POLYMERS FOR SURFACE-FUNCTIONALIZATION AND
BIOCOMPATIBILITY OF INORGANIC NANOCRYSTALS

Introduction

Inorganic nanocrystals such as those made of semiconductors (quantum dots,
QDs), metals, and metal oxides are greatly promising for numerous applications
ranging from developing optical and electronic devices to sensing and cellular
imaging (1-4). They exhibit an array of unique physical, optical and chemical
properties. They also present a series of challenging fundamental problems to
investigate and understand. Some of these unique features include (1) size- and
composition-tunable absorption and photoluminescence properties, high bright-
ness combined with a remarkable photo- and chemical stability exhibited by QDs
(5); (2) size- and shape-dependent surface plasmon resonance band for gold and
silver nanoparticles (AuNPs and AgNPs) (6); and (3) strong size- and composition-
dependent coercivity exhibited by iron oxide and other transition metal nanopar-
ticles (eg, nanoparticles made of Fe3O4, Mn-doped Fe3O4, Pt, Ni, and Co) (7-10).
These features combined have generated a tremendous interest and activity in
the past decade (11-15). One of the much explored applications is geared toward
the use of these materials as platforms for biological sensing and imaging, and as
diagnostic tools.

Several methods have been reported to grow such nanocrystals directly in
aqueous media (16,17). For instance, one of the simplest methods to prepare wa-
ter soluble QDs, including CdTe, CdSe, and CdS, is arrested precipitation in the
presence of stabilizer molecules, which provides nanocrystals that are capped
with small thioalkyl acids (eg, thioglycolic acid, TGA, or mercaptopropionic acid,
MPA) (17). However, this route tends to provide nanocrystals with rather large
size dispersity and limited colloidal stability in buffer media with varying pHs
and in the presence of added electrolytes and/or reducing agents. In addition,
this route does not consistently allow easy and straightforward functionaliza-
tion of the nanoparticle surfaces necessary for further coupling to the biological
molecules (18).

To date, the highest quality nanocrystals with good control over the size,
morphology, and crystallinity along with low size dispersity are mostly synthe-
sized using reduction of organometallic precursors at high temperature and in
the presence of hydrophobic coordinating molecules (ligands) (19-22). Commonly
used ligands include trioctyl-phosphine (TOP), trioctyl-phosphine oxide (TOPO),
alkylamine and alkylcarboxy for luminescent QDs, didodecyldimethylammonium
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bromide for AuNPs, and oleic acid for iron oxide nanoparticles. However, this
high temperature route tends to provide colloidal nanocrystals capped with hy-
drophobic ligands that are only dispersible in organic solvents, albeit with great
long-term colloidal stability and excellent photophysical properties. Thus, any
use in bioinspired applications requires additional chemical manipulation and
processing to render them hydrophilic and biocompatible (12,21). Several strate-
gies have been developed in the past decade to achieve this goal, yet with mixed
results. These approaches can be grouped in two main strategies (umbrellas) of-
ten referred to as encapsulation and ligand exchange (Fig. 1). The first relies on
encapsulation of the nanocrystals with their native hydrophobic ligands within
an amphiphilic block copolymer or phospholipid micelles, whereas the second in-
volves removing the native cap and replacing it with a set of coordinating small
molecules or polymeric ligands. Although the strategy based on ligand exchange
with small molecules has provided hydrophilic nanoparticles with great long-
term stability that are readily functionalized with target molecules, the present
article will focus on the use of polymeric molecules to promote water-solubility
and biofunctionalization of the nanocrystals. This will include both types of poly-
mers: amphiphilic polymers often used for encapsulation of the native nanocrys-
tals, as well as those interacting through metal-affinity coordination with the
nanocrystal surfaces used for ligand exchange.

The use of polymers for encapsulation or cap-exchange offers a promising
approach, given the large wealth of knowledge and expertise developed over the
years for preparing an array of amphiphilic polymers. Indeed such expertise has
allowed several groups to synthesize and optimize numerous block copolymers
with well-defined structures and control over the block size, nature, and the exact
stereochemistry of the macromolecules (23,24).

We will first summarize the synthetic strategies developed over the past
decade to prepare high quality inorganic nanoparticles/nanocrystals using the
high temperature growth procedure where size and size dispersity are well con-
trolled. We then highlight the recent advances in the synthesis of several am-
phiphilic polymers and their use to promote water solubilization by either encap-
sulation or ligand exchange. Finally, we will discuss some of the applications of
the resulting polymer-functionalized nanomaterials in biology.

High Temperature Growth of Quantum Dots, Metal, and Metal Oxide
Nanoparticles

This route relies on the reduction of organometallic precursors at high temper-
ature and in the presence of coordinating solutions. It is applicable to a wide
array of materials ranging from semiconductor QDs and magnetic nanocrys-
tals, to gold and other metal nanoparticles. One of the key advantages of this
growth route is its ability to reproducibly provide homogeneous materials with
crystalline cores and low size dispersity. This has allowed researchers to carry
out sophisticated experimental investigations, where fundamental photophysi-
cal, spectroscopic, and chemical properties can be probed, and the ensuing re-
sults can be tested against proposed conceptual models (21,25-31). This has also
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Fig. 1. (A) Schematic representation of encapsulated nanoparticles (NPs) within block
copolymer; (B) Different anchoring groups for coordination onto metallic (AuNPs), semi-
conductor (QDs), and magnetic (iron oxide) nanocrystals.

brought these nanostructured materials closer to the realm of targeted appli-
cations, where integration into electronic, optical, and biological devices can be
attempted.

