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Quantum Dots (QDs) are semiconductor nanocrystals with distinct photophysical properties finding

applications in biology, biosensing, and optoelectronics. Polymeric coatings of QDs are used primarily to

provide long-term colloidal stability to QDs dispersed in solutions and also as a source of additional
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functional groups used in further chemical derivatization of the nanoparticles. We review the coating

methods, including multidentate and amphiphilic polymeric coatings, and grafting-to and grafting-from
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Introduction

Semiconductor nanocrystals, so-called Quantum Dots (QDs),
are experiencing booming scientific interest due to their unique
optical properties, advances in synthetic approaches and
availability of surface functionalization protocols.'”® These
advances resulted in many applications in biology,*” biosens-
ing,*** and optoelectronics,™ gradually replacing other types of
optical probes.””™* A diagnostic and therapeutic “QD tool-box”
is being actively developed for live cells®?* and in vivo****®
imaging, down to the single nanoparticle level.””

The widespread application of QDs stems also from their
electronic properties. When the size of the nanocrystals is
decreased below a certain critical value, quantum confinement
effects cause the energy bandgap of the QDs to increase, and the
energy levels near the bandgap to become discreet. QDs made of
the same semiconductor material with diameters ranging from
1 to 10 nm are obtained by a suitable choice of a synthetic
protocol and by fine-tuning the reaction parameters like reac-
tion temperature or time. Populations of QDs with narrow size
distributions display emission spectra that are much narrower
compared to conventional organic dyes. In contrast, the
absorption spectra are broad, with absorption efficiency
increasing toward the blue end of the electromagnetic spec-
trum. These features allow one to excite multiple QDs at one
wavelength while collecting well-separated emission from
multiple probes. Such multicolour imaging is often required to
probe the complexity and dynamics within®*** or on the surface
of cells.**** Additionally, QDs exhibit reduced photobleaching

“Institute of Materials Research and Engineering, A*STAR (Agency for Science,
Technology and Research), 3 Research Link, Singapore 117602. E-mail: tomczakn@
imre.a-star.edu.sg; Fax: +65 6774 4657; Tel: +65 6874 8357

*Materials Science and Technology of Polymers, Faculty of Science and Technology,
University of Twente, and MESA” Institute for Nanotechnology, P.O. Box 217, AE
7500, Enschede, The Netherlands. E-mail: g.j.vancso@utwente.nl; Fax: +31 53 489
3823; Tel: +31 53 489 2974

12018 | Nanoscale, 2013, 5, 12018-12032

approaches. We highlight the most commonly used polymers and discuss how their chemical structure
influences the coating properties.

rates, which allow for constant photoexcitation on time scales
much longer and at excitation powers much larger compared to
the commonly used organic chromophores. Indeed, QDs
emerged as major contenders to become the labels of choice for
biological imaging and long-term biosensing, and these were
the biological applications of QDs that provided a major thrust
for the scientific research. Before applying QDs as luminescent
probes or as sensing elements, chemical identity of the QD
surface has to be carefully addressed. Surface ligands have to
interact directly with the QD inorganic surface and have func-
tional groups that would provide colloidal stability in solution.
To be able to visualize or probe biological processes the QDs
need also to display functional groups that would bind to rele-
vant biological molecules. The spectrum of functional groups
that were successfully coupled to QDs is truly impressive and
ranges from a variety of small organic molecules to functional
peptides, bulky proteins, long and short chain polymers, or
DNA. Integration of QDs into composite materials or functional
devices also depends on the availability of reactive functional
groups on the surface of the nanocrystals. The photophysical
properties of QDs are influenced by the quality of the surface
ligands and by the ligands' electronic properties.*

Although early research concentrated on small organic
molecules, prevalently thiols, as the QD surface ligands, there
has been considerable scientific and commercial success
stemming from the application of polymeric molecules as QD
surface coatings. It has been recognized that multivalent
interactions between the polymer and the QDs result in more
stable nanoparticles under complex and biologically relevant
conditions such as a broad range of pH or ionic strengths, and
in some instances the polymer provided additional barrier for
leakage of toxic metal ions from the QDs to the environment. A
polymeric coating provided also more flexibility in functionali-
zation of the QDs and allowed tuning of the number of func-
tional groups on the surface of the QDs. For optoelectronic
applications, intimate contact of polymers with the surface of
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QDs translates directly into device performance and related
studies are currently an active field of research.™

In this review we will summarize the research efforts
concentrated on the chemical engineering of the QD surface
with polymers.***” The synthesis and photophysical properties
of QDs are briefly reviewed followed by a description of surface
modification strategies. In the following sections we focus on
the polymeric surface coatings and on the direct modification of
nanoparticle surfaces with polymers via hydrophobic and elec-
trostatic interactions, multivalent passivation, and direct
grafting. The application of amphiphilic polymers as a versatile
and robust coating platform will be described. In the following
we limit ourselves mostly to the prototypical CdSe nanocrystals;
however most of the discussed topics can be applied to other
types of QDs or nanoparticles.

