for the detection of IgE, an
indicator for allergy caused by a hypersensitive reaction between allergens and aller-
gen-specific IgE antibodies [24]. For this experiment, microbeads coated with mite
allergen from Dermatophagoides farinae are first mixed with the target IgE with
varying concentrations (Figure 10.7(b)). Then antihuman IgE-coated MEIO
nanoparticles with the capability to bind to the Fc region of the target IgE are further
added, and the resulting solution is injected into the microfluidic channel (Figure
10.7(a)). In the microfluidic channel, the lateral velocity of IgE bound MEIO
nanoparticles toward the magnetic field is carefully measured, revealing different
velocities for the different concentrations of IgE. At a high concentration of the tar-
get IgE, lateral movement of the microbeads with a velocity (v,,) of ~15 um/s is
observed (Figure 10.7(c)), while reduced (v,,, = ~2 um/s) and negligible lateral move-
ment is observed at lower concentrations of IgE and no IgE, respectively (Figure
10.7(d,e)). Such observations are reasonable since the higher IgE concentrations
induce more binding of MEIO nanoparticles onto the microbeads. Using this sys-
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Figure 10.7 Magnetophoretic sensing of allergen-specific IgE: (a) Schematic of microfluidic chan-
nel used in these experiments; (b) microbeads coated with allergen, and detection scheme and
magnetophoretic movements of the samples at (c) high, (d) low, and (e) zero concentration of the
target IgE. (Reproduced with permission from [24]. © 2007 American Chemical Society.)
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tem, ultrasensitive detection of IgE is possible in that the detection limit of target IgE
can be lowered to subpicomolar IgE levels (~500 fM).

Magnetic Drug Delivery

The key parameters of the drug delivery system that must be optimized to overcome
the current limitation of chemotherapies are (a) reducing the drug dosage level to
minimize the side effects and the cytotoxic effects to normal tissues and organs, and
(b) increasing the delivered dosage to a targeted region with systemic controllability
[19a]. In a magnetic drug delivery system, the therapeutic drugs are conjugated to
the magnetic nanoparticles, which are subsequently injected into the circulatory
system and guided to the target region by an external strong magnetic. The underly-
ing physical principles are similar to biomagnetic separation, and their efficacy is
mainly determined by the magnetic field strength, particle size, and magnetic prop-
erties of particles [25]. It is known that larger particles (~1-um microspheres or
agglomerates) are more effective in resisting the counter flow dynamics of the circu-
latory system with magnetic flux in the range of 0.2-0.7T at the target sites [25b].

In an effort to realize this type of magnetic drug delivery system, FeRx Corpora-
tion conducted phase I/II trials with the magnetic particle bound to doxorubicin, an
anticancer drug [26]. Transcatheter deliveries of the magnetic nanoparticle to the
hepatic artery are guided by a 1.5T short-bore magnet, which is monitored by using
intraprocedural MRI (Figure 10.8(a)), followed by interim catheter repositioning
for the optimization of delivery to the tumor and minimization of delivery to nor-
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Figure 10.8 Magnetically guided transcatheter delivery of doxorubicin bound magnetic
nanoparticles in a human patient: (a) Conceptual scheme and (b) cumulative nanoparticle fraction
of tumor and normal liver region along with dose numbers. (c—f) MRI of magnetically guided
tumor targeting (c) before, and (d) after the first, (e) the second, and (f) the third dose of the
magnetically guided doxorubicin bound magnetic nanoparticles. Magnetic nanoparticle affected
regions are indicated as dark MRI contrast and white arrow. (Reproduced with permission from
[26¢]. © 2004 The Radiological Society of North America.)
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mal tissue [26¢]. As can be seen in Figure 10.8(c—f), which shows MRI of hepatic
tumor injected three times with magnetically guided doxorubicin bound magnetic
particles, magnetic particles affect only the tumor region (white arrow) and is
imaged as dark contrast not observed in the normal liver region. After the treatment,
final fraction of treated tumor volume is 0.77, whereas the fraction of normal liver
volume is only 0.07, which shows promise for directing magnetically targeted tumor
therapies (Figure 10.8b).

As another example of the feasibility test of magnetic targeting, liposomes con-
taining magnetic nanoparticles are used to target tumors with an extracorporeal
magnet [27]. For in vivo studies, a nude mouse bearing a PC3 human prostate carci-
noma tumor in each flank receives an intravenous injection of the
magnetoliposomes after a small magnet with 0.3T magnetic field and a field gradi-
ent of 11 T/m is fixed to the skin above one tumor (Figure 10.9(a)). As can be seen in
Figure 10.9(b), the left tumor, which is magnetically targeted for 24 hr, appears dark
in T2-weighted MRI than the contralateral (control) tumor (right), indicating pref-
erential accumulation of magnetoliposomes.

Despite these promising results, clinical use of magnetic drug delivery has
encountered some setbacks. FeRx Corporation, one of the leading companies in
magnetic targeting and drug delivery, halted operations in mid-2004 after its leading
compound, doxorubicin bound magnetic particle, did not show statistical signifi-
cance in clinical phase II/IIl compared to the products currently manufactured [28].
This failure implies the need for more efficient magnetic delivery systems that
require new magnetic particles with higher magnetic moments and stronger external
magnets, as discussed in (10.5). In addition, therapeutic efficacy can be improved by
applying the principles described earlier and should be extended to magnetic parti-
cle-based hyperthermia and not limited to drug targeting.
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Figure 10.9 Magnetically targeted magnetoliposomes to soild tumors: (a) Conceptual scheme
and (b) T2-weighted axial MRI of the mouse in which a magnet is attached onto the left tumors
for 24 hr after intravenous injection of magnetoliposomes. (Reproduced with permission from
[27]. © 2006 The Radiological Society of North America.)
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10.6 Conclusions

This chapter describes the basic concepts of the interactions between magnetic
nanoparticles and external magnetic fields, and shows their potential applications
in the biomedical field especially for MRI contrast agents, biomagnetic separations,
and magnetic drug delivery. Many other applications of magnetic nanoparticle in
biomedicine are currently being explored, such as magnetic twisting cytometry,
which uses cell membrane bound magnetic nanoparticles for measuring the
mechanical properties of cell [29], and magnetic nanoparticle-based sensors, which
uses magneto-resistance or magnetic relaxation mechanism for detecting
biomolecules [30]. Some of these magnetic nanoparticle-based technologies are
already commercially available (e.g., MRI contrast agent and biomagnetic separa-
tion), and there are still many possibilities for the other technologies to be
transferred to clinical industries.
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Introduction

Tracking of administered cells by different imaging modalities is becoming popu-
lar among investigators. Various in vitro techniques are being used to tag these
cells so that they can be detected using noninvasive imaging (see Table 11.1). Dif-
ferent reporter genes have been introduced into cells and are detected by optical
imager/fluorescent or confocal microcopy [1-5]. Exogenous optical or fluorescent
tags such as quantum dots or other near-infrared nanoparticles are being intro-
duced into the cytoplasm of cells for optical imaging [6-10]. Nuclear medicine
approaches have incorporated the sodium iodide symporter (NIS) [11-13] or her-
pes simplex virus thymidine kinase (HSVtk) genes into cells and have used chelated
radionuclides or positron emitters to track cells [14-17]. Indium-'""-oxine
and Technicium™™ chelates [18, 19] have been used to label and track by single
photon emission computed tomography (SPECT) [20-23]. Positron-emitting
radioisotope 2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG) and Copper 64
pyruvaldehyde-bis (N4-methylthiosemicarbazone) have been used in the in vitro
labeling and subsequent tracking of labeled cells [24, 25] by positron emission
tomography (PET). Labeling cells with superparamagnetic iron oxide
nanoparticles (SPIO) or a paramagnetic contrast agent (gadolinium or manganese)
allows for the possibility of detecting single cells or clusters of labeled cells within
target tissues following either direct implantation or intravenous injection
[26-32]. Various approaches have been developed to label cells with SPIO
nanoparticles or soluble paramagnetic MR contrast agents [26, 27, 33-48]. This
chapter will focus on how different types of cells can be labeled with different mag-
netic nanoparticles for cellular magnetic resonance imaging (CMRI) and how it
can be used to translate from bench to bedside.
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11.2 Characterization of MRI Contrast Agents or Magnetic
Nanoparticles Used in Cell Labeling for CMRI

MR contrast agents used to label cells can either exhibit properties of being para-
magnetic or superparamagnetic. These agents alter the nuclear magnetic resonance
relaxation (NMR) times of the water protons in solution or tissue known as T1, T2,
and T2*. The spin-lattice, or longitudinal relaxation time, or T1 represents the
exponential recovery of the proton spine to align with the external magnetic field.
The spin-spin, or transverse relaxation time, or T2 is the exponential loss of coher-
ence among the spins oriented at an angle to the static magnetic field due to interac-
tions of the spins. The T2* (T2 star) is the loss of phase coherence of the spins in the

external magnetic field and is a combination of magnetic field in-homogeneities and
T2.

11.2.1 Paramagnetic Agents

Paramagnetism refers to the ability of a metal such as manganese, gadolinium, or
iron to interact with water protons through dipole-dipole interaction with direct
inner sphere effects resulting in a shortening of NMR relaxation times and is usually
associated with enhancement (increase in signal intensity) on T1-weighted images
(T1W). Gadolinium chelates (i.e., GADTPA, GdADOTA, or GdDO3A) and manga-
nese chloride are paramagnetic contrast agents used in experimental and clinical
studies. These agents tend to shorten T1 relaxation time greater than the T2 and T2*
of tissues.

Gadolinium (Gd) chelate-based contrast agents for cell labeling have been used
to label cells ex vivo with limited results. Reports indicate modest T1 enhancement
or in some cases no T1 enhancement when gadolinium chelate-based agents are
used for cell labeling [49-55]. Thus the need remains to identify an agent that will
exert a strong T1 effect, allowing detection of cells in disease models, where the cells
need to be conspicuous, versus surrounding tissues, where labeled cell numbers are
low or when concentration of gadolinium is low. Giesel et al. [52] were able to label
mesenchymal stem cells (MSC) using a bifunctional gadoflurine M-Cy3.5 for both
MRI and optical imaging. Gadoflurine M-Cy3.5 is designed with a hydrophilic tail
that allows the agent to insert itself in the cell wall and then gets internalized into
cytosol. Intracerebral implantation of 10° gadoflurine M-Cy3.5 labeled MSC
allowed for clear visualization of cells in the rat brain on T1-weighted imaging at
clinically relevant 1.5 Tesla that could be confirmed by fluorescent microscopy.
Anderson et al. used gadolinium fullerenol, which has higher relaxivities than con-
ventional gadolinium chelates, to label MSCs [45]. Gadolinium fullerenol-labeled
MSCs could be detected on 7T MRI following direct injection of 10° cells into the
rat thigh. Gadolinium fullerenol-labeling decreased the stem cell proliferation ini-
tially suggesting that the agent may be altering mitochondrial function. Brekke et al.
used a combination gadolinium chelate with fluorescent tag to label cells and noted
a significant decrease in proliferation and increase in reactive oxygen species after
24 hr of incubation [56]. The transient negative effect on cell proliferation of a gado-
linium-based agent used for cellular and molecular imaging warrants further evalua-
tion of this agent on long-term toxicity or the ability of the cells to repair damage.
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Manganese (Mn) chloride was the first paramagnetic contrast agent used in
MRI. It has been shown that it can be taken up by cells in vivo through calcium
channels in the cell membrane [48, 57, 58]. Aoki et al. have recently reported that
lymphocytes could be labeled following incubation with manganese chloride [48].
MRI of cells in gelatin demonstrated increased signal intensity on T1W images;
however, it is not clear if there would be sufficient contrast enhancement to detect
Mn-labeled cells in vivo by MRI. Recently, cells have been labeled with paramag-
netic manganese oxide nanoparticles, and the enhancement could be detected using
standard T1-weighted imaging, although further work is needed to fully understand
the uptake and safety of this agent in stem cells [59]. The major drawback when
using Mn as an MR contrast agent is its narrow therapeutic window and potential
toxicity.

11.2.2 Superparamagnetic Agents

Superparamagnetic iron oxide nanoparticles are a family of MRI contrast agents
that are presently being used to efficiently label cells for cellular imaging. Various
methods are in use for preparing SPIO nanoparticles, resulting in a wide range of
physiochemical differences, including core size (e.g., ultrasmall (U)SPIO), shape,
mono, or oligocrystalline composition, and outer coating, that may alter the ability
to use these agents to label cells. The basic chemistry behind the formation of SPIO
nanoparticles is a mixture of ferrous and ferric iron salts at alkaline pH with a coat-
ing (dextran or other types of coatings) that is actively stirred or sonicated, resulting
in magnetite containing various ratios of Fe,O, to Fe, O, in the crystals [60, 61]. The
typical synthesis of SPIO nanoparticles is represented by the chemical formula

Fe?* +Fe’ + OH" +[Coating] — Magnetite + coat

The size of the (U)SPIO nanoparticles depends on the surface coating used that
determines if the particle is monocrystalline (Ferumoxtran) or consists of multiple
or oligocrystalline such as ferumoxides [61]. Surface coatings on (U)SPIO
nanoparticles may be variously sized and surface charged molecules, including dex-
tran and modified cross-linked dextran, dendrimers, starches, citrate, or viral parti-
cles [40, 61-80]. The coating is usually added during formation of the Fe,O, to
Fe,O, crystals and allows the SPIO nanoparticles to exist in a colloidal suspension
in aqueous solutions. For several clinically approved SPIO nanoparticles (e.g.,
ferumoxides, ferumoxtran, and ferucarbotran), the coating is dextran, which is
attached through electrostatic interaction to the iron core by hydrogen bonds
between some of the dextran hydroxyl groups and the surface oxide groups of the
iron core [61]. The unattached dextran tails cover the rest of the iron crystals and
contribute to most of the hydrodynamic diameter of the (U)SPIO nanoparticles
[61]. Figure 11.1 is a scanning electron micrograph of ferumoxides with its
oligocrystal structure and dextran coating. For SPIO nanoparticles (e.g.,
ferumoxides or ferucarbotran), through electrostatic interactions, the dextran links
or clusters multiple single iron oxide crystals together, making the nanoparticle
hydrodynamic diameter range between 60 and 200 nm [61]. A discussion of
chemical synthesis of magnetic nanoparticles can be found in Chapter 2.
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Figure 11.1 Transmission electron micrographs of ferumoxides and ferumoxides-protamine sul-
fate complexes. All images were taken at a magnification of 9300. (a) Ferumoxides alone; (b)
ferumoxides with protamine sulfate (100 ug:2 ug).