Semiconductor Quantum Dots. Semiconductor QDs are nanocrystals
consisting of a few hundreds to few thousands of atoms. They can be spheri-
cal, cubic, rod-like, branched, or tetrapod-like (19,32—-34). One of the first studies
reporting the effects of carrier confinement within the nanometer size of semi-
conductor nanocrystal was reported in 1981-1982, where the authors measured
the optical spectra for nanometer-sized CuCl, CdS, or CdSe incorporated into




4 POLYMERS FOR SURFACE-FUNCTIONALIZATION

silicate glasses (35,36). A few crucial reports further confirmed the effects of car-
rier confinement in nanoscale structures. In 1982, Efros and co-workers showed
that glass matrices containing precipitated crystallites of CdS,Se; _, can be used
to build optical filters where variations in the size and/or stoichiometry of the
crystallites allowed tuning of the corresponding absorption band (37). Similar re-
sults were reported by Hall and Borelli at Corning Inc (38,39). Simultaneously,
the growth of colloidal QDs using reverse micelles was also reported by Brus and
Heinglein and co-workers, which provided nanocrystals with size-tunable optical
features that can be studied and processed from solution conditions (40-42).

However, a major development in the growth of high quality colloidal QDs
was achieved by Bawendi and co-workers in 1993. They showed that high quality
CdSe QDs, in terms of core crystallinity, low size dispersity, and brightness, can be
prepared by high temperature reduction (or hot injection) of dimethyl cadmium
(CdMes) and trioctylphosphine-selenide (TOP:Se) in a hot coordinating solution
(at 280-350°C) of trioctylphosphine and trioctylphosphine oxide (TOP/TOPO)
(19). In particular, they showed that the nanocrystals exhibit narrow and size-
tunable symmetric photoluminescence (PL) spectra, high molar extinction coeffi-
cient and high photo- and chemical stability. In subsequent studies, Peng and co-
workers refined the synthesis by introducing new cadmium precursors (eg, CdO
and Cd(AC)y) that are less volatile and easily storable under ambient conditions
(43,44). They also showed the importance of introducing additional strong coordi-
nating molecules such as alkyl-amine and alkyl-carboxy to the growth reaction.
A flurry of reaction modifications and adjustments followed those studies where
several groups have further optimized the growth conditions and expanded those
ideas to the growth of other nanocrystals (22,45-47). These combined studies
have also shown that the photophysical properties of the QDs can be improved by
overcoating the native core with a shell made of a few monolayers of wider band
gap semiconducting material such as ZnS or ZnSeS (48,49). Among all the QDs
reported so far, CdSe QDs overcoated with ZnS or ZnSeS provide the best pho-
tophysical properties and thus are the most popular QDs for biomedical sensing
and imaging.

Iron Oxide Nanoparticles. The growth of magnetic nanoparticles (such
as those made of iron oxide cores) initially relied on the precipitation of Fe-salts,
namely FeClg in hydrophilic media, and materials prepared through this route
have been used in a variety of studies (50-52). Although this route provided effec-
tive means to prepare the hydrophilic nanoparticles, control over the nanoparticle
size, core crystallinity and size dispersity was marginally achieved.

Following the advent of high temperature reduction method for QDs, several
groups expanded this route to grow magnetic nanocrystals (7,21,53—60). In one
of the earlier growth methods reported by Hyeon and co-workers, the authors
started by developing an organometallic iron complex, iron-oleate, prepared by
reacting iron chloride (FeCl3-6H20) and sodium oleate in a mixture of ethanol,
water, and hexane at ~70°C for 4 h (21). Following several washes with distilled
water and evaporation of the organic solvent(s), a waxy solid compound is ob-
tained, which can be stored for further use. In a typical reaction to grow 12-nm
nanoparticles, the iron-oleate is dissolved in a noncoordinating organic solvent
(eg, 1-octadecene) and the mixture is heated to ~320°C. After 30 min at this tem-
perature, the transparent colorless solution becomes turbid and brownish black,
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indicating the formation of iron oxide nanoparticles. The size of the nanoparti-
cles can be controlled by using various solvents with different boiling temper-
atures, with larger size nanocrystals obtained for solvents with higher boiling
points. This route has provided hydrophobic dispersions of homogeneous iron ox-
ide nanocrystals with tunable size, low size distribution, and crystalline cores. It
has further been expanded to prepare metal-doped iron oxide nanoparticles with
enhanced coercivity, and the resulting nanoparticles were applied for visualiz-
ing (through magnetic resonance imaging, MRI) a few specific biological events
(57,61).

Gold Nanoparticles. The growth of Au nanoparticles (AuNPs) using
chemical reduction of gold precursors at room temperature in either an aqueous
or biphasic water-organic solution has been effectively used by several groups
and has evolved over the years (2). In one of the early pioneering studies, Turke-
vitch and co-workers first reported the growth of ~12 nm AuNPs using reduction
of chloroauric acid in water using trisodium citrate (62). Frens further enabled
the control over the AuNPs size from 16 to 140 nm by varying the citrate-to-gold
precursor ratio (63). A major development in this field was the synthesis of hy-
drophobic AuNPs functionalized with alkane thiol using the two-phase (toluene/
water) approach reported by Brust and Schiffrin (64). In their method, HAuCl,
was transferred from the aqueous phase to toluene (organic phase) using the
surfactant tetraoctylammonium bromide and reduced by sodium borohydride
(NaBH,) in the presence of dodecanthiol. Recently, our group has developed one
phase growth of AuNPs capped with a series of dithiol-terminated molecules,
lipoic acid (LA)-based modular polyethylene glycol (LA-PEG) or sulfabetaine
zwitterion (LA-ZW) ligands, with a control over the size of the nanoparticles
ranging from 2 to 20 nm (65,66). There have also been instances where vari-
ous polymers such as poly(/N-vinylpyrrolidone), poly(4-vinylpyridine), poly(vinyl
alcohol), polyethyleneimine (PEI), and poly(diallyl dimethylammonium chloride)
have been used to grow and to stabilize the nanoparticles (67—69). However, re-
cent studies have shown that the hot injection method provides better quality
and more homogeneous AuNPs, as it has been demonstrated for many types of
semiconductor nanocrystals.