Synthesis and properties of quantum dots

Quantum dots are nanocrystals made of semiconductor mate-
rials with characteristic size in the range between 1 and 20 nm.
The most studied and applied QDs are made of elements from
the I and VI groups (e.g. CdSe, PbSe, CdS, and ZnO), as well as,
although less commonly, from the III and V groups (e.g. InAs,
InSb, and GaAs) of the periodic table of elements. The chemical
composition of the QDs and their size determine the QD elec-
tronic properties. As the size decreases, the confinement felt by
the charge carriers in the semiconductor increases, and the
energy difference between the valence and conduction bands,
the energy bandgap, increases. Since luminescence originates
from the recombination process of the photogenerated holes
and electrons from the valence and conduction bands across
the bandgap, the emission wavelength is related directly to the
nanocrystals' size. For example, for the commonly used CdSe-
based QDs the emission can be tuned over the entire visible part
of the electromagnetic spectrum, from blue (for 2 nm QDs) to
red (for 6 nm QDs) (Fig. 1a). Narrow emission spectra from an
ensemble of nanocrystals can be obtained by using mono-
disperse QD solutions (Fig. 1b). The ability of synthesizing large
quantities of monodisperse QDs is therefore important. In
addition, defects at the nanocrystal surface, from which the
electrons and holes may recombine, will cause the emission to
shift to higher wavelengths or render the QDs nonemissive.
Proper handling of the surface during the nanocrystal synthesis
or during subsequent chemical manipulation is therefore
essential to obtain well-defined and highly luminescent QDs.
Synthetic protocols for the preparation of semiconductor
nanoparticles are readily available.***® The seminal work of
Bawendi and coworkers*' deserves a special mention as it
provided a relatively easy approach to obtain high quality,
monodisperse QDs exhibiting high luminescence quantum
yields (QY). Their method was based on high temperature
decomposition of organometallic precursors in the presence of a
coordinating solvent. By carefully tuning the reaction tempera-
ture and time one could obtain CdSe QDs with low size poly-
dispersity (<5%) and quantum yields exceeding 50%. The
resulting QDs were coated with a stabilizing surface ligand,
usually trioctylphosphine oxide (TOPO) (Fig. 1c). The TOPO's
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Fig. 1 (a) Luminescence from UV-illuminated solutions containing CdSe/ZnS
QDs with diameters ranging from 2 nm (blue) to 6 nm (red). (b) Typically, (i) the
absorption spectrum of QDs is broad with the absorbance increasing for shorter
wavelengths while (i) the emission spectrum is narrow. The position of the
absorption and emission peaks is tunable via chemical composition and size of the
QDs.2® (c) Schematic structure of a prototypical CdSe/ZnS core/shell QD with
TOPO ligands coated on the surface.

octyl groups stabilized the QDs in an organic solvent, like
toluene, and rendered the QDs insoluble in water. Nowadays,
using various synthetic schemes, QDs with emission spectra
with full widths at half maximum (fwhm) values of 20 nm and
luminescence QYs above 50% can be routinely synthesized. To
improve the QY additional inorganic “shells” made of a different
semiconductor material are grown on the initial QD core to
passivate the surface and provide additional confinement.*>**

The high surface to volume ratio of the nanocrystals makes
them colloidally unstable unless they are coated with suitable
stabilizing ligands. The ligands interact also with the nano-
crystal surface and strongly influence the optoelectronic and
photoredox properties of the QDs by passivating surface sites
that may act as traps for photoexcited electrons or holes. The
importance of the appropriate choice of ligands increases when
decreasing the nanocrystal size. The choice of the ligand is
therefore crucial. Good passivating ligands such as TOPO make
the QDs insoluble in water preventing the applications of TOPO-
stabilized QDs in biology. In addition, charge transfer processes
between the photogenerated charges and the ligand may
significantly alter, enhance or quench, the optical emission
from QDs - a topic, which has recently became a separate
branch of QD research.

QD surface modification strategies

Chemical modifications of the surface of QDs are performed to
provide good dispersibility in a given solvent, to avoid nano-
particle aggregation and precipitation, and to provide specific
chemical functional groups suitable for further coupling.® The
common strategy to render the QDs dispersible in water
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includes exchanging the original hydrophobic ligands (e.g.
TOPO) with ligands having one chemical group able to bind to
the nanocrystal surface (e.g. thiols, amines, phosphines,
carboxylic acids, and pyridines), and a polar head group (e.g.
hydroxyl), directed towards water (Fig. 2). Another approach is
based on preserving the original ligands and avoiding ligand
exchange by coating the QDs with amphiphilic molecules.
These amphiphilic coatings will have hydrophobic groups
interacting with the original ligand and hydrophilic groups
providing water solubility. Alternatively, one can coat the QDs
with an inorganic silica shell**™® using the classical Stober
process (base-catalyzed hydrolysis of tetraethoxysilane and
subsequent condensation of the monomers onto the existing
nuclei)® or by synthesis in microemulsion.**

A distinction is usually made between the ligands based on
the number of interaction sites they can make with the QDs
(Fig. 2). Monodentate ligands, ligands that allow for only one
interaction site, are usually simple low molecular weight
organic molecules possessing one functional group able to bind
to the QD surface. Thiol, amine, and phosphine-based ligands
are most commonly used. Thiols are however relatively unstable
against oxidation. The study performed by Aldana et al.>***
revealed that catalytic photooxidation of thiols to disulfides
on the surface of QDs can occur under light illumination and
that the ligands can detach at low pH values due to protonation
of the thiolate. Multidentate ligands, on the other hand, can
interact with the QD surface via multiple sites. Using multiva-
lent interactions improves the overall stability of the QD/ligand
interface. Bidentate thiols,>**” oligomeric phosphines and
amine or thiol containing polymers were shown to effectively
passivate the surface of QDs.