The coating molecules (i.e., dextran) will contribute to the surface charge or zeta
potential of the (U)SPIO in water. The zeta potential or the average potential differ-
ence in millivolts exists between the surface of the (U)SPIO nanoparticles immersed
in a conduction liquid (water) and the bulk of the liquid. Dextran-coated
ferumoxides have a zeta potential of -32 millivolts, while ferumoxtran coated with a
shorter chain dextran has a measured zeta potential of -2.0-0 millivolts [81].
Ferumoxtrans near neutral surface charge and size contribute to long blood half life,
compared to the larger SPIO nanoparticles. Zeta potentials have not been reported
for other (U)SPIO nanoparticles characterized as having either anionic or cationic
charges. Cationic (U)SIPO nanoparticles have been used to label primary and cloned
cell populations in cultures because of surface chanrge of cell membrane, such as
human cervical cancer cells (HeLa). HeLa cells have a negative zeta potential [82]
and the (U)SPIO agent initially interacts with the plasma membrane through electro-
static interactions followed by endocytosis.

In the absence of an external magnetic field, the magnetic domains in the iron
oxide crystals are randomly oriented and have zero net magnetic moment.
Superparamagnetism occurs when the crystals are placed in the presence of an exter-
nal magnetic field. The magnetic domains will reorient and tend to align, resulting in
a large magnetic moment due to magnetic ordering exceeding the one that would
occur with paramagnetic ions, such as manganese, iron, and gadolinium in aqueous
solution. This induced magnetic moment causes a distortion of the local magnetic
fields when the SPIO nanoparticles are MR imaged, which results in signal loss
(hypointensity) compared to surrounding tissue because of magnetic susceptibility
and a blooming artifact on the T2*-weighted image [63, 64, 83, 84]. The SPIO
nanoparticles do not retain the residual magnetization once the external field is
removed, and therefore cells labeled intracellularly with SPIO nanoparticles will not
aggregate. The SPIO labeled cells can be separated from unlabeled cells using exter-
nal magnetic field [28]. SPIO nanoparticles shorten the T1, T2, and T2* relaxation
times of water or tissue when present in high enough concentrations [61, 85]. In gen-
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eral, (U)SPIO nanoparticles will alter the T2/T2* of the surrounding tissue in part
due to the field gradients surrounding the nanoparticles, resulting in a rapid
dephasing of the protons in the environment. (U)SPIO nanoparticles’ effect on MRI
signal intensities depends on various factors including particle size, hydrodynamic
radius, concentration of particles within the voxel (i.e., an image volume element),
image acquisition parameters, and whether the MR contrast agent is in solution or
compartmentalized within a cell [30, 32, 86]. Table 11.1 summarizes the various
physiochemical characteristics of (U)SPIO nanoparticles that have been used for
labeling cells. Long echo time T2 weighted (T2W) spin echo pulse sequences or
T2*W gradient echo MR pulse sequences are commonly used to detect the presence
of (U)SPIO nanoparticles within tissues. For MR cellular imaging, (U)SPIO
nanoparticles are wusually compartmentalized within endosomes or
macropinosomes within the cytoplasm of cells.

Table 11.1  Comparison of Different Imaging Modalities with Respect to Resolution, Imaging Depth, Acquisi-
tion Time, Available Contrast Agents, Application, and Clinical Applicability

Imaging Main Clinically
Technique Resolution Depth Time  Agents Application Characteristics Relevant
MRI 10-100 um No psec to  Gadolinium,  Anatomy, Versatile, high  Yes
limit  hours manganese, physiology, soft tissue
iron oxides metabolic, contrast
nanoparticles cellular,
molecular
CT 25-50 um No Secto  Iodine Anatomy, Lung and bone Yes?
limit  min physiology
cellular?
Ultrasound 50 um mm- Secto Microbubbles Anatomy, Vascular, Yes
cm min physiology interventional
PET 1-2 mm No Min Y, "'C, "0,  Physiology Versatile, Yes
(dedicated small Limit “Cu metabolism,  receptor
animal scanner) molecular, studies,
3-5 mm for cellular cyclotron
clinical system needed
SPECT 1-2 mm No Min T, "Mn, Physiology Commonly Yes
(dedicated small limit 2 metabolism,  used for MoAb
animal scanner) molecular, imaging
5 mm for cellular
clinical system
Fluorescence 2-3 mm <l em Min GFP, NIR Physiology, Rapid screening No
reflectance fluorochrome  molecular, of molecular
imaging cellular events
Bioluminescence 2-3 mm cm Min Luciferins Cellular Gene No
imaging molecular, expression
cellular
Intravital 1um 400  Secto Fluorochromes Physiology,  Limited depth Limited
microscopy um min molecular,

cellular
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11.3 Methods for Labeling Cells with Magnetic Nanoparticles for CMRI

As mentioned in the earlier section, the surface of most of the commercially avail-
able (U)SPIO nanoparticles is negatively charged. On the other hand, electric charge
of cell surface is also negative. Investigators have modified the surface charge of the
nanoparticles by coating it with cationic materials or modified the coating by
attaching membrane penetrable peptides. Commercially available transfection
agents have also been used to modify negatively charged SPIO to facilitate uptake by
cells.

11.3.1 Endocytosis of Contrast Agents

Cells use a variety of modes to regulate their internal environment and allow for the
uptake of nutrients, cell-to-cell communication and the internalization of
macromolecules and particles across the plasma membrane. Endocytosis is a global
term used to describe the various mechanisms that cells use to internalize
macromolecules and particles within vesicles that derived from the cell membrane
and that are located in the cytoplasm. Endocytosis by definition includes
phagocytosis  (cell eating), pinocytosis (cell drinking), clathrin-mediated
endocytosis, caveolin mediated endocytosis, and clathrin and caveolin independent
endocytosis [87-89]. Specialized or professional phagocytic cells such as neutro-
phils, monocytes, macrophages, and microglia use phagocytosis to clear large par-
ticulate debris and bacteria. Phagocytosis is an active process involving specific cell
surface receptors and signaling cascades, energy metabolites, and regulation of actin
as part of cell cytoskeleton.

In contrast to phagocytosis, all cells exhibit pinocytosis or fluid phase uptake
from the surrounding environment. The amount of uptake of a macromolecular MR
contrast agent is directly proportional to the concentration in the media and the vol-
ume of the intracellular vesicles. In general, nonspecific binding of an agent to cell
surfaces results in pinocytosis. A highly efficient method of intracellular incorpora-
tion of contrast agents into cells is through clathrin-mediated endocytosis (also
referred to as receptor-mediated endocytosis), which would concentrate the contrast
agent within clathirin-coated vesicles. The receptor binding typically triggers the
local accumulation of clathrin structures on the cytoplasmic surface of the plasma
membrane as it begins to invaginate, forming clathrin-coated pits. Clathrin-medi-
ated endocytosis requires specific receptor-ligand interactions to stimulate
pinocytosis, such as binding of transferrin to its receptor or the high or low density
lipoprotein (HDL or LDL) particles to their respective cell surface receptors [90, 91].

MRI contrast agents can be incorporated into cells through nonspecific
phagocytosis or the various endocytic pathways that nonphagocytic cells use, such
as pinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis, and
clathrin- and caveolin-independent endocytosis [87-89]. Incubating cells in high
concentrations of MR contrast agents in media is a slow and inefficient method of
intracytoplasmic incorporation by pinocytosis and does not usually result in high
concentrations of the agent in cells [26,27, 39, 50]. MR contrast agents with ligands
or site-specific antibodies covalently bound to the nanoparticles would attach to the
specific receptor on the cell surface and start the formation of the complex into a
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coated pit on the plasma membrane [62, 84, 92-96]. For example, transferrin recep-
tor (TfR) has been primarily used to shuttle SPIO nanoparticles into cells either by
attaching transferrin to the surface coat or by covalently attaching a monoclonal
antibody directly to the rat TfR present on rat progenitor oligodendrocytes [84]. By
genetically engineering tumor cells to express high levels of TfR, uptake of the
transferrin-USPIO contrast agent has been used to monitor gene expression in flank
tumors in experimental models, leading to the possibility of using this labeling
approach to tag cells in vivo with MR contrast agents in preclinical studies [62,
92-94, 97]. Macropinocytosis allows for the uptake of larger particles from the
extracellular space and is an active process starting as a membrane extension from
the plasma membrane. After encompassing the particles, the extension collapses
into the plasma membrane, forming irregular-sized marcopinosomes.
Macropinocytosis is the presumed mechanism for which arginine containing pro-
tein transduction domains including polyarginine, HIV-transactivator transcription
(Tat) proteins, peptides, polycationic transfection agents, and liposomes get incor-
porated into the cell [89, 98, 99]. Depending on its contents, the macropinosomes
may or may not fuse with deep lysosomes in the cells, and the contents would then
undergo digestion by lysosomal enzymes and buffers.

Caveolea-mediated endocytosis is primarily used by endothelial cells for exten-
sive transcellular shuttling of serum proteins from the blood stream into tissue;
however, other cells in culture may also use this method of endocytosis [88, 89].
Caveolea are flask-shaped invagination in the plasma membrane enriched in choles-
terol and sphingolipods and marked by integral membrane protein, caveolin.
Caveolea internalize large molecular complexes, toxins, and some viruses. For most
cells, caveolea formation is a slow process and the vesicles are relatively small in size
(50-60 nm) and volume when compared to clathrin-coated vesicles that can rapidly
form and are about 120nm in diameter [89]. Further experiments need to be per-
formed to determine what role caveolea-mediated endocytosis plays in the uptake
of viral coated SPIO contrast agents [40] or other SPIO complexes in cell culture.

Clathrin- and caveolea-independent endocytosis tend to occur in neurons and
neuroendocrine cells and are primarily the mechanisms of the reuptake following
post-synaptic release of vesicles. This method of endocytosis is probably not
involved in the uptake of SPIO nanoparticles into neuronal stem cells (NSC) or
neuronal progenitor cells [88, 89].

11.3.2 Modified Nanoparticles for Cell Labeling

Superparamagnetic iron oxide nanoparticles are being used to efficiently label cells
for cellular MRI. Dextran-coated SPIO nanoparticles such as ferumoxides,
ferucarbotran, or ferumoxtran are clinically approved MR contrast agents for use
as hepatic imaging or have been used in clinical trials as blood pool agent or for
lymphangiography [100-104]. They are also being used to label cells. Experimental
(U)SPIO nanoparticles have also been used for labeling cells. The cationic-coated
USPIO nanoparticles, carboxypropyl trimethyl ammonium (i.e., WSIO), and citrate
(i.e., VSOP C184) were designed so that they would attach to the negative surface
charge of plasma membranes through electrostatic interactions and then get incor-
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porated into endosomes of macrophages [70]. A discussion on the biomedical appli-
cations of magnetic nanoparticles can be found in Chapter 10.

Dendrimers are branched synthetic polymers with layered architecture that can
be of various sizes or generations and have multiple applications including
transfecting oligonucleotides into cells by binding to the plasma membrane and
stimulating endocytosis [105-108]. Adding generation 4.5 polyamindoamine (i.e.,
PAMAM) dendrimer as a coating for iron oxide nanoparticles resulted in the synthe-
sis of magnetodendrimers (e.g., MD-100) [64]. Incubating mammalian cells with
MD-100 for 1-2 days resulted in a wide variety of cells demonstrating on Prussian
blue staining a remarkably high degree of intracellular labeling, with the cytoplasm
containing large numbers of iron-containing vesicles or endosomes. Labeling cells
with MD-100 did not alter their proliferation capacity, viability, or toxicity as com-
pared to unlabeled cells. MD-100-labeled oligodendroglial progenitors derived
from neural stem cells were transplanted into the ventricles of neonatal
dysmyelinated Long Evans Shaker rats, and the migration of labeled cells into the
brain parenchyma could be observed by cellular MRI up to 42 days following
implantation. On histology, there were areas of new myelin formation demon-
strated using antimyelin basic protein stains that corresponded to areas on MRI,
proving that the MD-100 did not interfere with the functioning of the labeled cells.

Modification of the dextran coating of USPIO nanoparticles by cross-linking the
dextran strands (CLIO) and then covalently attaching HIV-1 Tat proteins to the sur-
face has allowed for efficient and effective labeling of nonphagocytic cells, presum-
ably through macropinocytosis [38]. CLIO-Tat labeled HIV-1 could be recovered
following their homing to bone marrow, and could be visualized ex vivo by MR
imaging. Using MR imaging, homing of CLIO-Tat labeled lymphocytes could be
visualized in the liver and spleen in normal mice [109]. CLIO-Tat-labeled T-cells
have been used as adoptive transfer in autoimmune diabetes mouse models, and
labeled cells have been shown to selectively home to specific antigens in B16 mela-
noma in a mouse model by in vivo MRI [37, 110, 111]. Selective homing of anti-
gen-sensitized CLIO-Tat-labeled T-cells to tumors can be detected using CMRI
within targeted tumors 12 hr following infusion of labeled cells, and it has been
reported that as few as three labeled T-cells/voxel could be detected by MRI. There
are no reported differences in CLIO-Tat labeled and unlabeled cells as far as func-
tion, viability, or ability to home to target tissues [37, 112]. CLIO-Tat or a slight
modification that includes attaching optical imaging agents (i.e., FITC, CYS5.5) to
the dextran coat, are very efficient in labeling cells ex vivo [113]. CLIO-Tat use is
relatively limited since it is a custom synthesized agent and not commercially
available.

Conjugating antigen-specific internalizing monoclonal antibodies (mAb) to the
dextran coat of USPIO nanoparticles has facilitated the magnetic labeling of cells by
clathrin-mediated endocytosis. [84, 92, 93, 114-116]. The monoclonal antibody
(OX-26) to the rat TfR was covalently attached to USPIO nanoparticles
(MION-46L) and used to label rat progenitor oligodendrocytes (CG-4). Iron oxide
particles were observed in the CG-4 cells using transmission electron microscopy
and by histology using Prussian blue staining. MION-46L-OX -26 labeled rat CG-4
cells were directly implanted into spinal cords of myelin-deficient rats and ex vivo
MR images, obtained 10-14 days after implantation. They demonstrated excellent
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correlation between the hypointense regions and blooming artifacts caused by the
presence of labeled cells and the degree of myelination in the spinal cord detected on
immuno-histochemistry. The results indicated that magnetically labeled cells would
not interfere with the cell differentiation, migration along area of pathology, or the
formation of myelin wraps around axons. Ahrens et al. labeled dendritic cells by
biotinylating anti-CD-11 mAb in conjunction with strepavidin attached to dextran
coated iron oxide nanoparticles [115]. The advantage of this two-stage labeling
approach is that the CD 11 mAb is commercially available, and biotin-strepavidin
interaction is a commonly used molecular biology procedure resulting in the SPIO
being incorporated in endosomes. While the use of target-specific mAb attached to
SPIO provides for efficient cellular labeling, a major drawback of this approach is
the need for a specific mAb for each cell type and species.

Viruses and viral shells are being explored as carriers for MRI contrast agents.
A hemagglutinatin virus of Japan (HV]J) envelope that encapsulated SPIO
nanoparticles was found to label microglial cells in culture [40, 117, 118]. The HV]
SPIO-labeled cells were intracardially injected, and clusters of cells could be seen
within one day following transplantation in the brains of mice. The HV] SPIO parti-
cles were reportedly more efficient at labeling cells than combining dextran-coated
SPIO with transfection agent lipofectamine [40]; however, since HV] envelopes are
not commercially available, the use of this agent for labeling cells is limited.