Another approach for synthesizing and controlling the size and shape of
AuNPs is the seed-mediated growth. Here, small metal nanoparticles are pre-
pared first and then used as seeds (nucleation centers) for growing larger size
AuNPs as well as Au nanorods (AuNRs) (70,71). This is an effective and easy
approach for preparing AuNRs with varying aspect ratio, which finally reflects
the position of the plasmonic peak in the absorption spectra (72). So far, thiol-
containing compounds have been widely used as protective agents for obtaining
stable monolayer-protected AuNPs, because of the strong affinity of sulfur to gold
(73).

Surface-Functionalization Strategies
Postgrowth surface-functionalization of the nanocrystals/nanoparticles is

paramount to integrate these systems with biology. This requirement is valid
regardless of the initial growth method used or the nature of the inorganic
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nanocrystals. For instance, citrate-capped AuNPs and cetyl trimethylammonium
bromide (CTAB) coated AuNPs and AuNRs, though water soluble as prepared,
exhibit limited colloidal stability to added electrolytes and pH changes, which
limits one’s ability to easily integrate them with proteins and peptides or intro-
duce them into live cells. Thus, additional surface-modification steps have been
used to expand their colloidal stability and impart biological activities to these
materials. For materials prepared using high temperature growth in hydropho-
bic solutions, a judicious surface-functionalization strategy is critically important
and can promote water-solubility and biofunctionality to the nanocrystals.

Overall, the strategies developed for achieving surface-functionalization
and biocompatibility can be grouped into two main approaches (see Table 1): (1)
encapsulation of the native hydrophobic nanocrystals with amphiphilic molecules
(74-77) and (2) exchanging the native hydrophobic ligands with bifunctional
molecules (78-83). The first relies on the entropy-driven interdigitation between
the hydrophobic segments of the amphiphilic molecules and the native cap on the
nanocrystals, while leaving the hydrophilic lateral blocks (segments) free to in-
teract with the surrounding buffer. Conversely, because ligand (or cap) exchange
entails the removal of the native cap, it requires the bifunctional molecules to
present one or multiple coordinating groups to anchor onto the inorganic sur-
face; the hydrophilic functions promote affinity to water. In either strategy, poly-
mers have provided researchers with a great variety of structures to work with.
For example, several block copolymers exhibit critical micelle concentration very
close to zero, which makes them stable under a wide range of physiological con-
ditions and suitable for therapeutic applications (84). In addition, there has been
a wealth of available chemical routes for judiciously introducing new functional
and/or coordinating groups in the polymer macromolecules for optimal function-
alization of the nanocrystals (23,24).

Encapsulation within Amphiphilic Block Copolymers. Since this
strategy requires the presence of two distinct blocks with drastically different
solubility properties, a balance between the hydrophilic and hydrophobic blocks
is crucial for its effectiveness. In the following, we will describe a few represen-
tative examples where this strategy was applied to the encapsulation of AuNPs
and nanorods, followed by semiconductor QDs and magnetic nanocrystals.

Encapsulation of Gold Nanoparticles. Compared to their magnetic and
semiconducting nanocrystal counterparts, encapsulation of metal nanoparti-
cles (Au and Ag) has been less commonly used. In one study, Kang and
Taton used atom-transfer radical polymerization to synthesize and optimize
two amphiphilic block copolymers that share a common poly(acrylic acid) (PAA)
hydrophilic block, but two different hydrophobic blocks: a polystyrene-block-
poly(acrylic acid), PS-b6-PAA, and poly(methyl methacrylate)-block-poly(acrylic
acid), PMMA-b-PAA. They showed that these two polymers can be used to en-
capsulate dodecanethiol-modified (hydrophobic) AuNPs (85). Here, the nanopar-
ticles were first cap-exchanged with dodecanethiol to promote interdigitation
with the hydrophobic segments of the block copolymers and formation of the
micelle capsules around the nanoparticles, once water was added to a DMF so-
lution containing the polymer mixed with the nanoparticles. They then used
2,2'-(ethylenedioxy)bis(ethylamine) to cross-link the PAA block to provide stable
surface coating to the nanoparticles. In another study, these authors expanded
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their strategy and synthesized two photo-cross-linkable polymers, [polystyrene-
co-poly(4-vinyl benzophenone)]-block-poly(acrylic acid) [(PS-co-PVBP)-5-PAA]
and [poly(styrene)-co-poly(4-vinyl benzophenone)]-block-poly- (ethylene oxide)
[(PS-co-PVBP)-6-PEQO] (86). They showed that with both polymer designs, the
resulting encapsulated nanoparticles exhibit great thermal and colloidal sta-
bility to pH changes and added salts, and can be further functionalized with
biomolecules. In another example, Kairdolf and Nie used an amphiphilic poly-
mer made of a PAA chain in which 40% of the carboxyl groups were modified
with a 12-carbon aliphatic chain (dodecylamine) for the in situ growth of AuNPs.
In their polymer-coated nanoparticles, they suggested that this amphiphilic poly-
mer forms a three-layer coating on the nanoparticles, with a hydrophobic layer
resulting from the self-assembly of two polymer chains, intercalating between
two carboxyl-rich lateral layers: One of the carboxy-rich layers coordinates onto
the metal surface, whereas the other one interacts with the surrounding water,
promoting dispersion of the nanoparticles in alkaline solutions. They found that
the polymer capsules exhibit pH-dependent structures, where shedding of the
polymer outer layer in acidic pH alters the nanoparticles solubility (nanoparti-
cles become compatible with nonpolar media) along with a decrease in the hy-
drodynamic radius (87). The encapsulation strategy has also been applied to
AuNRs, though with less frequency. For example, Kim and co-workers utilized a
poly(ethylene oxide)-poly(n-butyl acrylate), PEO-PrnBA diblock copolymer to en-
capsulate CTAB-capped AulNRs (88). The hydrophobic PnBA chains were found
to have a strong affinity to the gold surface, which helped the formation of dense
micelle assemblies onto the Au surface, whereas the poly(ethylene oxide) chains
provided high water solubility to the nanorods. Finally, adsorption of polyelec-
trolytes, either as or by layer-by-layer self-assembly has been used to functional-
ize citrate-coated AuNPs and nanorods (89,90). This may be qualified as another
form of encapsulation within polymeric materials.