Ligand exchange reactions are usually difficult to control and
may result in QDs, which are colloidally less stable and of lower
QY. To avoid ligand exchange, the original ligands can be
covered with an additional coating layer via supramolecular
interactions. For example, octyl alkyl groups of TOPO can
interact with hydrophobic parts of other molecules.®®*

58,59

. { J
N\ L X jj/ o
. o 7 s
) L
: oooo N at Ligand exchange d N HS/_/
0RO " brealater
A~ \:;i/:? / /}?' N \ZC/ Rt Phase transfer S/;QSHS‘\ 4
QO \ s { ¢
AP i S
~ 0 - 7 /
rf 2 1 s
G

\

JR
o J R
1 Tt
~R ~~ [~
HN Hs o Pl

Monodentate ligand :

Multidentate ligand : o
R
Fig. 2 During the ligand exchange reaction for phase transfer to water, the
original TOPO ligands are displaced by molecules bearing a functional group able
to bind to the QD surface, e.g. thiol or amine, and a polar head group, e.g. carboxy
ion, for water dispersibility. The ligands can be monodentate or polydentate
depending on the number of interaction sites each ligand is able to make with the
surface of the QDs.
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Cyclodextrines with hydrophobic pockets,*** phospho-
lipids,*** and cone-shaped calixarene macrocycle derivatives
with long alkyl chains™ were used to coat and transfer the QDs
to water. Among the phase transfer protocols a prominent
position has coating of QDs with polymers via hydrophobic
interactions. Such polymeric coatings have solved many prob-
lems encountered in ligand exchange procedures and provided
a robust platform for QD functionalization. The hydrophobic
bilayer is in general resistant to hydrolysis and enzymatic
degradation even under in vivo conditions.”* Currently,
commercially available QDs are sold with a coating of amphi-
philic polymers which are ready to be functionalized or which
carry already some suitable functional groups. The ability to
introduce multiple chemical functionalities onto the polymer
backbone has contributed significantly to the success of the
polymers as coatings of QDs. An amphiphilic coating approach
can be also used for any other nanoparticles as long as there are
hydrophobic groups displayed on the nanoparticle surface. In
general, the size of the polymer coated QDs depends on the
molar mass of the polymer, the coating method and polymer
conformation in a solvent. The latter will depend on the
chemical structure of the polymer and on the surface coverage.”
For example, at high surface coverage, end-grafted polymers
may adopt a brush-like extended conformation, much longer
than the characteristic size of the polymer in solution.” Several
recent studies have been devoted to the in-depth characteriza-
tion of polymer-coated nanoparticles.””*

Multidentate polymeric coatings

The ligands on the surface of the nanocrystals are in equilib-
rium with free ligands in solution. For weakly bound ligands,
and without excess ligand present in the solution, desorption of
the molecules from the QD surface leads to loss of functionality,
deterioration of the optical properties, aggregation, and finally
precipitation.®*** Ligands that are able to bind with more than
one chemical group were shown to provide organic shells,
which were much more stable under physiological conditions
and during subsequent chemical functionalization.”” These
could be simple dithiol ligands, like dihydrolipoic acid,*7*7*
carbodithioic acid,””®" dithiocarbamate,®* polymers exhibiting
functional side groups,*®® denaturated proteins like bovine
serum albumin (BSA)*” or hyperbranched polymers.®® The
functional groups interacting with the QD surface are most
often thiols, amines, and carboxylic acids. Crosslinking the
monodentate ligand shell may also result in a polymer-like
multidentate shell,**** however the crosslinking reaction is
hard to control and a local excess of crosslinker results in
polymeric shells of uneven thickness.**

Weiss and coworkers adopted a multidentate coating
strategy based on designer peptides. Amphiphilic peptides with
a hydrophobic domain composed of cysteine repeats flanked by
hydrophobic 3-cyclohexylalanines or phenylalanines were able
to displace the original TOPO ligands by the cysteine unit and
provide solubility in water (Fig. 3).°>* As measured by SE-HPLC
the coated QDs had small diameters of 11-14 nm, relatively
narrow size distribution and did not aggregate. The peptide
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Fig. 3 Coating of CdSe/ZnS QDs with designer peptides bearing a hydrophilic
domain for dispersibility in water and an adhesive domain for binding to the QD
surface. The adhesive domain contains cysteine (C) units flanked by 3-cyclo-
hexylalanine (Cha) units.>*

ligand shell thickness can be reduced further by using hydro-
philic cysteine-rich phytochelatin peptides. Xu et al. reported a
peptide coating with a thickness of less than 1 nm.*

This remarkable result is believed to be due to better flexi-
bility (and wrapping ability) of the peptide compared to
previous studies. The tighter and denser coating with a higher
number of interaction sites increased also the luminescence
quantum yield. Recently, monofunctionalization of the peptide-
coated QDs was demonstrated for single molecule assays.*®

Polydentate ligands based on oligomeric phosphines (Fig. 4)
efficiently passivate CdSe or CdSe/ZnS QDs. One type of oligo-
meric phosphines is synthesized by reacting monomeric trish-
ydroxypropylphosphine with diisocyanatohexane. The unreacted
OH groups can be further functionalized by reaction with
isocyanates.*® Bawendi et al. showed that polymers consisting of
phosphine oxide and a poly(ethylene glycol) (PEG) linker (Fig. 4c)
can efficiently stabilize various nanoparticles, including CdSe/
ZnS QDs in water.”
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Fig. 4 (a) Schematic concept of the oligomeric phosphine coating. Multivalent
interactions between the oligomeric phosphines and the QD surface result in a
more stable coating compared to a coating made of monovalent alkyl phos-
phines.=® (b) Free OH groups can be used for further coupling to different linkers
bearing various functional groups.®® (c) Synthesis of the phosphine oxide polymer
with PEG bridges.*®
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Hydrophilic polymers incorporating multiple thiol groups,
PEG chains and carboxylic acids or amines in the side groups
were reported by Yildiz et al. (Fig. 5).* The thiol groups inter-
acted with the surface of the QDs, while the PEG chain rendered
the QDs stable in water over a broad range of pH values and salt
concentrations. The free amine and carboxylic acid groups were
used for further functionalization of the coating with e.g. dyes.*