Commercially available micron-sized iron oxide particles (MPIO) are also
being used to label cells for cellular MRI studies in experimental models. These
agents are from 0.3 to >5 microns in size, containing greater than 60 percent magne-
tite in a polymer coating that can include a fluorescent marker that allows for dual
detection of labeled cells by MRI and fluorescent microscopy. MPIOs can be pur-
chased with either terminal amines or carboxyl groups on the surface, thus allowing
for chemical modification to attach peptides, ligands, or monoclonal antibodies to
the specific targets and receptors on cells. MPIOs have been used to track
macrophage infiltration in transplantation rejection, to monitor single cell migra-
tion in tissues, and to locate implanted stem cells in an area of myocardial infarction
[42,73,119-121]. Hinds et al. [119] demonstrated that MPIOs did not alter viabil-
ity, proliferation, or differential capacity of labeled hematopoietic stem cells and
MSCs compared to unlabeled cells and MRI and confocal microscopy could detect
these labeled cells. Recently, Shapiro et al. [42] reported uptake of very large MPIO
of 5.8 microns in size in cultured hepatocytes and have been able to visualize single
cells at 7 Tesla on T2*-weighted images. Heyn et al. [122] have shown that follow-
ing IC injection of enhanced green fluorescent protein (EGFP) transfected breast
cancer cells (231BR) labeled with MPIO in mice, the number of hypointense regions
detected on a balance steady state gradient echo image (e.g., FIESTA) decreased
with time. Approximately 1-3 percent of original hypointense regions in the brain
could be detected 28 days following IC injection of labeled cells as either remaining
unchanged or becoming hyperintense tumors. The authors indicated that metastatic
breast cancer detected at the end of the study reportedly originated from the
hypointense voxel seen on postinfusion MRI. To date, no studies have been per-
formed specifically addressing how the micron-sized particles are removed from the
cells or whether the endosome/lysosome can digest the polymer coating.
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11.3.3 Transfection Agent Mediated Cell Labeling

SPIO nanoparticles are used to magnetically label and track these cells using T2W or
T2*W images [28, 30, 64, 84,97,110, 119, 123-134]. Although several approaches
for labeling cells with SPIO nanoparticles have been explored, most of the agents
used were proprietary compounds, involved unique or complex synthesis, or
included biochemical modification of the dextran coat of the SPIO nanoparticles to
stimulate endocytosis by cells. In 2002, a relatively straightforward approach was
developed combining (U)SPIO with commonly available polycationic transfection
agents to effectively label cells. Different commercially available transfection agents
have been tried with varying results [26, 27, 29, 31, 33, 35, 135, 136]. However,
most of the commercially available transfection agents are toxic to the cells at rela-
tively low doses. Moreover, these transfection agents are not FDA approved to be
used in the clinics. Mixing two FDA approved agents, ferumoxides (Feridex IV,
Berlex, NJ) and protamine sulfate together form a complex that efficiently and effec-
tively labels stem cells [29, 34, 35, 137-139]. Ferumoxides are dextran-coated col-
loidal iron oxide nanoparticles that magnetically saturate at low fields and have an
extremely high NMR T2 relaxivity. Changes in R2 (R2=1/T2) are linear with
respect to iron concentration. Protamine sulfate is an FDA-approved drug contain-
ing >60 percent arginine and is used for treatment of heparin anticoagulation over-
dose. Cells are labeled with the ferumoxides-protamine sulfate (FE-Pro) complex via
macropinocytosis and can be imaged at clinically relevant MRI fields using standard
imaging techniques.

The concentration of iron in cells is dependent on nuclear to cytoplasma ratio,
the iron concentration in the nano- or micron-sized particles, iron content in media,
incubation times, and method of endocytosis of the particles [33-35, 42]. Unlabeled
stem cells usually contain less that 0.1 picogram of iron per cell, whereas labeled
cells grown in suspension (i.e., HSCs, T-cells) contain 1-5 picograms of iron per cell
and cells that adhere to culture dish (i.e., MSCs, HeLa, macrophages) can take up
from 5 to >20 picograms of iron per cell [29, 34, 35]. Labeling cells with
ferumoxides does not alter the viability and functional capability of cells or the
differentiation capacity of stem cells [34, 140]. FE-Pro labeled embryonic, MSCs,
HSC, and NSC showed similar rates of differentiation to different lineages, in com-
parison with unlabeled cells [34, 135, 140-142]. Recent articles showed the safe
handling of SPIO nanoparticles by the cells [143, 144]. Soon after phagocytosis, iron
particles remain within endosomes, and by days 3 to 5 these endosomes fuse with
lysosomes and the iron oxides particles start to disintegrate [144]. Eddy et al. have
shown that iron oxide labeling of HeLa and MSCs resulted in a transient decrease in
transferrin receptor-1 (TfR-1) mRNA and protein levels. In contrast, iron oxides
labeling of primary macrophages resulted in an increase in TfR-1 messenger
ribonucleic acid (mMRNA) but not in TfR-1 protein levels. Ferritin mRNA and pro-
tein levels increased transiently in labeled HeLa and macrophages but were sus-
tained in MSCs [143].

11.3.4 Other Methods of Cell Labeling

Mechanical approaches such as the gene gun or electroporation have been used to
effectively introduce MRI contrast agents into cells. The gene gun fires nanoparticles
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or magnetic beads directly into cells in culture, driving the particles through the cell
membrane or directly into the nucleus; however, it is unknown what the long-term
effects are on functional, metabolic, and differential capabilities of the cell [145].
Moreover the technique using particles has its own limitations with respect to effi-
ciency, potential tissue damage created by the impact of the particles, and small area
of coverage [146]. Since there are less traumatic methods to label cells with MR
SPIO nanoparticles, it is unlikely that the gene gun approach will be used in the
future. Direct injection of high concentrations of gadolinium chelates into Xenopus
laevis eggs enable successful tracking of the labeled cell proliferation and migration
during development using MRI and optical imaging [147]. However, this approach
is not a practical or efficient method for labeling mammalian cells with MR contrast
agents.

Electroporation has recently been used to label cells with gadolinium chelates
and SPIO nanoparticles [39, 50]. Electroporation is commonly used to introduce
DNA into the cell genome and well known to be associated with cell stress due to
chemical imbalances and efflux or influx of chemicals from within the cell and sur-
rounding media altering the cells viability and survival. There is relatively little
experience using this approach with MRI contrast agents to label cells and it is
unclear as to the long-term effects on reactive oxygen species or cell viability when
using this method. Recently it has been shown that significant amount of cell lysis
and death occurred during electroporation and following labeling of contrast agents
[148]. It has been reported that magnetic labeling of embryonic stem cells using
electroporation resulted in significant decrease in the percentage of viable cells com-
pared to labeling cells with transfection agents complexed to ferumoxides [135]. In
addition, by labeling embryonic stem cell (ESC) with ferumoxides by
electroporation method, the ability of these cells to differentiate into cardiac pro-
genitor cells was impaired, indicating that this method may not be clinically useful
[135].

Magnetofection is a technique that utilizes strong magnetic force to introduce
magnetic nanoparticle- or oligonucleotide- (i.e., DNA or RNA) coated SPIO
nanoparticles into the cell, resulting in effective incorporation of the DNA into the
cell genome [149-154]. However, direct delivery to the cell cytoplasm could be a
deterrent for magnetic cell labeling because of possible toxicity following the release
of iron into the nucleus. This technique is useful for rapid labeling only in adherent
cells. Its utility for suspension cells or cells with small cytoplasm to nuclear ratio
(such as T-cells and hematopoietic stem cells) has not been verified. Moreover,
details on toxicity and nuclear uptake have not been described yet.

11.4 Methods to Monitor the Functional Status of Labeled Cells or
Toxicity Following Labeling

Magnetic labeling of cells can be assessed qualitatively using Prussian blue stain for
iron by identifying electron-dense material in endosomes by electron microscopy or
by the using T2*W magnetic resonance imaging for determining the presences of
iron in cells. Confocal microscopy is another method that can be utilized to deter-
mine the localization of magnetic particles that are tagged with fluorescent dye or
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proteins. Multiphoton confocal microscopy can determine the depth as well as loca-
tion of iron particles in the cytoplasm or nucleus. Quantitative approaches com-
monly used to determine the amount of iron taken up by the cells include NMR
relaxometery, spectrophotometric assays, and inductively coupled plasma mass
spectrometry. Determination of intracellular iron is important in order to validate
magnetic resonance imaging (MRI) techniques used to semiquantitate the number of
labeled cells in a region of interest [33, 127, 130, 155]. The preservation of cell via-
bility, cell function, and differential capacity of cells are the important measures that
need to be monitored following labeling cells with MRI contrast agents because
soluble iron (intracellular) is toxic to the cells and may damage DNA.

11.4.1 Determination of Cell Viability

Tonic or the transfection agents, which are used to label cells, are toxic to the cells.
Ferrous forms in the cytoplasmic iron can stimulate the increased production of
hydroperoxide and increase the amount of nascent hydroxyl free radicals that can
cause denaturation of DNA [156-158]. Therefore, it is essential to determine the
short- and long-term toxicity of labeling cells with iron in order to translate from
bench to bedside. Cell viability is usually determined at time of cell counting using
the trypan blue dye exclusion test. Propidium iodide (PI) can also be used to detect
dead cells by fluorescent microscope or by flow cytometry. Changes in the rate of
apoptosis, a long-term indication of (U)SPIO labeling of cells, can be accomplished
by using incubating cells with fluorescent-labeled annexin V and PI, and analyzed
using flow cytometry. Investigators have found that cell viability or rate of apoptosis
is not different from unlabeled control cells when cells are labeled using any of the
methods described earlier. Short- and long-term proliferation capacity of the labeled
cells can be assessed by tritiated-thymidine uptake, BRDU incorporation, or MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay (Roche
Molecular Biochemicals, Indianapolis, IN). Proliferative assays are usually pre-
formed as a pulse chase labeling experiment with the (U)SPIO and determinations
made at different time points [33]. The dissolving of (U)SPIO nanoparticles releas-
ing ferrous ions in the cells or nucleus could initiate a Fenton reaction through
Haber-Weiss chemistry [156] and result in the development of free radicals that
could cause damage to DNA. Reactive oxygen species (ROS) can be detected by
using the fluorescent probe CM-H,DCFDA (Molecular Probes Inc., Eugene, OR).
CM-H,DCFDA is a nonfluorescent agent that forms fluorescent esters when reacted
with reactive oxygen species (ROS) inside cells that can be detected by flow
cytometry, fluorescent, or confocal microscopy. Pawelczyk et al. has demonstrated
that following labeling of MSCs and macrophages with FE-Pro resulted in a tran-
sient decrease in gene and protein expression of the transferrin receptor while gene
and protein levels of ferritin either remained stable or increased in response to the
iron load [143]. These results indicate that FE-Pro labeling of cells elicited appropri-
ate and expected physiological changes of iron metabolism or storage. To date, little
or no alterations in cells viability, proliferative capacity, metabolic activity,
apoptotic rate, reactive oxygen species (ROS) formation, and functional and differ-
ential capacity were reported for cells labeled with clinically approved (U)SPIO MR
contrast agents when compared to unlabeled cells. Although previous studies
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[159-161] indicated toxicity of TAT protein in cells, a recent publication indicated
no short-term loss of cell viability or accumulation of CLIO-Tat in the nucleus [71].

11.4.2 Determination of Cell Function

It is also important that labeled cells should not deviate from their original function
or get activated (in case of T-cells). Cellular functional assays should be performed
after labeling and compared with that of control cells. Cell activation markers as
well as phenotypic expression should be assessed for primary cell populations.
Labeling lymphocytes (T-cells) with SPIO nanoparticles may change one popula-
tion of T-cells (such as T helper cells) to another (such as cytotoxic T-cells). Analysis
of different phenotypic cell surface marker expression (i.e., CD markers, CD4,
CD8, CD11a, CD19, CD25) of T-cells and production of cytokines (interferons,
interleukins, and so on) should be performed before and after labeling immune cells.
For stem cells, primary as well as lineage markers should be assessed before and
after labeling with MR contrast agents.

11.4.3 Determination of Cell Differentiation Capacity

Determination of differentiation capacity of labeled cells is especially important for
nonhematopoietic stem cells such as MSCs and NSCs. MSC should be differenti-
ated to adipogenic, chondrogenic, and osteogenic lineages. For HSC, differentiation
to colony-forming units (CFUs) should be determined for labeled and unlabeled
cells. Endothelial progenitor cells (EPC) can be differentiated to colony-forming
units, endothelial cells, and cord-like structures in matrigel system. NSC should be
differentiated to neuronal and/or glial cell lineages. Differentiation capacity of mag-
netically labeled cells can also be determined by tracking the in vivo migration and
targeted incorporation or labeled stem cells in different organs [162].

11.5 MRI Techniques to Detect Cells Labeled with Superparamagnetic
Iron Oxides

A variety of conventional MR imaging techniques can be used to determine the
presence of iron in various tissues over a wide range of magnetic field strengths. In
general, MRI methods for the detection of SPIO labeled cells usually consist of T2
or T2* imaging sequences because of the significant signal dephasing due to the
magnetic field (B;) in-homogeneities induced in water molecules in and near the
cells. Differentiation between signal loss caused by the intracellular SPIO
nanoparticles and native low signal in tissue can be a challenging risk. In addition,
partial volume effects, motion, blood flow, or hemorrhage can all mask the pres-
ence of the magnetically labeled cells within tissues. To improve the sensitivity to
track magnetically labeled stem cells or other cells, several positive contrast or white
marker pulse sequences have been developed [163-166]. The signal intensities on
MRI surrounding the SPIO nanoparticles have a characteristic barbell pattern and
have been theoretically derived for a single dipole in a homogeneous magnetic field
[167]. The off-resonance positive contrast pulse sequences allow for visualization of
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high signal intensities against a suppressed background in regions containing SPIO
labeled cells [163-167].

The development of a post-processing positive contrast technique called suscep-
tibility gradient mapping (SGM) has allowed for the detection of magnetically
labeled cells in tissues [167, 168]. The SGM method is based on the theory that an
object with a magnetic susceptibility deviates from its surroundings, thereby creat-
ing a local magnetic gradient that leads to an echo shift in k-space with gradient echo
imaging. The SGM method determines the amount of the shift of the echo for every
voxel in all three spatial dimensions by local one-dimensional fast Fourier transform
used in generating a vector map of the susceptibility gradient. The SGM avoids the
use of dedicated positive contrast pulse sequences and does not require a priori
knowledge about the local SPIO nanoparticle’s concentration. Comparison of the
gradient compensation-based approach “white marker technique” [165-166] and
an off-resonance based approach inversion recovery ON-resonance water suppress
(IRON) technique [164] with the SGM method was performed in a SPIO-labeled
flank tumor model in rats. The SGM, white marker, and IRON positive contrast
images were acquired when the labeled tumors were between 5-20 mm in diameter
to evaluate their sensitivity to the dilution of the SPIO nanoparticles as the tumor
cells proliferated [167]. For small and medium-sized tumors, quantitation of the
number of positive pixels (NPP) detected within the tumor for the SGM was signifi-
cantly larger for the other two techniques. For large tumors, SGM resulted in similar
NPP as the white marker technique, whereas the IRON method failed to generate
positive contrast images. These results indicate that post-processing approaches can
be useful in detecting a localized focus of magnetically labeled cells in vivo. How-
ever, when the number of SPIO labeled cells was low in a region of interest or if
labeled cells were diffusely spread throughout the tissue, all three techniques were
unreliable in displaying positive contrast enhancement.