Encapsulation of Magnetic Nanoparticles and Quantum Dots. Imple-
mentation of this strategy to QDs and magnetic nanocrystals has been more
widely used than for other types of nanocrystals. Indeed over the past decade, sev-
eral studies have explored a variety of either commercially available or custom-
modified block copolymers to encapsulate an array of hydrophobic semiconductor
and iron oxide nanocrystals alike (91-94). To prepare such amphiphilic polymers,
researchers mainly targeted three types of backbones for further modifications:
PAA, polydimethylaminoethyl methacrylate (PDMA), and polymaleic anhydride,
even though other systems were also used. These polymers present along their
backbones easy to modify reactive groups, such as carboxyl and maleic anhydride
(through simple transformations), for further insertion of hydrophilic and/or hy-
drophobic block into the overall structures. This can allow one to tune the balance
between the hydrophobic and hydrophilic blocks, thus controlling the overall be-
havior of the amphiphilic polymer. In one of the early demonstrations, Wu and co-
workers detailed the use of a PAA chain where 40% of the carboxyl groups were
modified with octylamine to encapsulate CdSe-ZnS QDs (76). For this system, the
hydrophobic octyl side chain interdigitated within the native TOP/TOPO ligands
(through hydrophobic attractions) whereas the remaining negatively charged
carboxy groups promoted water compatibility. The resulting QDs were further
cross-linked through a 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
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condensation reaction, with lysine or polyethylene glycol (PEG) lysine, followed
by a reaction with antibodies or streptavidin to render these nanocrystals bioac-
tive. These nanocrystals were in fact the first commercially offered biocompat-
ible QDs, and they were used in an array of reported studies over the past
decade (76,95-101). Using a similar approach, Nie and co-workers used a com-
mercially available high molecular triblock copolymer consisting of polybuty-
lacrylate, polyethylacrylate, and a polymethacrylic acid segments, on which they
grafted a few eight-carbon (C-8) alkyl side chains (as the hydrophobic modules).
They then showed that the inserted alkyl segments allow the encapsulation of
TOP/TOPO-QDs within this triblock copolymer, whereas the carboxyl groups
permitted further coupling to antibodies and tissue labeling (92). Parak and co-
workers introduced the use of poly(maleic anhydride-alt-1-tetradecene) (M, =
30,000-50,000) as a flexible platform to prepare amphiphilic polymers to encap-
sulate various inorganic nanocrystals (Fig. 2) (77). The polymer was initially ad-
sorbed onto the hydrophobic QDs in an organic solution (eg, chloroform), followed
by addition of bis(6-aminohexyl) amine to form cross-linked polymer capsules
around the nanocrystals. Mixing the dried QDs with water-promoted hydroly-
sis of the unreacted anhydride units, which allowed readily dispersion of the QDs
in aqueous media, driven by the newly available carboxylic acids along the poly-
mer backbone. They also showed that this approach can indeed be applied for
the encapsulation of QDs, iron oxide, gold, and CoPt nanoparticles (Fig. 2A) (77).
In a subsequent study, they coupled ATTO-dye molecules premodified with the
amino group to the alkyl-modified polymer backbone; they then used these hy-
brid complexes to probe the energy transfer interactions between QDs and dyes,
and their dependence on the environment conditions (74). A few more recent
studies have expanded on this idea and inserted PEG segments into the poly-
mer structure to improve the QD biocompatibility and eventually reduce non-
specific interactions. In particular, Colvin and co-workers introduced lateral PEG
chains onto the polymer prior to mixing with the nanocrystals (75). They first
reacted poly(maleic anhydride-alt-1-octadecene) with amine-modified methoxy-
terminated poly(ethylene glycol) (NH-3-PEG-OCHj3) to form the amphiphilic poly-
mer. The nanocrystals and polymer were then mixed in chloroform, followed by
addition of buffer after drying the organic solvent, which produced hydrophilic
QDs or iron oxide nanoparticles. In another study, Mulvaney and co-workers
used an amphiphilic polymer, poly(styrene-co-maleic anhydride) (M, = 1700),
which was made by maleic anhydride coupling to either ethanolamine or the
amino-PEG derivative Jeffamine M-1000 polyetheramine. The resulting water-
soluble nanocrystals presented both PEG moieties and COOH groups on their
surfaces (102). In a subsequent study, the authors introduced azide groups into
the polymer structure and tested the ability to conjugate the resulting azide-
functionalized QDs to cyclooctyne-modified transferrin (a protein) or cyclooctyne-
modified Alexa Fluor 594 (a fluorescent dye), using copper-free strain-promoted
azide-alkyne cycloaddition (SPAAC), previously developed by Jewett and Bertozzi
(103). The cycoloctyne was attached to the dye or the protein through a bi-
functional linker bearing an electrophilic ethyl squaramate group; the latter
reacts with lysines or amines on the target (eg, protein). They demonstrated
that the number of azide groups on the polymer-encapsulated QDs can be sim-
ply controlled by varying the molar ratio between the amine-PEG-azide and
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Fig. 2. A few representative schemes used for the phase transfer and applied to (A) en-
capsulation of QDs and iron oxide nanocrystals within amphiphilic polymers (77), (B) lig-
and exchange of AuNPs using thiol-to-Au coordination (124), or (C) ligand exchange of iron
oxide nanoparticles using OligoPEG-dopamine ligands (140). Reproduced from Refs. (77),
(124), and (140), with permission from the American Chemical Society.