Mattoussi et al. used a low molecular weight poly(acrylic
acid) backbone to which methoxy, amine, azide and thioctic
acid functionalized PEG was attached. While the thioctic acid
reduced to a dihydrolipoic acid was previously found to bind
efficiently to the ZnS surface, PEG provided also good dis-
persibility of the nanocrystals in water and the azide and amine
groups could be used for further functionalization.**

Peptide-polymer hybrid macromolecules are a new class of
materials, which can be used as effective multidentate QD
coatings. The peptide imparts biocompatibility and stability in
aqueous environments and provides multiple functional groups
for further derivatization.®” The length of the denatured protein
is well defined and the number and location of functional
groups along the chain is known. After denaturation and
reduction of the protein disulfide bridges, PEG chains, amino
functionality, and thioctic acid groups could be introduced by
reacting with free thiol and amine groups on the peptide
(Fig. 6). Thioctic acid bound efficiently to the QD surface while
PEG provided stability in water.

A grafted polycationic PEG-polypeptide copolymer was used
as multivalent coating of QDs. The polymer was obtained from
cationized serum albumin obtained by reaction of a diamine
linker with carboxylic groups on the protein. Denaturation of
the protein and reduction of disulfide bridges provided addi-
tional thiol groups to which PEG chains were coupled using
maleimide chemistry. Finally, thioctic acid groups were intro-
duced by reacting succinimide-activated thioctic acid to lysine
residues.” The positively charged ligand shell displayed effi-
cient cellular uptake, stability under intracellular conditions
and low cytotoxicity. Moreover, the shell could form complexes
with DNA for gene delivery applications.

Poly(dimethylaminoethyl methacrylate) (PDMA)*® or poly-
acrylic acids derivatized with diamine and monoamine linkers®®
were found to be efficient multidentate ligands for QDs

e
T

HS Hs

Fig. 5 (a—d) Chemical structures of hydrophilic polythiols based on a poly-
methacrylate backbone with pendant thiol groups and PEG chains. The thiol
groups can be appended using a long (a) or short (b) linker. Additional functional
groups such as amines (c) or carboxylic acids (d) can be incorporated into the
coating and used for further derivatization.®s2¢
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tion, and reaction of the resulting thiol groups on the polypeptide with maleimide
linkers. Linkers bearing thioctic acid are used to provide anchoring groups to the
surface of the QDs and linkers bearing polyethylene oxide (PEO) provide solubility
in water for the assembly. Reprinted with permission from ref. 97. Copyright
(2010) American Chemical Society.

(Fig. 7a—c). PDMA was shown to interact strongly with the QD
surface and the resulting QD dispersions were stable in solvents
like toluene or methanol with no visible aggregation and only a
modest decrease in the luminescence quantum yield. On
average twelve polymer chains were bound to each of the 4 nm
QDs and five polymer chains were bound to a 3.4 nm QD, with
the polymer corona thickness being proportional to the length
of the polymer chain.®®'* Unfortunately, even though the
polymer is water-soluble, the polymer coated QDs could not be
dissolved in water. However, these polymer-coated QDs could
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Fig.7 (a) Poly(dimethylaminoethyl methacrylate) (PDMA) or (b) polyacrylic acids
derivatized with diamine and monoamine linkers®® displace TOPO ligands on the
surface of the QDs and provide a stable multidentate polymeric coating.™® (d)
Ligand exchange reaction with a PEG-b-PDMA block copolymer (c) leads to QDs,
which are dispersible in aqueous solutions. While PDMA binds to the QD surface,
the PEG provides dispersibility in water.'°?
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be transferred to water by adding small excess of a methylating
agent methyl iodide. It was stipulated that the increased solu-
bility in aqueous solution was due to the reaction of methyl
iodide with unbound dimethylamino groups and their conver-
sion to alkyltrimethylammonium groups.’ However, when
using a PEG-b-PDMA copolymer (Fig. 7c) the PDMA block binds
to the QD surface and the PEG block provides direct dis-
persibility in water without the need for ammonium groups.*®
The quantum yield is however reported to be lower upon
transfer to water. A remedy for this was adding water-soluble
primary amines like 3-amino-1-propanol.*®

Smith and Nie have demonstrated that a mixed composition of
functional groups, amines and thiols, grafted to a polyacrylic acid
results in a much thinner and more stable coating presumably
due to the coating adopting a very specific conformation on the
surface of the QDs.'* Interestingly, for a specific surface coverage,
the QDs displayed increased QY and improved stability.

Polyhistidine motifs bind efficiently to the surface of QDs
and copolymers with pendant imidazole groups were thought to
exhibit similar binding affinity. Random copolymers incorpo-
rating PEG side chains and imidazole side groups were
obtained by radical addition-fragmentation chain transfer
(RAFT) reaction (Fig. 8).'* The copolymer efficiently exchanged
TOPO, the imidazole groups interacted with the QD surface,
and the PEG chains provided stability in aqueous buffers. This
multidentate polymeric ligand did not cause a decrease of the
QY of the QDs. Introducing amino end-functionalized PEG
allowed for further coupling to biomolecules. For example,
norbornene functionalized QDs can efficiently react with tetra-
zine functionalized molecules.'*®

The synthesis of nanoparticles,'”” including QDs,'*® using
hyperbranched polymers as surface ligands, or directly in
individual dendrimers is established. Dendrimers are effective
multidentate ligands due to the high density of functional
groups (usually amines) at their periphery and throughout the
branched structure. Hyperbranched polyethylenimines (PEI) of
low (800 D) and high (25 kD) molecular weight were used to
transfer hydrophobic QDs to water via ligand exchange (Fig. 9a),
however some quenching of the QDs by photooxidation was
reported.®®