Quantifying the number of labeled stem cells in target tissues is of great impor-
tance to optimize dose and timing of cellular therapy. T2 spin echo imaging has been
used to quantify the amount of iron within tissue. By determining the T2 relaxation
times at 0.5 Tesla and 1.5 Tesla using a multiple spin echo technique, Bulte et al.
[169] demonstrated a linear relationship between the T2 relaxation rates and iron
content obtained from marmosets with hemosiderosis an iron storage disease. How-
ever, T2 is sensitive to both concentration and distribution of SPIO nanoparticles,
which greatly complicates its use for quantifying iron-oxide concentration. To
achieve high sensitivity for the detection of intracellular SPIO nanoparticles, the T2*
relaxation rate of the tissue should be measured [170, 171]. Multigradient echo
pulse sequence can be used to determine the T2* relaxation times of the magneti-
cally labeled cells in phantoms and tissues, and that can be used to approximate the
number of labeled cells within a voxel [172]. Unfortunately, T2* relaxation rate is
influenced not only by SPIO nanoparticles in labeled cells, but also by macroscopic
susceptibilities due to differing tissues types. Several other methods have been pro-
posed to correct for the macroscopic magnetic susceptibility [173-177]. It is also
possible that the use of ultrashort echo time pulse sequences samples the water pro-
tons magnetization at <100 microseconds prior to the dephasing of the water proton
spins due to the presence of directly implanted SPIO labeled cells in tissues, and this
should allow for the ability to produce more accurate T2* maps for quantifying the
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number of iron-containing cells in tissues. The development of new MRI scanner
hardware and pulse sequences, along with analysis and segmentation software, may
improve the sensitivity and delineate various iron-containing pathologies from
magnetically labeled cells in tissues.

Animal Studies That Have Utilized CMRI

Since the start of cell labeling with SPIO, there is great interest in and enthusiasm to
use the labeled cells to track the migration and homing in different disease condi-
tions in animal models using clinically relevant or high magnetic field MR scanners.
Investigators have labeled various types of cells in order to track the administered
cells by MRI for the purposes of diagnosing the disease conditions or for monitoring
therapeutic effects. In this section we will discuss various reports on tracking labeled
cells in different disease models.

11.6.1 Stem Cell Tracking

Cell labeling with iron oxide and cellular MRI techniques has enabled investigators
to follow implanted cells in vivo and to monitor their effects in experimental animal
models. Neural stem cells or neural progenitor cells have been labeled with various
SPIO nanoparticles and the fate of labeled, implanted cells was tracked in normal
brains of neonatal or adult animals [142, 145], in stroke [178], in traumatic brains,
or in spinal cord injuries [179, 180]. Investigators have shown the migration of
magnetically labeled oligodendrocyte progenitor cells (CG-4) away from the sites of
implantation in the spinal cord in myelin-deficient rats by MRI, and the areas cov-
ered by the migratory CG-4 cells were correlated with the myelination of pathology
in the spinal cord [84]. In the subsequent study, these investigators also showed the
utility of magnetic labeling in a long-term followup of implanted neural progenitor
cell derived oligodendroglial progenitor cells in rat models using clinical strength
MRI system [64]. Investigators have also used cellular MRI to follow the implanted
stem cells (both locally and systemically administrated) in stroke, traumatic brain
injury, and spinal cord injury models. In a recent paper, Guzman et al. labeled NSCs
with ferumoxides to monitor the migration and site-specific differentiation of these
implanted cells in neonatal and adult rodent brains and in a brain injury models
with CMRI imaging [142]. The authors concluded than implementation of
noninvasive stem cell tracking might help to improve the design of future clinical
NSC transplantation trends. Labeled NSCs, MSCs, or other stem cells have also
been used in various brain or spinal cord injury models to track the migration and
homing of these labeled cells by cellular MRI [179-183].

11.6.2 Intracranial Tumor Studies

Glioma is a central nervous system neoplasm that typically exhibits hyper-
vascularity, especially in grade III and IV tumors, with marked heterogeneity in
histological markers and vascular density. Malignant gliomas are among the most
devastating tumors, with the survival of only one to three years after diagnosis. Sur-
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gery and radiation therapy (followed by adjuvant chemotherapy) very often fail due
to uncertainty in delineating the tumor margins [184]. Moreover, due to the
infiltrative nature of glioblastoma multiforme (GBM), it is impossible to remove
100 percent of tumor mass during surgery, and the left over tumor cells might be
more aggressive and resistant to future therapies. Therefore, as pointed out by
Hentschel and Sawaya, successful therapeutic approaches would depend on devel-
oping high-quality imaging modalities [185]. Chopp et al. have shown that magneti-
cally labeled MSC can identify the sites of angiogenesis at the margin of the tumor
and normal brain tissues [186]. The same group has used NSC in a rodent brain
tumor model and tracked the implanted cells by MRI using magnetic labeling tech-
niques. Magnetically labeled exogenous monocyte/macrophages have also been
tracked migrating into an implanted rat glioma model [187]. We also observed
(unpublished data) the migration of magnetically labeled dendritic cells to the sites
of U-251 implanted glioma in rats (Figure 11.2), which was detected by 3-Tesla
clinical MRI systems.

11.6.3 Tumor Angiogenesis

Angiogenesis is essential for tumor growth and the development of metastasis [188].
Migration and proliferation of endothelial cells originating from local capillaries is
thought to be the primary mechanism for angiogenesis in the adults in the presence
of pro-angiogenic stimuli. There are reports suggesting that bone marrow—derived
EPCs also contribute to the endothelial lining of adult neovasculature in both physi-
ological and pathological angiogenesis [189, 190]. The incorporation of EPCs from
the circulation into newly formed vessels is termed vasculogenesis. It has been
shown that genetically modified EPCs can selectively deliver a cytotoxic gene to
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Figure 11.2 Representative case of magnetically labeled dendritic cell tracking in an implanted
brain tumor in a rat model by a clinical 3T MRI system. Tumors were created in nude rats by
implanting U251 glioma cell line. (a) MRI obtained using FIESTA sequence 14 days after implanta-
tion of tumor cells but before administration of magnetically labeled dendritic cells shows the mar-
gin of the tumor (arrows). Note the small low signal intensity foci in the center of the tumor due
to bleeding during implantation of tumor cells. (b) MRI obtained from the same animal three days
after intravenous administration of magnetically labeled dendritic cells shows multiple low signal
intensity foci around the tumor (black arrows). Note the growth of the tumor beyond the accumu-
lated dendritic cells (tumor margin, white arrow). (c) DAB-enhanced Prussian blue staining shows
iron positive cells at the margin of the tumor (arrow).
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tumor-induced neovasculature [191, 192]. To determine if MRI could be used to
monitor the vasculogenesis associated with tumor growth, Anderson et al. intrave-
nously infused 5x10° ferumoxides —poly-l-lysine FE-PLL-labeled bone mar-
row—derived HSC (Scal+) into mice with implanted RT2 rat glioma in the brain
[125]. Animals were implanted with tumors and ferumoxides —poly-l-lysine
(FE-PLL)-labeled Scal+ cells infused on day three post implantation or mice were
sublethally irradiated and labeled cells were infused followed by implantation of
tumor in the brains of SCID mice. MRI was performed at 7 Tesla and, 5 to 12 days
after labeled Scal+ cells were given intravenously to mice. T2*-weighted MRI in
mice receiving labeled cells demonstrated hypointense regions within the tumor that
evolved over time. In addition, a hypointense ring at the periphery of the tumor was
observed by days 10-13 post infusions of labeled Scal+ cells. Histological examina-
tion revealed Prussian blue (PB) positive cells around the tumor rim in mice that
received labeled Scal+ cells. These PB positive cells were CD31 and von Willebrand
factor (vWF) positive, indicating that the infused labeled Scal+ cells detected in the
tumor have differentiated into endothelial cells and became part of neovasculature.
These results demonstrate that MRI can detect the incorporation of magnetically
labeled bone marrow—derived EPCs into tumor vasculature as part of ongoing
angiogenesis and neovascularization. This was the first report to demonstrate
high-resolution noninvasive MRI of EPC’s incorporation into tumor
neovasculature. Figure 11.3 shows the utilization of human endothelial progenitor
cells as MRI probe to identify the margin of implanted human glioma (U-251
tumor) based on active angiogenesis.

In 2006, Arbab et al. [123] performed a study in which FE-Pro labeled human
HSCs (i.e., CD34 CD 133 cells) were administered to nude mice with rapidly grow-
ing RT2 glioma in their flanks. Animals received 3 x 10° FE-Pro labeled or
unlabeled CD 34 CD 133 cells synchronously when a tumor was implanted or when
a tumor reached 2 mm in size. In vivo MR at 7 Tesla demonstrated linear
hypointense regions within the flank tumors that had grown to = 1 cm (i.e., = day
seven post implantation) in animals receiving the intravenous injection of FE-Pro
labeled cells, as compared to animals that received unlabeled cells. This linear feath-
ering-type pattern observed in mice that received labeled cells was easily differenti-
ated as small and well-defined dark features, compared to the changes in signal
intensity in large tumors of either labeled or unlabeled mice, some of which devel-
oped amorphous dark areas in the tumor images indicative of necrosis in tumors
(=1.5 cm). MRI detected the presence of FE-Pro labeled CD 34 CD 133 cells in the
flank tumors as early as three days post infusion of cells. Histological examination
revealed positive human endothelial markers (e.g., CD 31, KDR1, vWF, and
CD106) indicating endothelial transformation of the administered FE-Pro labeled
or unlabeled cells and incorporation into the tumor neovasculature. Corresponding
consecutive sections revealed PB positive cells in the same region as cells with posi-
tive markers for human endothelial cells. A few PB cells at the periphery of the
tumor were positive for human macrophage marker (hCD68 positive cells), indicat-
ing that some of the administered FE-Pro labeled CD 34 CD 133 cells differentiated
toward the macrophage lineage. These results demonstrate that HSC could be
labeled with FE-Pro in a clinical good manufacturing practice (cGMP) facility and
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Figure 11.3 Representative cases of magnetically labeled endothelial progenitor cells’ (EPCs)
tracking in an implanted brain tumor in a rat model by 7 Tesla MR system. Tumors were created in
nude rats by implanting U251 glioma cell line. Double-labeled (iron plus dye Dil) EPCs were
administered on day seven after tumor implantation, and MRI was obtained on day 14 (seven days
after intravenous administration of magnetically labeled EPCs). Panels A to C: T2*-weighted MRI
image shows low signal intensity areas surrounding the tumor, indicating accumulation of mag-
netically labeled cells (A), which are confirmed by Prussian blue staining in the corresponding
histological section (10x, B) and (40x, C). Note the blue cells within the box in the B and in C
panels. Panels D to F: T2*W images show hypointense voxels around and in the tumor extension
in the corpus callosum (white arrows in D and E). DAB-enhanced Prussian blue staining shows iron
positive cells (E and F). Panels G to I: The section stained for endothelial lining (G, FITC-labeled
tomato lectin) shows extensive formation of new vessels within the tumor, and the corresponding
area (shown in the consecutive section) also shows Dil positive cells (H, red cells), which are also
positive for endothelial cell marker CD31 (I, green cells). Nuclei of the cells are stained with DAPI
(blue). (See Color Plate 22.)

used to detect by MRI the incorporation of magnetically labeled bone mar-
row—derived HSCs into tumor vasculature as part of ongoing angiogenesis.

11.6.4 Stroke and Trauma Models

There have been several studies demonstrating in rodent stroke models the ability to
monitor the migration of labeled stem cells following implantation in the
contralateral hemisphere to the cerebral pathology or intravenous infusion
[193-199]. Hoehn et al. [200] were the first to demonstrate the transcallosal migra-
tion of 3 x 10* intracerebrally implanted sinerem (USPIO) fugene (transfection
agent)—-labeled embryonic stem cells over a period of eight days by MRI in a rat
stroke model. The embryonic stem cells were also tagged with green fluorescent pro-
tein and the authors were able to correlate immunohistochemial results to
hypointense voxels in the subventricular zone and surrounding the infracted hemi-
sphere. Zhang et al. [178] observed on T2*W MRI that magnetically labeled neural
stem cells injected into a cistern were able to enter into the cerebral parenchyma into
an area of cerebral ischemia at a rate of 65 um/hr. In a followup study, Jiang et al.
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[194] labeled subventricular zone neural stem cells with SPIO nanoparticles in a rat
stroke model and tracked the cells into area of cerebral infarction by MRI. Based on
dynamic contrast enhanced cerebral perfusion studies, the authors were able to
demonstrate an increase in angiogenesis in the area of cerebral infarction as a result
of infusion of NSCs. These results indicate that magnetic labeling of stem cells does
not interfere with the ability to assess cerebral physiology in a stroke model.
Jendelova et al. [198] intravenously injected rat MSCs colabeled with ferumoxides
and bromodeoxyuridine (BrdU) following the infusion of Bengal rose and light to
induce photochemical lesions. In vivo MRI was used to track the fate of the cells
with PB staining and transmission electron microscopy confirmed the presence of
iron-oxide nanoparticles inside the cells. One week after infusion of the magneti-
cally labeled MSCs, hypointense voxels were detected on T2*-weighted MRI at the
lesion site and populated the border zone of the damaged cortical parenchyma.
Labeled cells were identified on histology at one month post injection of rat MSCs.
The results of these studies indicate the potential of cellular MRI to track labeled
stem cells to areas of cerebral ischemia and stroke independent of route of adminis-
tration. Figure 11.4 shows the migration of NSCs in a rat stroke model.

Magnetic labeling of endothelial precusor cells is possible during the cell separa-
tion process using immunomagnetic beads. The immunomagnetic beads are clinical
grade material similar to the MPIOs used for positive or negative selection of cells.
Jendelova et al. [199] selected CD34 HSCs and found that these cells inefficiently
endocytosed the beads. After direct implantation of the CD 34 into a contralateral
hemisphere to a photochemically injured rat cortex, the migration of these cells by
MRI into the subventricular zone and around the cortical lesion by PB stain was
shown. The same group demonstrated the migration of ferumoxide-labeled human
MSCs in a spinal cord injury model [201]. However, since the model is associated
with hemorrhage, it was difficult for these investigators to clearly demonstrate dif-
ferences between endogenous iron (i.e., hemosiderin) and SPIO labeled cells by
T2*W MRI. Dunning et al. [202] evaluated the migration patterns of SPIO-labeled
schwann cells or olfactory ensheathing cells (OEC), following a demylenation
injury model in the rat spinal cord. These authors noted in animals that received
unlabeled OECs that there were PB positive cells present in area of lesion similar to
animals that received magnetically labeled cells. MRI at the center of the lesions
from the three groups of rats were similar demonstrating hypointense regions on
T2*W images; however, it was possible to track the migration of the labeled cells
further in the spinal cord in animals that received magnetically labeled schwann
cells and OECs. These results underscore one of the limitations in tracking SPIO
labeled cells and the inability to distinguish areas of endogenous iron due to hemor-
rhage or hemosiderin from infused or implanted cells.