amine-PEG-methoxy moieties introduced along the polymer backbone (104).
They further tested the biological activities of SPACC-promoted QD-transferrin
conjugates by monitoring their uptake by cells expressing transferrin receptors
on their membranes. These studies clearly show that the maleic anhydride mo-
tif provides a great platform to prepare several tailor-made block copolymers
by introducing hydrophobic as well as hydrophilic moieties (short alkyls and
PEG moieties) and inserting the desired functionalities. In related approaches,
PEG-grafted polyethylenimine (PEI-g-PEG) and diblock copolymer poly(ethylene
glycol-b-2-N,N-dimethylaminoethyl methacrylate) (PEG-b6-PDMA) were used to
promote the transfer of QDs to buffer media (105-107). Nonetheless, in these
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reports the authors have attributed the affinity between the polymer and the
inorganic surface of nanocrystals to the removal of native ligands by ionic an-
chors in the polymer. Cyclic molecules such as calix[n]arene (with n = 4, 6, 8)
containing carboxylic acid groups were also used to encapsulate luminescent QDs
(108). Weller and co-workers described a few interesting developments based on
block copolymer design to encapsulate individual or combinations of inorganic
nanocrystals and promote their transfer to buffer media (109,110). In an ear-
lier study, they detailed the use of a chemically designed triblock copolymer to
cap CdSe-ZnS QDs through partial ligand exchange. The polymer consists of a
polyethyleneimine-binding block (to promote an interaction with the inorganic
surface through amine binding), a hydrophobic polycaprolactone, and a PEG
block that facilitates dispersion of the nanoparticles in aqueous media (111). The
authors explored the effects of varying the size of the three blocks and showed
that 'H NMR could provide an effective tool for tracking polymer binding onto
the QDs and progressive removal of the native TOPO cap. They also found that
varying the polymer-to-nanoparticle molar ratio could lead to the formation of
polymer capsules containing either individual nanocrystals or beads of multi-
ple nanocrystals. In a more recent study, starting with the native hydrophobic
nanocrystals they employed in situ seeded emulsion polymerization to prepare
ethylene oxide glycol coated nanocrystals (such as nanocrystals encapsulated
within an amphiphilic polyisoprene-block-poly(ethylene oxide) diblock copolymer
(PI-6-PEO)) that also present multiple surface functionalities. With this in situ
strategy, a number of combinations of the surfactants, functional monomers, link-
ers, and radical initiator are sequentially introduced along with the nanocrystals
to promote the encapsulation of one type or a combination of nanocrystals within
the same capsule (112).

Ligand Exchange. Since this strategy involves the removal of the native
coating (eg, CTAB, oleic acid, and TOP/TOPO) and its replacement with bifunc-
tional hydrophilic ligands, a judicious choice of the polymer ligand must combine
high affinity anchoring groups, hydrophilic blocks, and reactive groups. These
parameters control the stability of the inorganic nanocrystal-to-ligand binding
and colloidal stability of the resulting dispersions, whereas the reactive groups
allow one to apply the optimal coupling strategy to attach the desired number
and type of target molecules (eg, peptides and proteins). The choice of the an-
choring groups depends on the nature of the inorganic nanocrystals (Fig. 1) (113—
118). For example, while dopamine has been shown to provide strong coordina-
tion onto the surface of iron oxide nanoparticles, its ability to coordinate onto Au
and semiconductor surfaces is rather weak. Conversely, thiols moieties exhibit
much stronger affinity to AuNPs and Zn-rich QD surfaces. Indeed, Au-to-thiol
(or Au-sulfur) interaction has been referred to in several instances as a cova-
lent attachment (119) and thiol-appended ligands are believed to be the most
effective for functionalizing AuNPs and AuNRs (120-122). Carboxy and amine
groups have also been proposed as anchoring groups onto Au, iron oxide, and QD
surfaces, although their effectiveness seems to be much better confirmed when
nanocrystals are grown using high temperature reduction routes and are capped
with alkylamine and alkylcarboxy ligands in organic solutions. More recently, a
few studies have shown that a polyhistidine (namely, the imidazole group in the
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aminoacid histidine) inserted into polymer structures exhibits strong affinity to
AuNPs and core—shell QDs (81,117).