PEG-functionalized PEI coatings (Fig. 9b) were found to
provide the QDs with good dispersibility in water, ability
to penetrate the cell membrane and escape the endosomes due
to the presence of a large number of amine groups on the
surface, and due to the proton sponge effect."® PEG chains

o
Sz T
~ CL;’{\/O
I
Jif j\_/

x=50%; y=50% x=40%; y=50%; z=10%

Fig. 8 Chemical structures of imidazole-based random copolymer ligands."*®
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Fig. 9 (a) A hyperbranched polyethylenimine (PEI) coating of QDs.28 (b) Chem-
ical structure of polyethylene glycol grafted polyethylenimine (PEG-g-PEI)."®

decreased also the cytotoxic effect of the PEI. Poly(amido amine)
(PAMAM) dendrimers modified with aliphatic chains at their
periphery were shown to be good QD ligands. The internal
amine groups could interact with the QD surface while the
aliphatic chains extended into the solvent. This was possible
because of the amphiphilic character of the modified
PAMAM." Generation-4 PAMAM exhibiting 64 amine groups at
the periphery was functionalized with thiol groups by reacting
with 3-mercaptopropionic acid, resulting in 1-2 thiol groups per
dendrimer. Such modified dendrimers effectively exchanged
TOPO as ligands and provided solubility in aqueous buffers."**

Amphiphilic polymeric coatings

Amphiphilic polymeric coatings are made of polymers, which
present hydrophobic and hydrophilic parts. While the hydro-
phobic parts interact strongly with the hydrophobic ligands on
the QD surface, the hydrophilic parts allow for the transfer of
the QDs from nonpolar to polar solvents. The availability from
commercial sources of polymeric backbones, such as poly-
(acrylic acid) or various polymeric anhydrides, which may be
readily functionalized, made the amphiphilic polymeric coat-
ings very popular. The functionalization of the amphiphilic
polymers can be carried out before or after the coating proce-
dure and multiple functional groups can be introduced onto the
surface of the QDs without compromising water dispersibility.
The ability to functionalize the polymeric coatings with
multiple different functional groups allowed for the preparation
of complex nanoparticles for signal multiplexing and multi-
modal signal detection."* The main disadvantage of this
method is that it results in QDs with substantially increased
diameters compared to those coated with simple organic
ligands."*"* However, the QDs seem to be more resistive to
photooxidation, and their suspensions are colloidally stable
over prolonged periods. QDs coated with amphiphilic polymers
showed also lower cytotoxicity compared to QDs coated with,
e.g., mercaptopropionic acid, by providing additional barrier for
diffusion of toxic Cd*" ions. However, polymer coated QDs were
also found to precipitate on the cell surface increasing the cell
cytotoxicity.® It should be noted that the research on the
cytotoxicity of nanoparticles is ongoing and currently available
results are still controversial due to the lack of standard QD
preparation and toxicity protocols.**®
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Dubertret et al® encapsulated QDs within the core of
phospholipid block copolymer micelles and their DNA
conjugates (Fig. 10). The micelles were composed of 40%
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)-2000] and 60% of 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine. The percentage contribution of the
polymer-modified lipid was adjusted for the molecules to form
spherical micelles with hydrophobic cores and hydrophilic PEG
chains extending into the water phase. The resulting QD-
micelles were between 10 and 15 nm large."® Amine-function-
alized micelles conjugated with single stranded DNA served as
in vitro probes for the hybridization to complementary
sequences. Phospholipid block copolymer-coated QDs were also
stable, nontoxic, and displayed low photobleaching rates when
injected into Xenopus embryos. The QDs could be followed to
the tadpole stage, allowing lineage-tracing experiments in
embryogenesis.®* A detailed protocol for the encapsulation of
QDs within phospholipid micelles is available.**

Gao et al.”* developed multifunctional QD probes by encap-
sulating the QDs in an amphiphilic triblock copolymer and
further coupling specific ligands to the polymeric shell (Fig. 11).
The polymer consisted of a poly(butylacrylate) part (hydro-
phobic), a poly(ethylacrylate) part (hydrophobic), and a poly-
(methacrylic acid) part (hydrophilic). This high molar mass
polymer (M,, = 100 kg mol ') is commercially available and to
increase its interactions with the TOPO layer 25% of the
carboxylic acid group were modified with n-octylamine. The
coating could be further modified by reaction with amine-
functionalized PEG (M,, = 5 kg mol '), diagnostic and thera-
peutic agents."” In general, attaching PEG would improve the
water solubility of the assembly and single QD fluorescence and
TEM images showed indeed that the particles did not aggregate
in solution. On average, the shell consisted of 4-5 block copol-
ymer chains with 5-6 grafted PEG chains each. The hydrody-
namic radius of the coated QDs increased up to 10-15 nm as
determined by Dynamic Light Scattering, which corresponded to
a 2 nm amphiphilic polymer shell wrapping the QDs (without
the PEG chains). The optical properties of the QDs were stable at
a broad range of pH values (1-14), salt concentrations (0.01 to 1
M) and even after treatment with 1.0 M hydrochloric acid.

Poly(maleic anhydride-alt-1-tetradecene),"® poly(maleic anhy-
dride-ait-1-octadecene),"*** poly(maleic anhydride-alt-1-decene),"

Add water
—
-
B
N o
Ve o TOPO coated Quantum Dots 0= Phospholipid

\,r)'5?é

Fig. 10 Formation of phospholipid block copolymer-coated QDs. The phos-
pholipids are functionalized with PEG chains, which provide good dispersibility in
water for the assembly, while the hydrophobic parts of the lipids interact with the
hydrophobic groups on the surface of the QDs.**
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Fig. 11 (a) Scheme of a QD coated with a multifunctional amphiphilic triblock
copolymer. (b) Chemical structure of the amphiphilic polymer used in (a). Adapted
by permission from Macmillan Publishers Ltd., copyright (2004).”

and their derivatives were often used as coatings (Fig. 12). The
maleic acid anhydride, once hydrolyzed, results in hydrophilic
carboxylic acid groups. These groups allow for further func-
tionalization and facile crosslinking of the coating.’”* The
crosslinking improves the coating stability and can be per-
formed with, e.g., bis(6-aminohexyl)amine.