11.6.5 Myocardial Infarction and Vascular Models

There have been several excellent reviews on the monitoring by MRI of magneti-
cally labeled stem cells in experimental animals for the treatment of myocardial
ischemia and infarction with the goal of improving cardiac function, angiogenesis
and perfusion, and limiting or decreasing the size of damage [203-206]. The reader
is encouraged to seek out many of these reviews. One of the first studies to monitor
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Figure 11.4 Dynamic migration of iron labeled transplanted subventricular zone (SVZ) neural
stem cells in ischemic brain in a representative ischemic rat. MRI signals (dark areas) were not
detected before transplantation of labeled SVZ cells (A, N to C, N). In contrast, the same rat exhib-
ited MRI signals at the fourth ventricle on the day of injection of ferromagnetic particle-labeled
cells into the cistern (A, 0d, arrow). MRI signals moved forward along the fourth ventricle and
reached the ipsilateral striatum nearby the ipsilateral lateral ventricle two to three days after trans-
plantation (C, 3d, arrow). MRI signal in the ipsilateral striatum increased during three to seven
days after transplantation (C, 7d). MRI signals were not detected in the contralateral hemisphere
at any time point after transplantation (C, 0d to 7d). Panels A to C represent different levels of
coronal sections from the posterior to anterior brain (A, bregma —13.3 mm; B, bregma -11.8 mm;
and C, bregma —1.3 mm). N represents one day before transplantation and 0d to 7d indicate days
after transplantation from a representative rat. To identify ferromagnetic particle-labeled cells on
sagittal or coronal sections, Prussian blue staining was performed. Panel D is a schematic represen-
tation of a sagittal section from the ipsilateral hemisphere at lateral 1.40 mm. Panels E to G are
microphotography of Prussian blue-stained sections from the same rat in which MRI images were
presented. Panel E is from the boxed area in panel D. The arrow in panel E indicates transplanted
cells around the ischemic boundary. Higher magnification revealed that these cells had round mor-
phology (F and insert). A box and an arrowhead in panel E show transplanted cells at a distance
from the ischemic boundary, and these cells exhibited bipolar morphology (G), indicating that
these cells migrate. (Courtesy of Dr. Zheng Gang Zhang of Neurology, Henry Ford Hospital, used
with the permission of Annals of Neurology.) For details, please see [178].
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migration of MPIO-labeled MSC in a myocardial infarction model was performed
at the National Heart Lung and Blood Institute at the National Institutes of Health.
MPIO-labeled swine MSCs were implanted through an intra-arterial catheter
placed in the heart and injected directly into and around the myocardial infarction
using MRI guidance [119, 120]. T2*-weighted MRI [207] was used to monitor the
migration of cells in a myocardium that was correlated with histology. These stud-
ies illustrated the need in testing and evaluating the different routes of administra-
tion of labeled cells and the importance of determining viability following passage
through an arterial catheter. Similar results have been observed in MI models in
which stem cells improved cardiac function and decreased infarction size (Figure
11.5) [208]. Recently, Kraitchman et al. [209] infused MSCs labeled with indium'"'
oxine and ferumoxides and reported focal and diffuse uptake of MSC in the
infarcted myocardium by single photon emission tomography (SPECT/CT) at seven
days post injection of cells. However, ferumoxide-labeled MSCs that were detected

Figure 11.5 Representative hypointense lesions in FSE (A), FGRE (B), and DE-MRI (C) of MR-MSC
injection sites (arrows) within 24 hr of injection. MR-MSCs were injected in the infarct (M,
hyperintense region in C). Long-axis MRIs showing hypointense lesions (arrows) caused by
MR-MSCs acquired within 24 hr (D) and one week (E) of injection, with inset at right demonstrat-
ing expansion of lesion over one week. Needle tract (arrow) of MR-MSCs is demonstrated in the
histological section at one week after injection with Prussian blue staining (F) as cells with blue iron
inclusions (arrowhead) that are excluded from nucleus (G). Iron inclusion from DAB-enhanced
Prussian blue staining (H) matches colabeling with Dil (I) and DAPI fluorescent dyes (J) on adjacent
histological sections at x20 magnification at 24 hr after MSC injection in another animal, indicat-
ing Feridex is still contained within original MSCs. LV indicates left ventricle; RV, right ventricle.
(See Color Plate 23.) (Used with permission of Circulation.)
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by PB staining around the rim of the infarction were not observed on MRI at 1.5
Tesla using gradient echo pulse sequence with a short echo time. The authors con-
cluded that MRI has lower sensitivity to detect dual-labeled MSC in comparison to
radionuclide approaches. This study demonstrated the need to develop novel MRI
techniques to detect the presence of distributed magnetically labeled cells within
target tissues.

There are a number of studies suggesting that circulating macrophages will
endocytosis magnetic nanoparticles that are intravenously given [139]. Wu et al.
infused MPIOs in a rat model of cardiac rejection [121] and visualized that “single”
labeled macrophage in the rejected heart. These authors did not demonstrate
whether the MPIOs were taken up by circulating monocytes or possibly in regional
lymph nodes or by macrophages resident with rejected organ. It should be possible
by obtaining tissue or blood samples or MRI to figure out where the MPIO particles
were endocytosed by macrophages in this model. In vivo tagging of macrophages
with SPIO nanoparticles may also be useful for characterizing organ rejection [73].
Focal hypointense voxels were detected on ex vivo MRI that could be differentiated
from the infiltration of USPIO into extravascular spaces in the rejected heart. These
results suggested the possibility of monitoring organ transplantation rejection using
magnetic nanoparticles and noninvasive imaging techniques.

MRI has also been able to detect the migration of intravenously injected
ferumoxide-labeled bone marrow stem cells into areas of sites of injured arteries
[210] or trafficking to areas of atherosclerotic plaques [211]. Labeled cells could be
detected in thickened adventitia injured arteries by MRI on T2*W images, Imaging
results were correlated to histology suggesting the use of cellular MRI in assessing
vascular damage.

11.6.6 Models of Multiple Sclerosis

Multiple Sclerosis (MS) is an inflammatory and demyelinating disease of the central
nervous system that affects approximately 350,000 young adults in North America.
The theories behind the development of MS lesions are based primarily upon studies
performed in an experimental allergic encephalomyelitis (EAE) model in the [212]
mouse and more recently the marmoset [213]. The adoptive transfer (AT) of sensi-
tized T-cells into SJL WCE results in a relapsing-remitting (RR) EAE disease course
that is similar RRMS patients. Trafficking of T-cells across the blood-brain barrier is
considered an essential component in the development of the inflammatory process
in the CNS in the EAE mouse model and in MS. In 2004, Anderson et al. [124]
labeled encephalitogenic T-cells with FE-PLL and adoptively transferred 2 x 10’
labeled or unlabeled cells into mice to induce EAE. Labeled T-cells containing an
average of 1-3 picograms of iron per cell were PB positive on histology. In vivo MR
microscopy was performed on days 8-15 post-AT EAE according to clinical score.
FE-PLL labeled T-cells were viable and demonstrated strong proliferative recall
response to myelin. Flow cytometric analysis of unlabeled and FE-PLL-labeled cells
showed similar numbers of CD4 T-cells in each population expressing similar T-cell
phenotypes. In vivo MR microscopy demonstrated FE-PLL-labeled T-cells within
EAE lesions as either focal hypointense areas within the white matter or areas of dif-
fuse hypointensities suggesting an infiltrative process. MR microscopy correlated
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well with histology, and PB positive cells were detected in spinal cord of mice [124].
This was the first demonstration of the migration of sensitized T-cells into an EAE
lesion into the spinal cord of a mouse on in vivo MR microscopy. Magnetic cell
labeling studies in MS and other diseases could be used to monitor specific cellular
phenotypes (CD 4 or CD 8 T-cells, tumor infiltrating lymphocytes, or dendritic
cells) or pharmacologically or genetically engineered cells by MRI, advancing the
understanding and potential of directing cell therapy to specific sites of disease.

Stem cell therapy is being explored as a potential new treatment for
demyelinating diseases. Pluchino, et al. demonstrated the homing of synergenic
adult neural stem cells into lesions and saw improvement in the disease course fol-
lowing intravenous injection into an EAE mouse model [214]. Recent studies have
shown the potential of either MSCs or NSCs in attenuating or modulating the
immune response of EAE [215-217]. Intravenous administration of single or multi-
ple doses of MSCs prior to or at the start of the first neurological event were shown
to be effective in causing a significantly milder EAE course compared to control ani-
mals. However, when MSCs were given after the first exacerbation, there was no
significant alteration in clinical course. Bulte et al. administered ferumoxide-labeled
neuronal pluripotent stem cells at the peak of the EAE disease in rats that were
allowed to recover and subsequently euthanized one week later [218]. Ex vivo MR
microscopy demonstrated clear migration of labeled stem cells into the white mat-
ter, as compared to control animals in which minimal dissemination of cells was
observed. Ben-Hur et al. [219] transplanted ferumoxide-labeled NSC into mice with
chronic EAE and were able to monitor the rate of migration of the cells over time.
There was a linear correlation between the distance of cell migration with clinical
severity of disease and the number of microglia in the white matter tracts, support-
ing the notion that inflammatory signals promote transplanted cell migration.
These authors could not clearly demonstrate a beneficial effect of the NSCs on a
clinical course. Recently, Politi et al. [220] infused SPIO-labeled NSC 17 days after
induction of EAE and detected hypointense regions developing in areas of
blood-brain barrier disruption on MRI. These imaging findings were consistent
with inflammation in the mouse brain. The hypointense regions contained PB posi-
tive neurons on histology and demonstrated that most of the infused labeled NSCs
were located in areas of periventricular white matter lesions. In addition, EAE mice
that received the neural stem cells had lower clinical scores compared to control ani-
mals, suggesting that this type of cellular therapy may play a role in patients with
multiple sclerosis.

Translation to the Clinic

11.7.1 Human Studies

There are only two early-phase clinical trials in the literature using MRI to monitor
the migration of ferumoxide-labeled cells. de Vries et al. investigated on a phase I
clinical trial the biodistribution of magnetically labeled dendritic cells [221]. The
dendritic cells were first transformed from monocytes that were labeled with
ferumoxides for 2 days and intubated in appropriately conditioned media. They
were then transplanted directly into lymph nodes of patients with melanoma, and
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the temporal spatial migration of these cells were serially monitored by MRI
through lymphatic vessels into adjacent lymph nodes. This was the first clinical trial
to demonstrate the utility of labeling cells with ferumoxides for monitoring cellular
therapy. These investigators were able to delineate whether labeled cells were actu-
ally implanted into lymph nodes or surrounding subcutaneous fat. In this study, the
authors indicated that MRI could detect approximately 2,000 ferumoxide-labeled
dendritic cells per voxel. Improvements in MRI techniques should allow for the
detection of fewer numbers of labeled cells within a region of interest.

Zhu et al. [222] reported a study in a small group of patients who had suffered
traumatic brain injury with open head trauma. They had cells extracted and were
place in cultures and labeled with ferumoxides. In this early phase trial, patients
received intracerebral injections of ferumoxide-labeled or -unlabeled “neuronal
cells” around the area of injured brain based on T2-weighted images. Serial MRIs
over 21 days demonstrated the migration of ferumoxide-labeled NSCs from injec-
tions sites into white and gray matter that was not observed in patients receiving
unlabeled cells. The authors did not report any neurological complications as a
result of implanting cells into patients with brain trauma (Figure 11.6).

11.7.2 Regulatory Issues

The translation of novel superparamagnetic iron oxide nanoparticles from experi-
mental studies to clinical applications will require a significant amount of prepara-
tion and perseverance by the investigator in order to successfully evaluate the agent
in a phase I clinical trial. It is crucial that investigators to establish an early dialogue
with the appropriate regulatory agencies such as the Food and Drug Administration
(FDA) to discuss the preclinical experimental studies that would be needed to finally
perform clinical trials with the novel magnetic nanoparticles. Unfortunately, label-
ing cells with novel SPIO nanoparticles for cellular MRI does not fall under the
guidelines provided by the FDA for exploratory investigative new drugs (IND), and
therefore preparation by the investigator will be required so that these agents can be
used for labeling cells [223]. The FDA will require certification and possible refor-
mulation of the novel SPIO nanoparticles in a good laboratory practice (GLP) facil-
ity in addition to the preclinical evaluation before filing an IND as part of an early
phase clinical trial. Research groups planning on using novel SPIO nanoparticles to
label cells will need to demonstrate the following: (1) the novel SPIO nanoparticles
are nontoxic to the cells or experimental animals (i.e., mice, rats, or larger animals);
(2) the agent has a large therapeutic window (i.e., lethal dose 50 percent level) for
the product; (3) the agent does not alter cell proliferation and viability, change dif-
ferentiation capacity, or result in an increase in reactive oxygen species or apoptosis
compared to control unlabeled cells; and (4) there is standardization of the composi-
tion of the contrast agent, along with the ability to reproducibly manufacture the
agent. In addition, in order to use the novel SPIO agent in clinical trials, the investi-
gator will need to demonstrate the following: (1) all products and instrumentation
used in making the agent are approved for clinical use or an exemption from the
FDA will be required to use these products for clinical use in cell labeling; (2) cell
labeling with the novel agent can be performed using good manufacturing practices
in an approved facility; (3) the cGMP facility should follow approved standard oper-
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Figure 11.6 MRI scans from the patient who received neural stem cells labeled with iron oxide
nanoparticles (panels A through F) and the patient who received unlabeled cells (panels G through
L). The scan obtained before the implantation of the labeled neural stem cells (panel A) did not
show a pronounced hypointense signal around the lesion (asterisk) in the left temporal lobe,
whereas circular areas of hypointense signals were visible at the injection sites one day after
implantation (panel B). Magnified images are shown in panels C through F. Four hypointense sig-
nals (black arrows) were observed at injection sites around the lesion on day 1 (panel C), day 7
(panel D), day 14 (panel E), and day 21 (panel F). On day 7 (panel D), we observed dark signals
(white arrow) posterior to the lesion, a finding that was consistent with the presence of the labeled
cells. By day 14 (panel E), the hypointense signals at the injection sites had faded, and another
dark signal (white arrowhead) had appeared and spread along the border of the damaged brain
tissue. By day 21 (panel F), the dark signal had thickened and extended further along the lesion
(white arrow). The scans in Panels G and H, from the patient who underwent implantation of
unlabeled cells, were obtained on days 0 and 1, respectively, and the magnified views in Panels I,
J, K, and L were obtained on days 1, 7, 14, and 21, respectively. A slightly hypointense signal is
present around the injection sites in panels |, ], K, and L. In these panels, the black arrows indicate
the hypointense signal, and the asterisks indicate the lesion. (Used with the permission of the New
England Journal of Medicine.)

ating procedures for handling, processing, and evaluating stem cells or other cells
and be able to perform labeling on large scale; (4) the cGMP facility would be
required to maintain an audit trail of the cells obtained from the subject that will be
used for transplantation; (5) the labeled cells have similar viability as unlabeled cells
without significant loss during the labeling process; (6) the phenotype of the cells is
unaltered as result of the labeling with magnetic nanoparticles; and (7) there are no
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toxins or infectious (viral) agents present in the resulting product that would be
released to the subjects in a clinical trial.