Gold Nanoparticles and Semiconductor Quantum Dots. Ligand ex-
change on AuNPs and QDs using thiol-appended alkyl and thiol-modified PEG
molecules has been used by several groups over the past decade. Indeed, most
of the earlier studies focused on QDs ligated with mono- and dithiol-appended
ligands (eg, mercaptoacetic acid, 11-mercaptoundecanoic acid, and dihydrolipoic
acid, DHLA) (78,83,123). All these small molecules are commercially available,
and the cap exchange procedure is easy to implement. However, the QDs cap
exchanged with those small molecules (carboxy terminated) suffer from limited
long-term colloidal stability in buffer media especially in acidic conditions. In ad-
dition, colloidal stability of the resulting QD dispersions largely depends on the
exact structure of the ligand used and the strength of its coordination onto the
nanocrystal surface. For instance, derivatives of DHLA-appended PEG provide
substantially better stability and reactivity than their monothiol-alkyl counter-
parts, a feature attributed to the stronger binding affinity of the dithiol group to
the Zn-rich surface of the CdSe-ZnS QDs (80,83). Learning from the effectiveness
of higher coordination onto metal surfaces, polymer structures present an obvious
platform for preparing ligands with greatly enhanced ligand-to-nanocrystal coor-
dination (ie, multidentate ligands). In the following, we will detail a few represen-
tative examples relying on the use of thiol-modified polymers for ligand exchange
onto AuNPs and QDs.

When employing this strategy for AuNPs, the most commonly used starting
materials are citrate- or CTAB-stabilized nanoparticles. The use of multicoor-
dinating functional block copolymers to cap AuNPs has recently been explored
by a few research groups, where several monothiol- or dithiol-terminated lig-
ands are grafted onto an alkyl backbone. For example, one of the recent reports
by Kang and Taton described the synthesis of poly(L-lysine)-graft-poly(ethylene
glycol) (PLL-g-PEG) copolymers having both mono-thiol-terminated ligand and
methoxy-terminated PEG chain and tested their effectiveness to passivate and
disperse AuNPs in buffer media (124). In their methods, several thiol groups
and PEG chains were incorporated into the poly(lysine) backbone by sequential
addition of N-hydroxy succinimide (NHS)-ester-terminated PEG-(mPEG-SCM)
and thiol-linker (N-succinimidyl-3-(2-pyridyldithio)-propionate); the chemical re-
action relied on amide bond formation through ester-amine coupling (Fig. 2B). In
addition, by leaving a few of the amine groups in the lysine residues intact, this
could permit further coupling of the nanoparticles to biomolecules (124). Liu and
co-workers targeted carboxyl groups on PAA for a reaction with mercaptoethy-
lamine to prepare multithiol-modified polymer ligand, which was used to transfer
QDs to buffer media (125).

Instead of monothiols, a few groups grafted lipoic acid (dithiolane) or lipoic
acid modified with a short PEG segment onto the polymer backbones. For
example, Raymo and co-workers designed a polymer construct made of poly-
methacrylate backbone, presenting several lateral LA groups to solubilize the
hydrophobic QDs (126,127). Their synthetic strategy was based on the radical
copolymerization of methacrylate monomers prefunctionalized with lipoic acid
and PEG moieties with varying chain lengths, or PEG moieties presenting lat-
eral amine or carboxyl groups (Fig. 3B). The authors showed that following
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borohydride reduction of the LA groups, the resulting polymer ligands provided
QDs with enhanced long-term stability compared to monothiol small ligands.
They further showed that the availability of the functional groups allowed subse-
quent functionalization with target molecules (bio and others). Here the larger
PEG chain tended to increase the effective hydrodynamic size of the water-
dispersible QDs. To produce nanocrystals with smaller hydrodynamic size, a few
groups used PAA oligomers (with molecular weight of ~1800) (128). For exam-
ple, our group used this PAA short chain as platform to prepare a series of PEG-
and LA-modified oligomer ligands having a central backbone laterally appended
with combinations of LA-PEG, methoxy-PEG, amine-PEG, and azide-PEG moi-
eties (OligoPEG ligands) (128). We used shorter PEG moieties (M, ~600 or
750) to eventually reduce the overall extension of the polymer coating on the
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nanocrystals (Fig. 3A). These LA-modified OligoPEG ligands were applied either
to cap AuNPs or to functionalize QDs after borohydride reduction (128). This
route provided colloidal dispersions of QDs and AuNPs that remained stable
over a broad range of conditions and extended periods of storage time. Giovanelli
and co-workers took a slightly different approach for achieving multicoordina-
tion while maintaining compactness of the ligands (Fig. 4). They synthesized a
hydrophilic polymer containing molecular lipoic acid anchors and a sulfobetaine
zwitterion groups by a two-step process. They first modified the lipoic acid and
zwitterion with methacrylamides and then performed the polymerization reac-
tion to obtain a randomly grafted copolymer (129). The authors showed that this
multi-LA-appended polymer exhibits strong affinity to QD surfaces, with reduced
desorption rates compared to their lower coordination ligand counterparts. Re-
cently, Emrick and co-workers combined the zwitterion (instead of PEG) moieties
along with multiple lipoic acid to synthesize methacryloyloxyethyl phosphoryl-
choline block copolymer by free radical polymerization (Fig. 4) (130). They showed
that this polymer ligand was effective for displacing CTAB from AuNR surfaces
and providing water dispersions with great colloidal stability.