In the procedure first described by Pellegrino et al.'*® the QDs
are coated with the unmodified polyanhydride in chloroform, and
then crosslinked (Fig. 13). After evaporation of chloroform, the
coated QDs are dissolved under sonication in an aqueous buffer at
pH = 9. Under these conditions the unreacted anhydride groups
hydrolyze to two carboxy ions each, rendering the whole QD-
polymer assembly highly soluble in water. The unbound polymer
could be removed by size-exclusion chromatography. This proce-
dure is highlighted as it represents a prototypical protocol for
using amphiphilic anhydride-based polymers to coat QDs.
Subsequently reported protocols displayed some variation
regarding this procedure depending on the length of the alkyl side
chains and the molar mass of the amphiphilic polymer.*®

Amphiphilic polymers may be obtained by functionalization
of polyacrylic acid. In general, the performance of the coating
will be determined by the appended alkyl chain length, e.g.,
octylamine, dodecylamine, hexadecylamine or octadecylamine,
by the grafting density, and the phase transfer protocol for QDs
of a given size and surface functionality.””® QDs linked to
immunoglobin G (IgG) and streptavidin for labeling of cellular
components® were prepared by coating the QDs with 40%
octylamine modified polyacrylic acid. Further cross-linking and
functionalization could be performed by EDC-mediated
coupling to lysine (or PEG-lysine) and then coupling to

b
? e el ? oo
W
n n K/\N/
0= g0 [Sae) |

Fig. 12 Chemical structures of (a) poly(maleic anhydride-alt-1-tetradecene),"®
(b) poly(maleic anhydride-alt-1-octadecene),’*'2° and (c) poly(maleic anhydride-
alt-1-decene) modified with dimethylamino propylamine.
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hydrophobic
alkyl chains

anhydride rings

Fig. 13 Schematic illustration of the QD coating procedure. The unreacted
polyanhydride coats the QDs via hydrophobic interactions between the alkyl side
groups and hydrophobic ligands on the surface of the QDs. After coating, a
crosslinker is added to improve the stability of the assembly. Upon transferring the
QDs to water the remaining anhydride units are opened providing carboxy ions
and rendering the whole assembly highly water-soluble. Reprinted with permis-
sion from ref. 118. Copyright (2004) American Chemical Society.

streptavidin or antibodies.” These coated QDs were successfully
used in in vivo multiphoton fluorescence imaging."** The
coating did not affect the two-photon cross-sections for the
same size QDs. The size of the polymer-coated water-soluble
QDs was estimated to be 14 nm and larger than that of dry QDs,
indicating some interactions between the polymeric coating
and the solvent. Luccardini et al.'*® randomly grafted hydro-
phobic octylamine (25% of carboxy groups) and isopropylamine
(40% of carboxy group) to PAA in the presence of a dicyclohex-
ylcarbodiimide activating agent (Fig. 14). The remaining
hydrophilic carboxylic acid groups were turned into their basic
form using sodium methanoate.

In amphiphilic polymeric coatings the alkyl chains can be
substituted by other highly hydrophobic groups, like a phenyl
ring. It was shown that low molar mass poly(styrene-co-maleic
anhydride) (1700 g mol ", PSMA) effectively coated the surface
of TOPO-coated QDs (Fig. 15). The functionalization of the
coating can be performed the same way as for other maleic
anhydride-based amphiphilic polymers, i.e., by reaction with
amine functionalized molecules. Reacting the anhydrides on

o

x Y z
o~ o 07 °NH

Na*

Fig. 14 Chemical structure of poly(acrylic acid) randomly grafted with hydro-
phobic octylamine and isopropylamine.'®
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the coated QDs with ethanolamine or polyetheramine (a PEG
derivative) renders the coating amphiphilic and the QDs can be
transferred to water."*»"*® The coating resulted in QDs with
diameter between those of QDs coated by DHLA-PEG and poly-
(maleic anhydride-alt-1-octadecene). Grafting molecules with
triethoxysilane groups allowed growth of thin silica layers onto
the QDs.*®

The amphiphilic polymer coatings provide a large number of
carboxylic units on the surface of the QDs which can be further
used for attachment of biomolecules, dyes,"”” PEG, etc. Func-
tionalization of the coating is usually performed using 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC). However, the
original anhydride units are highly reactive towards primary
amines without the addition of any coupling agents.

Another type of polymer, which was successfully applied by
us,?3%1297132 and by others**™*° as efficient and versatile
coating of QDs was based on poly(isobutylene-alt-maleic
anhydride). To render the polymer amphiphilic, different
molecules can be grafted to the anhydride unit. The molecules
can be amine or carboxyl-terminated and react with the
anhydride to form amide or ester bonds. For each anhydride
unit one obtains two carboxylic groups, where one carboxylic
group takes part in the new bond formation. The general
structure of the resulting amphiphilic polymer consists of
hydrophobic alkyl side chains for interaction with TOPO, and
hydrophilic carboxylic groups, which render the whole
assembly water-soluble (Fig. 16a).