Preclinical studies performed in experimental disease models will probably
include the infusion of magnetically labeled and unlabeled cells, along with sham
controls and assessment of toxicity. Serum chemistries and complete blood count
evaluations will probably be required. MRI studies of the experimental animals can
be performed using either clinical scanners or higher field strength scanners rou-
tinely used for MRI in rodents. MRI results should be correlated to histology. Of
note, prior to the study it will be important to identify and validate the
immuno-histochemical techniques that will be used to assess the presence of mag-
netically labeled cells in tissues. An approved Intramural Review Board clinical pro-
tocol will be required for each cell type and potential patient population that would
receive labeled cells. Developing methods of tracking of magnetically labeled cells
should involve a multidisciplinary approach and teams of clinicians and scientists
working together on cells in the evaluation of novel cellular therapies.
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Anisotropy, 29
Anodic stripping voltammetry (ASV), 178
Aptamers, 168
a-synclein (AS), 107
aggregation of, 108
nucleation sites for, 108
quantum dots, 109
Assays
for detecting/quantifying cellular responses,
143
fluorescent competitive, 171
FRET, 16, 73, 170
GeneChip, 137
gold nanoparticle-based bio-barcode,
182-83
sliding, 124
spectrophotometric, 262
viability, 136

B

Barcode DNA, 182
Beer-Lambert Law, 165
Bimetallic ferrite nanoparticles, 38-39
Bioaccumulation, 150-53
Bio-barcode assays, 182-83
Biological sensing
AuNP-amplified SPR, 180
colorimetric, 165-70

electrical, 172-78

fluorescence, 170-72

FRET-based, 79-91

with gold nanoparticles, 161-85

QCM, 181

surface enhanced Raman scattering-based,

179
Bioluminescence resonance energy transfer
(BRET), 93

defined, 93

enzymatic catalyst, 94

interactions, 94

QD acceptors in, 96

ratio, 94
Biomarkers, 109
Biomaterials, colorimetric detection of, 167-70
Biomolecular receptors, 18-19
Biomolecules

conjugation strategies, 13-19

detection of, 117-18

in vitro detection of interactions, 116-24
Blinking, QD fluorescence, 129
Blocking temperature, 236

C

Cadmium toxicity, 138
Capping agents
AuNP, 163
labile, 164
Cd-based precursors, 10-11
CdSe nanocrystals, 6, 8
overcoating, 12
synthesis of, 9-10, 11
CdSe nanorods, 8
CdSe QDs, 5, 9, 16
damages inflicted by, 146
entrapment of, 140
toxicity, 141
CdSe/ZnS QDs, 150-51
cysteine-coated, 152
pharmacokinetics, 151
samples, 151
in vivo fate, 150-51
CdTe/MPA QDs, 148

293
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CdTe QDs, 145
cellular ROS equilibria disturbance, 146
exposure to, 146
uncapped, 146
Cell labeling
electroporation, 261
gene gun, 260-61
magnetic nanoparticles in, 252-55
magnetofection, 261
methods, 256-61
modified nanoparticles for, 257-59
MRI contrast agents in, 252-55
toxicity following, 261-63
transfection agent mediated, 260
See also Labeled cells
Cell permeable peptides/peptide transduction
domains (CPP/PTD), 54
Cellular internalization, 135-36
Cellular magnetic resonance imaging (CMRI),
251
animal studies utilizing, 265-73
cell labeling, 252-61
cell labeling methods, 256-61
translation to clinic, 273-76
in vascular damage assessment, 272
Cellular membrane components, 126
Cell viability, 141
Chemical sensing
AuNP-amplified SPR, 180
colorimetric, 165-70
electrochemical, 172-78
fluorescence, 170-72
with gold nanoparticles, 161-85
QCM, 181
surface enhanced Raman scattering-based,
179
Chemiresistors, 173
Chemisorption, 208
Cleavable peptides, 59-60
Clusters, 162
Cobalt nanoparticles, 30-32
Colloid, 162
Colloidal quantum dots, 1-20
spectroscopic property, 3
synthetic methods for making, 7
types of, 9
Colony-forming units (CFUs), 263
Colorimetric sensing, 165-70
of biomaterials, 167-70
of metal ions and anions, 166-67
Colorization, 119
Competitive sensing, 79-81

Contrast agents, 209-13
dark-field microscopy, 209-11
endocytosis of, 256-57
MR, 252
MRI, 237-41
optical coherence tomography (OCT), 212
photoacoustic imaging, 212-13
two-photon luminescence, 210-12
Copolymer particles, 106
Covalent crosslinking, 207
Cross-linked iron oxide (CLIO), 238
Current good manufacturing practices (cGMP)
facilities, 274-75
Cyclic molecules, 17
Cytotoxicity
capping materials effect, 140-41
detection, 136-38
effects on genomic DNA, 147-50
evaluation, 142
gold nanorods (GNRs), 208-9
mechanisms, 138-50
QD-induced, 136-38
QD size effects on, 141-42
ROS effects on, 142-46
toxic metal ion release, 138-40

D

Dark-field microscopy, 209-10
Dendron-boxed QDs, 14
DHLA-PEG ligands, 14, 15, 16
Discrete dipole approximation (DDA), 201
Dithiols, 170
DNA
biotinylated detection probe, 177
crosslinked structure, 177
DNA, 182
double-stranded formation, 177
electrical detection of, 177
multiplexed detection, 183
ultrasensitive detection, 183
DNA-functionalized AuNPs, 166-67, 168
DNA hybridization, 85-88, 104
conjugates, 86
detection, 85-88
sensing based on, 85-86
spFRET applied to, 120-23
DNA-meditated AuNPs, 168
DNA nicking, 147
DNAzymes, 166-67
Domain wall, 27
Drug delivery
magnetic, 245-46
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systems (DDSs), 27

E
EGF-QDs, 127-28

conjugate colors, 128
endocytotic uptake, 128
retrograde transport, 127
Electrical sensing, 172-78
Electrochemical sensing, 172-78
Electron energy loss spectroscopy (EELS), 34
Electroporation, 261
ELISA, 169
Embryonic stem cells (ESCs), 261
Endocytosis
caveolea-mediated, 257
clathrin-mediated, 256
of contrast agents, 256-57
defined, 256
Endothelial progenitor cells (EPC), 263
magnetically labeled, 268
marrow-derived, 267
noninvasive MRI of, 267
Energy dispersive X-ray spectroscopy (EDS),
34
Engineered nanomaterials, 133
Engineered transferring receptor (ETR), 239
Enhanced green fluorescent protein (EGFP),
259
Epidermal growth factor (EGF), 102, 206
binding to membrane receptors, 127
vehicles, 102
See also EGF-QDs
Epidermal growth factor receptor (EGFR)
binding of QD-EGF to, 102
tags, 103
Experimental allergic encephalomyelitis (EAE)
immune response, 273
model, 272
RR, 272
Exposure, 134-35
to CdTe QDs, 146
cytotoxicity data, 141
inhalation, 134
long term effects, 147
nanoparticle, 134
See also Toxicity
Extracellular signal regulated kinase (ERK),
146

F

FePt nanoparticles, 33-34
Finite-difference time-domain (FDTD), 201

Fluorescence correlation spectroscopy (FCS),
47
Fluorescence resonance energy transfer (FRET)
analysis, 74
assays, 16, 73, 170
broad dynamic range, 76
cross sections, 74
as deactivation pathway, 165
defined, 71
distance-dependent, 171
donors, 119
effective implementation, 72
efficiency, 71, 72, 74, 89, 96
efficiency, fluctuations, 120
efficiency, increasing, 74, 122
four-channel system, 76
interactions, 88, 90, 91
multiphoton configurations, 77-79
multiplex configurations, 76-77
to probe intermolecular association
dynamics, 119
protease sensors, 60
QD-anti-TNT assembly, 81
QD attributes as donors, 73-79
QD-based, 73, 76
QD probes, 60
quenched fluorophores, 59
quenching, 84
reverse configurations, 93
sensitization, 78
signature, 82
as “spectroscopic ruler,” 72
two-plex, 86
See also FRET-based biosensing
Fluorescence sensing, 70-72
Fluorescent nanocrystals, 45
FRET-based biosensing, 79-91
competitive sensing, 79-81
hybridization detection, 85-88
outlook, 96
pH and ion, 88-90
sensing enzymatic activity, 82—-85

G

Gadolinium (Gd), 252

Gel filtration/dialysis, 50

GeneChip assay, 137

Gene gun, 260-61

“Giant spin,” 28

Glioblastoma multiforme (GBM), 266
Gliomas, 265-66

GNR-PNIPAAm hydrogels, 215
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Gold nanoparticles (AuNPs), 161-85

adaptable platform, 161
aggregates, 170

amplified SPR sensing, 180
anisotropic, 197
antibody-labeled, 210
assemblies, 170
barcode-capture, 183
bio-barcode assays, 182-83
capping agents, 163

as catalysts, 175

cationic, 172

clustering, 165

coated ligands, 174

concentration determination, 165

conductive surfaces, 174
conductivity properties, 172
core-shell, 162
cross-linkers, 170

cyclic accumulation of, 178
dark-field imaging, 210
dendrimer composites, 174
dextran-coated, 167
DNA-functionalized, 166-67
DNA-mediated, 168, 170
dye-oligonucleotide, 171
electroactivity, 174

electrochemical detection of DNA, 176

electronic attributes, 183
fabrication, 161

fluorophore-tagged bio-barcoded, 183

hexanethiol-capped, 165
immunoassays, 178

large, 168-69
ligand-modified, 169
mannose-modified, 169
MUA, 168

MIP system, 168

molecular beacons, 171
monodisperse, 162
multilayered, 173, 175
NIR-absorbing, 213
octanethiol-coated, 173
oligonucleotide-directed, 169
optoelectronic properties, 161
photoluminescence, 165
photothermal effects, 209
physical properties, 164-65
preparation, 162

redox properties, 177
self-assembled, 175-76
sensing based on, 161-85

sensor sensitivity, 183

SERS, 179

signal transducer behavior, 161
size and shape, 163, 164
spherical, 162
ssDNA-modified, 181, 182
stability, 161

surface plasmon resonance (SPR), 164
synthesis, 162-64
thiol-protected, 163
tiopronin-coated, 170

for in vivo tumor targeting, 179

Gold nanorods (GNRs)

absorption, 200-202

absorption cross-section, 197
anisotropy of, 202

arrays, 205

aspect ratios, 199, 200

in backscattering OCT, 212
biocompatibility, 206-9
bioconjugation methods, 206-8
biological applications, 209-17
contrast agents for imaging, 209-13
CTAB-mediated synthesis, 198
CTAB-stabilized, 208, 209
cytotoxicity, 208-9
dumbbell-shaped, 198

ex vivo bioanalytical applications, 215-17
folate-conjugated, 214

growth kinetics, 199

growth mechanism, 199
hyper-Rayleigh scattering (HRS), 203, 204
with laser excitation, 203

linear photoluminescence, 202-3
longer, 201

longitudinal resonance wavelength, 200
longitudinal SPR, 215

LSPR-based biosensors, 215-16
nanospheres, 215

NIR-absorbing properties, 198
nonlinear optical properties, 203-5
nonspecific cell update, 208-9

OCT support, 212

optical absorption spectra, 201
optical properties, 200-205
outlook, 217-18

photophysical properties, 197
photothermal therapy, 213-15
plasmon resonance modes, 201
plasmon-resonant, 197-218
plasmon-resonant scattering, 202
polymer-coated, 214-15
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second harmonic generation (SHG), 203,
204

second-order polarizability, 204

seed-mediated growth of, 199

self-assembly, 216

SERS-based sensors, 217

shape, 201

shorter, 201

surface chemistry, 206-9

surface functionalization methods, 207

synthesis, 198-99

theragnostics, 217

third-order absorption coefficients, 204

TPL generated, 204

two-photon luminescence (TPL), 203
Gold nanoshells, 212, 214
Good laboratory practice (GLP), 274
GOx electrode, 176

H

Haber-Weiss chemistry, 262

HTP-Luc8 fusion, 94

Hydrophobic QDs, 89

Hyper-Rayleigh scattering (HRS), 203, 204

I
Imaging
contrast agents for, 209-13
diagnostic, beyond, 59-63
live animal, 55-59
live cell, 52-55
NIR deep-tissue dual-modality, 56-57
photoacoustic, 212-13
simultaneous PET and fluorescence, 56
Immunoassays, 178
Immunomagnetic selection, 242
Immunosensing, 81
InAs-based QDs, 63
Inductively coupled plasma atomic emission
spectroscopy (ICP-AES), 34
Internalization processes, 136
Intracranial tumor studies, 265-66
Tons
colorimetric detection, 166-67
sensing, 88-91
toxic metal, release, 138-40
Iron nanoparticles, 32-33
size, 40
surface, 40
synthetic procedures, 39-40
Iron-oleate complex, 40
Iron oxide nanoparticles, 36
synthesis, 37

synthetic procedures, 40-41
synthetic reaction, 38
zero-field cooling magnetization curves, 38

K
Kupffer cells, 56

L

Labeled cells
differentiation capacity, determining, 263
function, determining, 263
functional status, monitoring, 261-63
number of, quantifying, 264
SPIO, detecting, 263-65
viability, determining, 262-63
See also Cell labeling
Labile capping agents, 164
Ligands
DHLA, 123
DHLA-PEG, 14, 15, 16
exchange, 13-17
hydrophilic, 46
surface, 46
TOP/TOPO, 13, 45
Linear discrimination analysis (LDA), 172
Linear photoluminescence, 202-3
Liposomes
magnetic nanoparticles, 246
preparation, 104
Liquid-solid-solution (LSS), 39
Live animal imaging, 55-59
dual-mode, 56
NIR deep-tissue, 56-57
Live cells
dynamic imaging, 52-55
tracking protein receptors in, 126-29
Localized surface plasmon resonances (LSPRs),
200, 202
adsorption-induced shifts, 216
biosensors, 215-16
time-resolved shifts, 216
Longitudinal resonance (LR), 200
Lower critical solution temperature (LCST),
109
LSPR-based biosensors, 215-16
Luminescent quantum dots, 20, 101-11
in biological processes, 115-29
directing, 101
in imaging/initiating biological functions,
101-11
multivalency, 103-9
as platforms, 102
as tool for imaging, 109-10
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M