Although the ligand exchange using imidazole moieties as anchoring groups
has not been actively pursued, a few recent studies reported the ability of
imidazole-modified ligands, or polyhistidine-appended peptides and proteins to
effectively interact with core—shell QDs and AuNPs (81,131). Conjugation of hy-
drophilic QDs to polyhistidine (His, )-tagged proteins and peptides, promoted by
metal-affinity interactions, has been explored by several groups, due to the ease
of implementation and the fact that His-tagged biomolecules are ubiquitous. We
have, for instance, demonstrated the conjugation of CdSe-ZnS QDs with His-
tagged proteins and peptides and showed that such interactions require direct
access of the polyhistidine tag to the Zn-rich QD surfaces (131). Bawendi and co-
workers exploited this idea and designed a random brush copolymer having both
PEG and imidazole as side groups along its aliphatic backbone, through a rad-
ical addition-fragmentation chain transfer (RAFT) polymerization reaction (81).
To minimize the potential for polymer cross-linking and aggregation of QDs af-
ter ligand exchange, the molecular weight of the final polymer was kept small
by targeting degrees of polymerization below 30. They also varied the molar
ratios of the various monomer precursors along with the RAFT reagent to con-
trol the final number of imidazole anchors and PEG moieties in the final poly-
mer ligand (Fig. 4). They showed that this imidazole-rich polymer can effectively
displace the native TOP/TOPO cap and coordinate onto QD surfaces, providing
water-dispersible relatively compact QDs with long-term stability at pH > 5 (81).
They further extended that design and replaced the PEG moieties with zwitte-
rion groups (132). Another example of using the imidazole-modified polymer as a
ligand for QDs was reported by Zhang and co-workers. They reacted polymaleic
anhydride with histamine and N3-PEG-NH; to provide azide-functionalize QDs
(133). They were able to conjugate these azide-functionalized QDs to the Bac-
ulovirus through a metal-free “Click” reaction and test their uptake into A549
cells.

Magnetic Nanoparticles. A range of different anchoring groups (such as
phosphonic acid, carboxy, dopamine) can be used to stabilize iron oxide nanopar-
ticles in organic media (134—138). In fact, one of the most successful reactions
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to prepare high quality iron oxide nanoparticles relies on the use of oleic
acid as coordinating ligand precursors (21). Several studies reported the use
of catechol-appended single chain PEG to promote the transfer of iron oxide
nanoparticles to water media (139). However, the stability of the resulting
nanoparticles is rather limited, which has motivated a few groups to explore the
design of catechol-based polymers to enhance the ligand affinity to the iron oxide
nanocrystals. We have compared the effectiveness of several catechol-modified or
carboxy-modified oligomers as ligands to functionalize Fe3O4 nanoparticles (140)
(Fig. 5). In this study, poly(ethylene) glycol short chains terminated by inert
(OCHj3) or functional groups were coupled laterally onto a PAA oligomer; single
chain PEG modified with either one catechol or one carboxy group provided
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control systems. Our results showed that the OligoPEG-DOPA ligand imparts
better colloidal stability to iron oxide nanoparticles than OligoPEG-carboxy or
small molecule ligands appended with carboxy or dopamine in acidic and basic
buffers and to added salts. We also showed that insertion of azide groups in the
oligomer allow CLICK coupling with alkyne-modified dye molecules. In another
report, Hyeon and co-workers developed a multicatechol polymer ligand made of
poly(L-3,4-dihydroxyphenylalanine), polyDOPA, further modified with methoxy
PEG units (Fig. 5B). Here too, the authors reported enhanced stability of the
iron oxide nanoparticles in buffer media. They also applied these nanoparticles
intravenously to live mice and tracked (through MRI) the biodistribution of the
functionalized iron oxide nanoparticles in specific organs such as spleen and liver
(141).

Biomotivated Applications

Bioconjugation. Assembling biomolecules (eg, proteins and peptides)
onto the nanoparticle surfaces is essential for using these materials in various
biological applications. Several chemical strategies have been applied to conju-
gate the hydrophilic nanoparticles to an array of target proteins and peptides: (1)
EDC/NHS (N-hydroxy succinimide) or sulfo-NHS coupling between carboxy func-
tionalized dots and amine-terminated biomolecules and vice versa (76,80,142);
(2) thiol (—SH) reactive maleimide coupling to cysteine and (sulfhydryl)-modified
proteins and peptides; (3) avidin-biotin bridging (80,136,143); (4) metal-affinity
driven self-assembly between polyhisitidine-appended biomolecules and metal-
rich nanocrystals. This method relies on the affinity between polyhistidine tags
and certain transition metal ions (eg, Ni and Zn) and requires direct interactions
between the imidazole groups (on the tag) and the metal-rich surface of nanopar-
ticles (83,144); (5) copper-catalyzed “Click” reaction, which requires access to
biomolecules premodified with either alkynes or azides, together with azide- or
alkyne-functionalized nanoparticles (133,145). Strain-promoted cyclooctyne-to-
azide coupling does not require copper catalyst and is thus better suited for cou-
pling onto QDs as Cu metal ions have been found to severely quench the QD PL
(Fig. 6) (143,145). Aniline-catalyzed hydrazone ligation is an alternative strategy
to the above list and has been applied by our group to couple QDs functionalized
with aldehydes and the 2-hydrazinonicotinoyl (HYNIC) group attached to the
target biomolecules, although no polymer functionalized nanocrystals were used;
this reaction is efficient and can be monitored optically by tracking the absorption
of the hydrazone chromophore at 354 nm (Fig. 6C) (146).