The anhydride can be also opened without attaching any
molecule, resulting in two carboxylic groups per monomer. It
was immediately recognized that the anhydride approach
provides great flexibility and control over the ratio of hydro-
phobic to hydrophilic units, the number of functional groups
for further derivatization, and that it provides a versatile scaf-
fold for the conjugation of functional groups at the stage of the
amphiphilic polymer synthesis (therefore not requiring post-
coating functionalization reactions). Comparing to function-
alization of polyacrylic acid-type polymers, each monomer unit
will always contain a minimum of one carboxylic group after
the anhydride opening. This ensures that the hydrophilic
groups are distributed throughout the polymer chain. This
allows in turn to couple highly hydrophobic ligands, such as
acetylene groups for “click” chemistry (Fig. 16b), to the polymer
backbone while preserving the amphiphilic character of the
polymer.

Ul St

N —

N

( QDs |
| organic solvent |

r‘ QDs \
| aqueous solvent
\————

Fig. 15 Transfer of QDs from the organic solvent to water using a poly-
(styrene-co-maleic anhydride) coating. The coating can be further function-
alized by reacting amine-terminated linkers with unopened anhydride units.
Reprinted with permission from ref. 126. Copyright (2009) American Chemical
Society.
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Fig. 16 Amphiphilic QD coatings based on poly(isobutylene-aft-maleic anhy-
dride) are obtained by grafting amine-functionalized groups to a polyanhydride
backbone. (a) Alkylamine chains of various lengths interact with the TOPO layer
via hydrophobic interactions, while the opened anhydride units provide carboxy
jons resulting in stable QD suspensions in water.?® (b) Functionalization of the
amphiphilic polymer before the coating procedure allows one to introduce
additional functional groups. For example, hydrophobic acetylene groups can be
used in “click” reactions with azide-functionalized coatings. Adapted from ref.
128 with permission from The Royal Society of Chemistry.

Functionalization of the amphiphilic
polymeric coating

The amphiphilic polymer can be functionalized before and after
coating the QDs. The pre-coating procedure includes polymer-
ization of functional polymers or post-polymerization modifi-
cations. It was demonstrated by using electrophoresis as the
separation method that the number of functional groups on the
polymeric coating could be in principle controlled down to a
single functional group.'*® The coatings are typically function-
alized with PEG, which not only improves the stability of the
QDs in solution, but it also minimizes nonspecific interactions
of the QDs with cell membranes. Thus, such functionalization
is often performed for biological applications.

A popular functionalization strategy is to modify the coating
before encapsulating the QDs."?>'**'*! A primary requirement is
that the polymer retains its amphiphilic character after func-
tionalization; otherwise phase transfer of the hydrophobic QDs
to water would not be possible. Functional groups or molecules
can be introduced during the polymer synthesis or via modifi-
cations of the polyacrylic acid or polyanhydrides. For example,
Chen et al. have synthesized a polyacrylic acid via Reversible
Addition-Fragmentation Chain Transfer (RAFT) reaction. After
modification with octylamine the polymer became amphiphilic
but the advantage of using RAFT, besides obtaining well-
defined polymers, became apparent by coupling a dye to the
thiol-functionalized chain-end of the polymer (the thiol func-
tionality being a left over from the RAFT agent)."** Zhou et al.
have coupled octylamine chains and diamine PEG to polyacrylic
acid. The resulting polymer effectively coated QDs in water and
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provided free NH, groups that could be linked via a crosslinker
to thiol-functionalized peptides. This strategy allowed coupling
of peptides in which the free amines participated in ligand-
receptor interactions, and therefore could not be coupled to
carboxylic groups on the polyacrylic acid.***

Polyanhydrides and their copolymers are a versatile platform
for coupling of organic molecules modified with nucleophilic
groups.” The reaction is very efficient and compared to other
methods no coupling agents, such as EDC, are needed. A variety
of functional groups has been used ranging from small organic
molecules through larger and bulkier groups like aza rings,
galactopyranoside, dyes, to polymers like PEG or PNIPAM. "4
Poly(maleic anhydride-alt-1-decene) modified with dimethyla-
mino propylamine results in an amphiphilic polymer which is
positively charged at neutral pH.** The zwitterionic coating was
shown to bind siRNA"" and deliver it into cells.**®

Post-coating functionalization is usually more challenging
due to the stability of the amphiphilic coating during function-
alization. EDC coupling has been shown to be problematic in
some cases and to decrease the quantum yield and cause irre-
versible precipitation of the QDs. Novel carbodiimide coupling
agents were therefore researched and successfully used for the
functionalization of the amphiphilic polymeric coating.**” The
coating is usually functionalized with PEG chains of various
lengths.**®'* For example, methoxy or carboxy terminated PEG
chains with molar masses ranging from 750 to 5000 g mol ™"
were conjugated to an amphiphilic poly(acrylic acid) coating via
EDC coupling. PEG chains change circulation lifetimes in vivo,
and show decreased nonspecific absorption in live animal
models**® and in different cell lines.** The coating can be also
functionalized via electrostatic interactions using procedures
developed for simple ligands. Mattoussi et al. described how to
coat carboxy functionalized QDs with proteins fused to a posi-
tively charged leucine zipper domain. This domain binds elec-
trostatically to the QD surface ligands.”® Antibodies were also
coupled to the amphiphilic coatings via reaction with EDC.**°

Coating QDs with polymers via the grafting-
to and grafting-from approaches

Bringing the polymer close to the QDs

In most of electronic applications of QDs there is a requirement
that the organic electroactive molecules are in close proximity to
the nanocrystal surface. This is needed for charge separation in
photovoltaic devices or charge injection and recombination in
light emitting devices. To achieve this, one can attach a pre-
synthesized end-functionalized polymer chain to the surface
of the QDs, or grow the polymer chain directly from the surface
of the QDs. These methods are often referred to in the literature
as the polymer “grafting to” and the “grafting from” methods,
respectively.