Macropinocytosis, 257
Magnetically guided transcatheter delivery,
245
Magnetically targeted magnetoliposomes, 246
Magnetic anisotropy, 235
Magnetic beads, 242
Magnetic circular dichrosim (MCD)
spectroscopy, 39
Magnetic coercivity, 236
Magnetic drug delivery, 245-46
Magnetic nanoparticles
assisted cellular MR imaging, 251-76
in biomedical applications, 235-47
liposomes containing, 246
novel, regulatory issues, 274-76
properties, 235-37
Magnetic resonance imaging (MRI), 27
contrast agents, 237-41
detection sensitivity, 240
of EPCs, 267
ETR detection, 239
intraprocedural, 245
metal oxide NPs as contrasting agent, 35
in monitoring ferumoxide-labeled cell
migration, 273
nuclear spin labels, 57
T2-weighted contrast, 237, 238
See also Cellular magnetic resonance
imaging (CMRI)
Magnetic separation, 241-45
efficiency, 242
target proteins, 243
ultrasensitive/reliable target sensing, 244
Magnetic transition metal oxide NPs, 35-38
Magnetism
determining factor, 242
engineered iron oxide (MEIO), 240
of nanoparticles, 27-30
paramagnetism, 252
saturation, 237
superparamagnetism, 29, 236
Magnetization
iron oxide NPs, 38
nanoparticles, 27-30
schematic illustrations, 28
spins, 28
superparamagnetism, 29
Magnetocrystalline anisotropy, 29
Magnetofection, 261
Magnetophoretic sensing, 244
Maltose binding protein (MBP), 76

Manganese (Mn), 253
MAU-AuNPs, 168
Mesenchymal stem cells (MSCs)
in brain/spinal cord injury models, 265
dual-labeled, 272
magnetically labeled, 265, 266
MPIO-labeled, 271
Metal alloy nanoparticles, 33-35
Metal oxide nanoparticles, 35-39
bimetallic ferrite, 38—-39
monometallic, 35-38
size control, 37
synthesis, 38
Micron-sized iron oxide particles (MPIO), 259
Micro-positron emission tomography (uPET),
47
Microscopy
dark-field, 209-10
total internal reflection (TIR), 52
transmission electron (TEM), 7, 8, 10, 57
two-photon luminescence, 210-12
Mie-Gans equation, 200
Mie theory, 200
Molecular beam epitaxy (MBE), 4
Molecularly imprinted polymers (MIPs),
167-68
Monocrystalline iron oxide nanocomposite
(MION), 238
Monometallic oxide nanoparticles, 35-38
Multiple Sclerosis (MS) models, 272-73
Myocardial infarction models, 269-72
Myosin motor movement, 124-27

N

Nanocages, 212
Nanocrystals
CdSe, 6, 8
DHLA-PEG-capped, 14
fluorescent, 45
purification of, 12-13
shell surface, 46
TOP/TOPO-capped, 18
Nanoparticles
aggregates, 105
bimetallic ferrite, 38-39
colloidal chemical synthesis, 27-41
exposure, 134
FePt, 33-34
gold, 161-85
growth rate, 31
iron, 32-33
iron oxide, 36, 37, 38, 40, 41
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magnetic, 235-47
magnetism of, 27-30
metal, association of, 105
metal alloy, 33-35
metal oxide, 35-39
modified, for cell labeling, 257-59
monometallic oxide, 35-38
nickel, 32-33
superparamagnetic, 237
surface engineering, 106
surface state, 29
transition metal, 30-33
(U)SPIO, 255
Nanoscale magnetic properties, 235-37
Nanowire arrays, 204
Near-infrared (NIR) QDs, 56, 63
Neonatal human epidermal keratinocytes
(NHEK), 140
Net magnetization, 235
Neuronal stem cells (NSCs), 257
ferumoxide-labeled, 273, 274
infused labeled, 273
labeled, 265
migration, 269
in rodent brain tumor model, 266
subventicular zone (SVZ), 270
Nickel nanoparticles, 32-33
Nuclear magnetic resonance (NMR), 252
relaxation times, 252
relaxometry, 262

(@)

Olfactory ensheathing cells (OECs), 269
ON-resonance water suppress (IRON)
technique, 264
Optical coherence tomography (OCT), 212
Oxidative stress, 107, 142-44
and free Cd2+, 145
QD-induced, 144-45

P

Paramagnetic agents, 252-53

Paramagnetism, 252

Pathogenicity, 117

Peptide-coated QDs, 50-52
biotin-terminated, 52
characterization, 51
limitations overcome by, 50
photo-physical properties, 52
photosensitizer probes, 62
shelf lives, 51

Peptide coating, 46

Peptide-mediated intracellular delivery, 54-55

Peptides
cleavable, 59-60
phytochelatin, 47-50
sequences, 63
utility, 46
Peptide transduction domains (PTDs)
electrostatic adsorption of, 54
in intracellular delivery, 55
Phagocytosis, 256
Phospholipid micelles, 46
Photoacoustic imaging, 212-13
Photoacoustic tomography (PAT), 213
Photodynamic therapy (PDT), 61-63
agents, 91
defined, 61, 91
efficacy, 61
flux, 91
QD capabilities in, 61
QDs as sensitizers, 91-93
treatment effectiveness, 61
Photoinduced electron transfer (PET), 165
PH sensing, 88-91
Phytochelatin peptides, 47-50
a-peptides, 47, 50
hypothetical model structure, 48
illustrated approach, 49
Phytochelatins, 47
PINIPAM, 109-10
bead volume change, 110
biotinylated beads, 109
defined, 109
temperature-responsive microbeads, 110
Pinocytosis, 256
Plasmon-resonant gold nanorods, 197-218
Plasmon-resonant scattering, 202
Platelet-derived growth factors (PDGFs),
169-70
Polymerase chain reactions (PCRs), 118
Polymer beads, 46
Polymer shells, 46
Positron emission tomography (PET), 55, 57,
251
Prostate specific antigen (PSA), 206
Proteases activity, 59-60
Protein receptors, tracking in living cells,
126-29

Q

QD conjugates, 115-29
kinesin motor, 128
nucleic acid, 85-88
protein, 79-80
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QD conjugates (continued)
protein-dye, 78
size, 128
trajectories, 128
See also Quantum dots (QDs)
QD-labeled protein diffusion, 129
Qdots. See Quantum dots (QDs)
QD-peptide protease nanosensors, 83
QD-peptide substrates, 84
QD photosensitizers, 92, 93
QD-siRNA probes, 86
Quantum dot emissions
peaks, 18
quenching, 93
simultaneous detection, 121
tuning, 73-74
Quantum dots (QDs)
absorption spectra, 4
AS, 109
attributes as FRET donors, 73-79
bioaccumulation, 150-53
BRET with, 96
in buffer solutions, 14
cadmium telluride-QDs, 139
capped with molecular hydrophilic ligands,
15
CdSe, 5, 9, 16
CdSe/ZnS, 75, 150-51
CdTe, 145, 146
CdTe/MPA, 148
chemistry and physics, 2-13
clearance, 150-53
colloidal, 1-20
colors, 116, 118, 125
conjugating, 18-19
core-shell, 13
defined, 1
dendron-boxed, 14
dipole orientation, 74
donors, 103
endosome-disrupting surface coatings, 16
as energy acceptors, 93
fluorescence, 52
FRET-based biosensing with, 79-91
high temperature synthesis, 11
hydrophilic, 16
hydrophobic, 89
InAs-based, 63
inhalation, 134
inner core, 147
integration in biotechnology, 1
internalization, 150

light emittance, 1
luminescent, 20, 101-11
near-infrared (NIR), 6, 56, 63
as nucleation sites, 108
optical properties, 3
PEG-coated, 15
peptide-coated, 50-52
peptide-functionalized, 45-47
persistent retention, 152
photostability, 53
physical properties, 116
probes, 45, 118
RGD, 57-59
semiconductor, 2-13
as sensitizers, 91-93, 118
solubilization strategies, 45-46
streptavidin, 86, 103, 119, 124
surface-immobilized, 119
surface ligands, 46
synthesis, characterization, and capping
strategies, 4-13
synthetic routes, 5-13
TOP/TOPO, 17
toxicity, 133-54
tracking, 125
ZnS/Si-PEG-shielded, 148
Quantum droplets, 4
Quantum yields (QYs), 6
Quartz crystal microbalance (QCM) sensing,
181

R

Reactive oxygen species (ROS), 134, 138

on cell organelles, 143

effects on cytotoxicity, 142-47

enhanced generation, 144

formation, 262

generation upon exposure, 142
Receptor tryosine kinases (RTKs), 103
Relapse-remitting (RR) EAE disease, 272
Renilla reniformis, 93
Reticulo-endothelial system (RES), 59
RGD qdots, 57-59

S

Saturation magnetism, 237
Screen-printed electrodes (SPEs), 178
Second harmonic generation (SHG), 203, 204
Self-assembly, 105

GNRs, 216

natively unfolded/misfolded proteins, 106
Semiconductor quantum dots

absorption spectra, 4
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chemistry and physics, 2-13
optical properties, 3
physical properties, 2—4
radius, 3
schematic representation, 2
synthesis, characterization, and capping
strategies, 4-13
synthetic routes, 5-13
Sensing
AuNP-amplified SPR, 180
based on association of metal nanoparticles,
105
based on gold nanoparticles, 161-85
colorimetric, 165-70
competitive, 79-81
electrical, 172-78
electrochemical, 172-78
enzymatic activity, 82-85
fluorescence, 170-72
ion, 88-91
magnetophoretic, 244
pH, 88-91
QCM, 181
QD-peptide, 82
SERS, 179
special configurations, 93-96
surface enhanced Raman scattering-based,
179
SERS-based sensors, 217
Signal-to-noise ratio (SNR), 33
Silica shells, 46
Silver enhancement, 178
Single cell gel electrophoresis (SCGE), 137
Single-molecule spectroscopy (SMS), 47
Single-particle tracking, 52-53
Single photon emission computed tomography
(SPECT), 55, 251
Single QD-based DNA nanosensors, 122
Size exclusion liquid chromatography
(SE-HPLC), 50, 51
Small angle X-ray scattering (SAXS), 7, 10
Small-interfering RNA (siRNA), 86
Spectrophotometric assays, 262
SpFRET
applied to DNA hybridization, 120-23
applied to QD-bioconjugate heterogeneity,
123-24
signature, 120
solution-phase, 121
See also Fluorescence resonance energy
transfer (FRET)
Spin-spin (T2) relaxation process, 237, 238

Stem cell tracking, 265
Stern-Volmer relations, 171
Stimuli-responsive polymers, 109-10
Streptavidin-QDs, 86, 103
dye pairs, 119
in labeling actin filaments, 124
prelabeled, 103
See also Quantum dots (QDs)
Stroke models, 268-69
Superparamagnetic agents, 253-55
Superparamagnetic iron oxide (SP1IO), 238,
239,251
cationic nanoparticles, 254
dextran-coated nanoparticles, 257
hydrodynamic diameter, 253
labeled cells, 254
labeled cells, detecting, 263-65
labeling of cells, 262
nanoparticle effect on MRI, 255
nanoparticle physiochemical characteristics,
255
size, 253
surface charge in water, 254
Superparamagnetism, 29
blocking temperatures, 236
defined, 29
nanoparticles, 237
Surface-enhanced fluorescence (SEF), 205
Surface enhanced Raman scattering-based
sensing (SERS), 179, 205
on Raman vibrational modes, 205
sensitivity, 205
sensors, 217
Surface functionalization
methods, 14
strategies, 13-19
Surface plasmon band, 164
Surface plasmon resonance (SPR), 164
gold nanoparticle amplified sensing, 180
Mie interpretation, 164
Surface state, 29
Susceptibility gradient mapping (SGM), 264
Synthetic routes
with air-stable Cd-based precursors, 10-11
QDs, 5-13

T

Tellurium toxicity, 138

Thiol chemisorption, 208

TOP/TOPO ligands, 13, 45

TOP/TOPO QDs, 17, 48

Total internal reflection (TIR) microscopy, 52
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Toxicity, 133-54
assessment importance, 142
bioaccumulation, 150-53
cadmium, 138
CdSe QDs, 141
cell labeling, 261-63
cellular internalization, 135-36
contamination of environment, 135
exposure, 134-35
intracellular QD concentration, 141
introduction, 133-34
long-term effects, 149
mechanisms, 138-50
outlook, 153-54
persistent retention and, 152
QD-induced, 133
routes of exposure, 134-38
tellurium, 138
Transfection agent mediated cell labeling, 260
Transition metal nanoparticles, 30-33
cobalt, 30-32
iron, 32-33
nickel, 32-33
Transition metal oxides, 35
Transmission electron microscopy (TEM), 7, 8,
10, 57
Transverse resonance (TR), 200
Trauma models, 268-69
Triblock copolymers, 46
Trinitrotoluene (TNT), 80
Trypan Blue, 136
Tumor angiogenesis, 266—68
Two-photon confocal microscopy, 45
Two-photon luminescence microscopy, 210-12

Two-photon luminescence (TPL), 203
U

Ultrasmall superparamagnetic iron oxide

(USPIO), 238

cationic nanoparticles, 254

dextran-coated nanoparticles, 258

hydrodynamic diameter, 253

labeling of cells, 262

nanoparticle physiochemical characteristics,
255

nanoparticles effect on MRI, 255

size, 253

surface charge in water, 254

\Y%

Vascular models, 269-72
Vasculogenesis, 266
Viability assays, 136

A%

Water-solubilization strategies, 13-18
encapsulation, 17-18
ligand exchange, 13-17