Use of Nanoparticles for Imaging. In this section, we will focus on a few
representative examples where polymer-coated nanocrystals (QDs and magnetic
nanoparticles) have been used for imaging and/or sensing purposes.

Magnetic Resonance Imaging. Magnetic nanoparticles have been inten-
sively studied in the past decade for applications such as diagnostics and MRI
(57,147,148). Often the nanoparticles either as of functionalized with antibodies
are intravenously administered to an animal, and changes in the T2 MRI contrast
signal is utilized to visualize the structure of the target lymph nodes, tissues, or
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of the copper-catalyzed cycloaddition reaction on AuNPs and iron oxide nanoparticles;
(C) schematic representation of the aniline-catalyzed hydrazone ligation between 4-
formylbenzoyl (an aldehyde) and HYNIC groups, as described in Ref. (146). Figures re-
produced with permission from the American Chemical Society.

organs. For example, Hyeon and co-workers reported the use of versatile multiple-
interaction ligands consisting of polydopamine and PEG functionalized iron oxide
nanoparticles for time-dependent T2-weighted MRI study (Fig. 7) (141). The in
vivo mouse imaging results obtained using these nanoparticles showed that the
nanoparticles remained stable over extended blood circulation time. In addition,
MTT assays showed that cell viability was not affected even following 24 and 72 h
incubation with concentrations as high as 600 yug/mL of equivalent Fe.
Fluorescence Imaging. One of the most sought uses of inorganic
nanocrystals in biology involves imaging and sensing. Indeed, QDs, AuNPs, and
magnetic nanocrystals have large surfaces that can be functionalized with a
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Fig. 7. Time-dependent T2-weighted MRI using a mouse model: (a) before, (b) immedi-
ately after, (c) 2 h after, and (d) 24 h after intravenous administration of multi-DOPA-
functionalized magnetic nanoparticles as described in Ref. (141). Reproduced with permis-
sion from Wiley-VCH Verlag GmbH & Co. KGaA.

variety of hydrophilic and reactive ligands (1,12,13,15,147). Chemical tuning of
their surface properties (eg, using a polymer coating) offers the unique ability to
potentially control and affect their biodistribution through tuning of size and sur-
face functionalities. For example, QDs exhibit several properties ideally suitable
for use in live cell imaging, including resistance to chemical and photodegrada-
tion, narrow and tunable emission ranging from UV to near infrared (NIR), very
high two-photon fluorescence signals, and the ability to excite any set of QDs far
from their emission peak (97,149). Furthermore, in vivo visualization of tissue
organs using NIR, for example, can provide real-time feedback during surgery
or therapy. In some of the earlier studies, researchers focused on simple demon-
strations to achieve long-term and multicolor imaging of some basic cellular pro-
cesses along with multicolor labeling of fixed cells using QD-antibody conjugates
(76,150,151). Other groups exploited the ability to self-assemble several copies
of membrane surface receptors on a QD for efficient labeling of leukocytes and
to probe membrane-specific processes such as T cell stimulation. Vascular trans-
port of polymer-ligated QDs following intravenous injection was imaged through
two-photon laser scanning microscopy, and time-dependent changes provided in-
formation about the kinetics of the QD distribution (Fig. 8) (81). Similarly, simple
one-photon fluorescence using NIR-emitting QDs was used to carry out real-time
mapping of sentinel lymph nodes in live animals (149,152). Several reviews have
been published in the past few years detailing the effectiveness and limitations
of such platforms for in vivo and in vitro imaging of cells and tissues.

Conclusions
We provided an overview of the strategies developed over the past decade

for surface-functionalizing three representative inorganic nanocrystals, namely
those made of Au, iron oxide, and luminescent QDs with amphiphilic polymers.
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Fig. 8. (A) Fluorescence imaging of the blood vasculature in Tie2-GFP/FVB mice using
red-emitting CdSe-CdS QDs capped with RAFT poly(PEG)PIL within the vessel lumen
(at 0 and 3 h), or extravascular space in tumors (at 3 and 6 h). The green fluorescence
originates from GFP in vascular endothelial cells that contour the vessel wall. (B) Time-
dependent histogram showing the corresponding QD PL intensities within and outside
the blood vessels. Reprinted from Ref. (81), with permission from the American Chemical
Society.

Indeed, block copolymers with dimensions comparable to those of the nanocrys-
tals, combined with the capacity to chemically tune their physical properties
over multiple length scales, provide a great system for functionalizing various
nanostructures and tune their solubility and functionalities. We described several
examples where a variety of amphiphilic polymers have been used as capsules
or/and ligands to promote the transfer of a diversity of inorganic nanomateri-
als (AuNPs, magnetic nanocrystals, and semiconductor QDs) to buffer media. In
particular, we distinguished two sets of amphiphilic polymers (see Table 1). One
set is made of block copolymers that present along with the hydrophilic block,
a strongly hydrophobic block for tight interdigitation with the native ligands
on the nanocrystals. The other set is made of polymers that contain anchoring
groups that tightly ligate directly onto the inorganic surface of the nanoparticles
by metal coordination. These materials usually present one or multiple anchor-
ing groups that can competitively displace the native ligands on the nanocrystals,
along with a hydrophilic block for water compatibility. Here, we described a va-
riety of polymers with varying sizes, structures, and properties that can be used
for either method: ligand exchange or encapsulation. We then concluded with a
brief description of the commonly used conjugation strategies and applications in
imaging based on either MRI or fluorescence detection.
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