X

X-ray absorption spectroscopy (XAS), 36

X-ray diffraction (XRD), 7

X-ray magnetic circular dichrosim (XMCD),
36

Z

ZnS/Si-PEG-shielded QDs, 148
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Color Plate 1 (a) Representative set of emission spectral windows for several types of QD materials. Core
materials of [I-VI, llI-V and hybrid “lll-VI” are shown. Partially reproduced from [5], with permission from
NPG. (b) A representative example of absorption and normalized emission spectra collected for solutions of
CdSe-ZnS QDs. Partially reproduced from [4], with permission from AAS. Other materials not represented here
include InP and InAs QDs.
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Color Plate 2 (top) Schematic representation of a QD capped with modular hydrophilic ligands based on the
DHLA motif. Each ligand molecule has a central tunable length PEG segment, an anchoring dithiol head, and a
terminal functional group that can be chemically modified. Reproduced from [92], with permission from the
American Chemical Society. (bottom) Schematic representation of the strategy based on encapsulation of QDs
with di-block copolymer shell. The polymer chain contains hydrophobic and hydrophilic blocks. The hydro-
phobic block is expected to strongly interact with the TOP/TOPO cap while the hydrophilic block promotes
compatibility with aqueous environments.
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Color Plate 3 The phytochelatin peptide-coating approach: (a) Schematic representation of the surface
coating chemistry of CdSe/ZnS nanocrystals with phytochelatin-related-peptides. The peptide C-terminal
adhesive domain binds to the ZnS shell of CdSe/ZnS nanocrystals after exchange with the trioctylphosphine
oxide (TOPO) surfactant. A polar and negatively charged hydrophilic linker domain in the peptide sequence
provides aqueous buffer solubility to the nanocrystals. TMAOH: Tetramethyl ammonium hydroxide; Cha:
3-cyclohexylalanine. Adapted from [19] with permission from American Chemical Society. (b) Schematic rep-
resentation of the peptide toolbox. The light blue segment contains cysteines and hydrophobic amino acids
ensuring binding to the nanocrystal (adhesive domain of Figure 3.2(a)) and is common to all peptides. S:
solubilization sequence (hydrophilic linker domain of Figure 3.2(a)), P: PEG, B: biotin, R: recognition
sequence, Q: quencher, D: DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) for
radionuclide and nuclear spin label chelation, X: any unspecified peptide-encoded function. Qdots
solubilization is obtained by a mixture of S and P. Qdots can be targeted with biotin (B), a peptide recognition
sequences (R), or other chemical moieties. Qdots fluorescence can be turned on or off by attaching a quencher
(Q) via a cleavable peptide link. In the presence of the appropriate enzyme, the quencher is separated from the
qdot, restoring the photoluminescence and reporting on the enzyme activity (as described in Section 3.6). For
simultaneous PET (or MRI) and fluorescence imaging, qdots can be rendered radioactive by chelation of
radionuclides (or nuclear spin labels respectively) using (D) DOTA (as described in Section 3.5). Adapted from
[5] with permission from American Association for the Advancement of Science.
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Color Plate 4 Characterization of peptide-coated qdots: (a) Effect of qdot size as measured by SE-HPLC and
gel electrophoresis. The nomenclature of the peptides refers to the numbering in Table 3.1. Green, yellow, and
red qdots emitting at 530, 565, and 617 nm, respectively, and coated with peptide 5 were separated on a size
exclusion column against a 0.1M PBS mobile phase. The diameter of the peptide-coated qdots was evaluated
from the elution times as 129.4A (15 percent), 150.3A (16 percent), and 164.8A (£14 percent), respec-
tively. Inset: 0.5 percent agarose gel electrophoresis of the same three peptide-coated qdot samples in TBE
buffer pH 8.3. (b) Effect of peptide charge. Qdots coated with peptide 5 (dash), peptide 4 (dot), or peptides 6
(solid) have similar retention times on a SE-HPLC column. Inset: the same peptide-coated qdots migrate at dif-
ferent positions on a 0.5 percent agarose gel, in good agreement with the theoretical charge of each peptide.
—»: position of the loading wells. —: direction of the applied electric field. (b) Effect of peptide charge on pep-
tide-coated qdots. Qdots coated with peptide 5 (dash), peptide 4 (dot), or peptides 6 (solid) have similar
retention times on a SE-HPLC column (same size) while having different charges as accessed by gel electropho-
resis. Adapted from [19] with permission from American Chemical Society. (c) Hydrodynamic diameter of vari-
ous qdot preparations deducted from FCS analysis. Adapted from [46] with permission from American
Chemical Society.
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Color Plate 5 Targeting of tumor vasculature with RGD peptide-conjugated qdots: (a) In vivo NIR fluores-
cence imaging of U87MG tumor-bearing mice (left shoulder, pointed at with white arrows) injected with 200
pmol of RGD-qdots (left mouse) and control qdots (right mouse) six hours after injection. (b) Ex vivo fluores-
cence images of the same tumors, surgically removed from RGD qdots (left) and control gqdots (right) injected
mice. (c) Fluorescent microscope images of frozen tumor slices stained for CD31 (green) to allow visualizing of
the tumor vasculature. Qdot signal is shown in red and pointed at with white arrows. Adapted from [63] with
permission from the American Chemical Society.
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Color Plate 6 (a) Schematic of two-photon excitation and FRET with a QD-protein-dye conjugate.
Deconvoluted PL spectra of QDs and Cy3 as a function of an increasing number of MBP-Cy3 per 510-nm QD
using both (b) conventional and (c) two-photon excitation. The inset in each shows a comparison between
FRET-induced Cy3 PL and the contribution due to direct conventional or two-photon excitation collected for a
control MBP-Cy3 sample. Figure adapted from [27] and reproduced with permission. © Wiley-VCH Verlag
GmbH & Co. KGaA.
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Color Plate 7 (a) Schematic of QD-Luc8 BRET assemblies. The bioluminescent energy from Luc8-catalyzed
oxidation of coelenterazine is transferred to the QDs resulting in their emission. (b) Absorption and emission
spectra of QD655 (ex = 480 nm) and spectrum of the bioluminescent light emitted in the oxidation of
coelenterazine substrate by Luc8. (c) Multiplexed in vivo bioluminescence imaging of the following conju-
gates intramuscularly injected at the indicated sites in a mouse: (I) QD800-Luc8 15 pmol (II) QD705-Luc8 15
pmol () mixture of QD665-Luc8, QD705-Luc8 and QD800-Luc8 (IV) QD665-Luc8 5 pmol. Images (c-f)
were collected with the indicated filters. Figures provided by J. Rao, Stanford University, reprinted with permis-

sion of the NPG [64].
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Color Plate 8 Strategy to study the binding of QD-EGF to the EGF receptor (EGFR), and the resultant activa-
tion and endocytosis of the receptor into living cells. The image displays A431 cells expressing ERB1-EGFP 20
min after addition of biotinylated EGF bound to Streptavidin QD-605. For further details, see [20].
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Color Plate 9 Preparation of liposomes attached to and/or containing QDs: (a) Surface labeling of lipid parti-
cles with QD525-EGF and untargeted QD655. (b) Lipid particles with encapsulated QD655 and surface
labeled with QD525-EGF. QD-655 are either encapsulated or decorate the liposome surface. In a second con-
jugation step, preformed QD525-EGF complexes in 1:2 molar ratio target the liposomes for specific cell deliv-
ery. The images depict the cellular uptake of dual QD-labeled liposomes by live A431 cells, detected as
colocalized dots in endosomal vesicles after 2h incubation at 37 degrees C according to strategies (a) and (b).
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Color Plate 10 QDs acting as specific nucleation sites for e<-synuclein (AS) in living cells. Cells were
microinjected with AS in the presence or absence of AS-QDs-605 (40:1 protein:QD ratio) and observed after
24h of incubation. A mixture 2 nM AS-QDs-605 and 100 mM of AS-TC labeled with FIAsH was microinjected
into Hela cells (upper panel, red arrow). QDs were detected, colocalizing to a pronounced degree with AS
aggregates. Lower panel, blue arrow, microinjection of 100 mM of AS-TC labeled with FIAsH in the absence of
QDs; little or no aggregation was observed.
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Color Plate 11  Simulated multiplexed analysis of anthrax-related genetic targets: (a) color pallet for the three
pairs of target-specific QD nanoprobes and their resulting colocalized fluorescent images upon sandwich
hybridization; (b) four samples containing different combinations of the three targets, rpoB, capC, and pagA.
Checks represent the existence of certain target sequences. Sample IV does not contain any target and is used
as a negative control. (c) Fluorescent images |, I, Ill, and IV correlate with samples |, Il, Ill, and IV, respectively.
(Bar dimension is T um.). Reprinted by permission from the American Chemical Society [9], © 2003.
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Color Plate 12 Myosin V processive runs with heads labeled with different color QDs. Green and red open
circles are the two different QD positions determined by Gaussian fits. Solid lines are the average QD positions
between steps, with the onset of steps determined by eye. Upper left are averaged QD images for steps labeled
A-D. The yellow lines connect QD centers emphasizing alternating relative head positions. The green arrow
identifies the substep. Lower right are histograms of interhead spacing and step size. Reprinted by permission
from the Biophysical Society [33], © 2005.
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Color Plate 13 Retrograde transport of EGF-QDs (red) on filipodia. (a) A431 cell expressing receptor
erbB3-mCitrine (green); maximum intensity projection of four 0.5-um confocal sections as a function of time.
(b) Magnified image of filipodium indicated in the last panel of (a), showing the uniform migration of the
EGF-QDs toward the cell body with a velocity of ~ 10 nm/s. All scale bars, 5 um. Reprinted by permission from
Macmillan Publishers Ltd: Nature Biotechnology [42], © 2004.
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Color Plate 14 Cellular uptake mechanisms available for the internalization of quantum dots.
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Color Plate 15 Organelle states and functions under normal conditions and under oxidative stress; Top:
schematic representation of the cellular compartments observed. Top row: organelles under normal condi-
tions. Bottom row: changes in organelles exposed to quantum dots for 24 hours. Column 1: nuclei are
deformed and often have condensed chromatin. Column 2: mitochondria are swollen and often localized in
the perinuclear region. Column 3: lysosomes are swollen in Q-dot treated cells. Column 4: lipid droplets are
more abundant and enlarged in CdTe Q-dot (10 mg mL") treated cells than in the untreated controls. Cells
were stained with Draq5 (0.5 mM, nucleus), MitoTracker deep red (0.5 mM, mitochondria); LysoTracker DND
99 (0.5 mM, lysosomes) and oil red O (1 mM, lipid droplets). Reproduced from [83] by permission of the Royal
Society of Chemistry.
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Color Plate 16 Schematic representation of the changes induced by QDs at the cellular epigenic and
genomic levels. QDs release reactive oxygen species (ROS)and free cadmium ions extra- and intracellularly,
triggering changes in the epigenome through chromatin condensation and histone hypoacetylation. QDs
induce increased protein levels and activation of the transcription factor p53 resulting in: 1 cytosolic p53
directly activating Bax by freeing it from its binding proteins and facilitating the mitochondrial accumulation
of Bax; 2. p53 proteins can mistranslocate to the mitochondria, leading to membrane permeabilization and
consequential cell death. Pifithrin-& (PFT), a specific inhibitor of p53, can prevent this mistranslocation, and
thereby can partially prevent QD-induced cell death; 3 activated (phosphorylated) p53 induces the transcrip-
tion of proapoptotic genes, including Bax, Puma, and Noxa. Bax proteins accumulate and oligomerize at the
mitochondrial membrane, forming pores and releasing cytochrome c, leading to cell death. Puma facilitates
Bax mitochondrial accumulation by occupying Bax-binding proteins (i.e., Bcl-xL), freeing cytosolic Ba. Repro-
duced from [97] with permission from Springer Science and Business Media.
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Color Plate 17 (a) Optical absorption spectra of GNRs with different aspect ratios; (b) color wheel with refer-
ence to 4,, (and 1,,) for GNR samples a—e.

Color Plate 18 Partially overlapping dark-field and fluorescence images of GNRs incubated with cardiac
fibroblasts [242]. TEM image of GNRs shown in upper-left inset. Reprinted with permission from the American
Chemical Society.



Color Plate 19 (a, b) Folate-conjugated GNRs (red) targeted to the membranes of KB cells, before and after a
1-min exposure to a scanning NIR laser (12 J/cm?). (c) Evidence for “optoporation” was obtained by using
ethidium bromide (red) and a fluorescent dye indicating high levels of intracellular Ca* (green) [279].
Reprinted with permission from Wiley-VCH Publishing.
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Color Plate 20 The main characteristics of nanoscale magnetism. Magnetic spin structures of (a) ferromag-
netism which has a significant amount of net magnetization (M) after the external magnetic field (B,) has dis-
appeared and (b) superparamagnetism in which the net magnetization (M) becomes zero. (c) Energy diagram
of magnetic nanoparticles of different particle sizes. In large particle, anisotropy energy (U,) is higher than
thermal energy (kT) which results in ferromagnetism (top), and in a small particle, anisotropy energy (U,)
is lower than kT which results in superparamagnetism (bottom). (d) Size-dependent zero-field cooling
curves indicating changes in the blocking temperature (T7,). (e) Size-dependent coercivity (H) curve,
in which magnetic domain structures changes from multidomain ferromagnetism to single-domain and
superparamagnetism.
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Color Plate 21 Highly sensitive in vivo cancer detection by utilization of MnMEIO-Herceptin nanoparticles.
(a—c) Color mapped MRI of the tumor-bearing mouse at different temporal points following injection of
MnMEIO-Herceptin nanoparticles, and (d—f) CLIO-Herceptin nanoparticles. (g) Time-dependent AR2/R2_, ,
changes at the tumor site after injection of MNnMEIO-Herceptin probes (blue square) and CLIO-Herceptin
probes (red circle). (Reproduced with permission from [17]. © 2007 Nature Publishing Group.)



Color Plate 22 Representative cases of magnetically labeled endothelial progenitor cells’ (EPCs) tracking in
an implanted brain tumor in a rat model by 7 Tesla MR system. Tumors were created in nude rats by implant-
ing U251 glioma cell line. Double-labeled (iron plus dye Dil) EPCs were administered on day seven after tumor
implantation, and MRI was obtained on day 14 (seven days after intravenous administration of magnetically
labeled EPCs). Panels A to C: T2*-weighted MRI image shows low signal intensity areas surrounding the tumor,
indicating accumulation of magnetically labeled cells (A), which are confirmed by Prussian blue staining in the
corresponding histological section (10x, B) and (40x, C). Note the blue cells within the box in the B and in C
panels. Panels D to F: T2*W images show hypointense voxels around and in the tumor extension in the corpus
callosum (white arrows in D and E). DAB-enhanced Prussian blue staining shows iron positive cells (E and F).
Panels G to |: The section stained for endothelial lining (G, FITC-labeled tomato lectin) shows extensive forma-
tion of new vessels within the tumor, and the corresponding area (shown in the consecutive section) also
shows Dil positive cells (H, red cells), which are also positive for endothelial cell marker CD31 (I, green cells).
Nuclei of the cells are stained with DAPI (blue).



Color Plate 23 Representative hypointense lesions in FSE (A), FGRE (B), and DE-MRI (C) of MR-MSC injection
sites (arrows) within 24 hr of injection. MR-MSCs were injected in the infarct (M, hyperintense region in C).
Long-axis MRIs showing hypointense lesions (arrows) caused by MR-MSCs acquired within 24 hr (D) and one
week (E) of injection, with inset at right demonstrating expansion of lesion over one week. Needle tract (arrow)
of MR-MSCs is demonstrated in the histological section at one week after injection with Prussian blue staining
(F) as cells with blue iron inclusions (arrowhead) that are excluded from nucleus (G). Iron inclusion from
DAB-enhanced Prussian blue staining (H) matches colabeling with Dil (I) and DAPI fluorescent dyes (J) on adja-
cent histological sections at x20 magnification at 24 hr after MSC injection in another animal, indicating
Feridex is still contained within original MSCs. LV indicates left ventricle; RV, right ventricle. (Used with the per-
mission of Circulation.)