Grafting polymers to the QD surface

In the “grafting to” method the pre-synthesized polymer needs
to be end-functionalized with suitable chemical groups. One
can make use of the well-known strong binding groups such as
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pyridine,** pyridyl,"** thiols”>*** or phosphonic acids.'** By
grafting water-soluble polymers to the QD surface, e.g., pyri-
dine-terminated PEG"* (Fig. 17), the QDs can be rendered
soluble in polar solvents. Thiol terminated DNA was success-
fully attached to QDs stabilized by mercaptopropionic acid. The
DNA could hybridize with complementary strands present on
other nanoparticles**® and telomerization could be followed in
real time by using dye labeled dNTPs and unlabelled dNTPs in
the presence of telomerase. The latter experiment would
therefore also constitute real time observation of surface initi-
ated polymerization of a macromolecular chain.'*®

The main advantage of the grafting-to method is the use of
monodisperse polymers either synthesized in the lab or
procured from commercial sources. The main disadvantage is
the lack of control over the number of attached macromolecules;
the ligand exchange process is a stochastic process and long
polymer chains sterically hinder the attachment of subsequent
macromolecules.

Most ligands are electrical insulators with large bandgaps
and a more intimate contact between an electroactive matrix
and the QDs is therefore needed. Alkyl-substituted 3-hexyl oli-
gothiophenes (P3HT) with a phosphonic acid group at the chain
end were shown to exchange TOPO from the surface of QDs
(Fig. 18a). The alkyl side chains provided good dispersibility in
nonpolar solvents.’® Pyridyl-functionalized poly(3-hexylth-
iophenes) were also shown to attach to CdSe QDs (Fig. 18b). The
presence of the polymer directly on the QD surface improved
dispersibility in a poly(3-hexylthiophene) matrix.'*> P3HT graf-
ted QDs were also obtained by grafting vinyl functionalized
polythiophene to [(4-bromophenyl)methyl]dioctylphosphine
oxide-functionalized CdSe QDs (Fig. 18c)."*®

A range of different bidentate ligands coupled to PEG chains
obtained by attaching the polymer directly to dihydrolipoic acid
were developed.*””*>” These ligands were shown to provide water
solubility to the QDs and to broaden the range of pH and ionic
strength conditions at which the nanoparticles did not precipi-
tate from water.”” For PEG chain molar mass higher than 400 g
mol ' aggregate-free suspensions were obtained which could be
stored over prolonged time. The PEG end-functionalized with

Fig. 17 Pyridine-terminated PEG grafted to QDs results in an assembly, which is
soluble in aqueous solutions.™?
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b)

Fig. 18 Chemical structures of (a) phosphonic acid functionalized oligothio-
phenes™* and (b) pyridyl functionalized poly(3-hexylthiophene).’s? (c) Grafting
vinyl end-functionalized poly(3-hexylthiophene) to [(4-bromophenyl)methyl]dio-
ctylphopshine oxide-functionalized CdSe QDs.**®

hydroxy groups could be further derivatized to provide a range of
functional groups like amine, or carboxylic acid for coupling to
e.g. dyes, peptides or proteins (Fig. 19).°%15%15

Peng and coworkers presented a method to graft to the
surface of CdSe/CdS QD dendrons thiol-functionalized at the
focal point.'***%> Even though the dendron shell is only 1-2 nm
thick, the QDs were more resistant towards oxidation compared
to the QDs coated with simple thiol ligands. The dendron shell
could be crosslinked to improve the photochemical and
thermal stability of the QDs. If vinyl functionalized dendrons
are used, the crosslinking reaction can be performed through
ring-closing metathesis (RCM) reaction.'®* Water-soluble QDs
are obtained when using hydroxy-functionalized dendrons,
which could be crosslinked with amine-functionalized genera-
tion-two dendrimers. The resulting amine rich surface could be
further coupled to other molecules.'®® Hydroxy-terminated

Hydrophilic
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Functional group

-OH; -NH2
- COOH ; - Biotin
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[e]
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Fig. 19 (a) Scheme for grafting of PEG to the surface of QDs using bidentate
ligands. (b) The polymers are end-functionalized with various chemical groups
suitable for further derivatization.®®
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dendrons with two primary amines at their focal points were
shown to coat QDs in water. Although the amines provide
weaker bonding to the surface of ZnS the bidentate character of
the ligand resulted in stable dendron-coated QDs without the
need for crosslinking the shell.'**

Grafting polymers from the surface of QDs

It is arguably much more difficult to perform polymerization
from the QD surface compared to grafting end-functionalized
polymers to the QDs. The main problems are associated with
harsh polymerization conditions and availability of suitable
surface initiators. To maintain the optical properties of the QDs
the initiators should passivate well the surface of the QDs while
providing a sterically unhindered polymerization initiation
group directed towards the solution. Most commonly used
polymerization reactions were based on ring-opening reac-
tions'® or controlled radical polymerizations such as atom
transfer radical polymerization (ATRP)' or reversible addition-
fragmentation chain transfer polymerization (RAFT). The suit-
able initiators can be introduced onto the QD surface by ligand
exchange or directly during the synthesis by using ligands that
are stable at high temperatures. Despite its challenging
requirements, the “grafting from” method offers some exciting
opportunities. Control over the surface concentration of the
initiators results in a controlled number of polymer chains per
nanoparticle and the nature of the polymerization protocols
allows one to grow block copolymers.

A number of strategies to obtain polymer coated QDs based
on surface initiated polymerization was developed by the group
of Todd Emrick. These include the design of surface ligands
(Fig. 20), which can be used as initiators of polymerization and
provide good passivation and stability to the nanocrystals. For
example, Skaff et al. described functional phosphine oxide
ligands that could be transformed into a metathesis catalyst by
carbene exchange (Fig. 20a)."*® Ruthenium-catalyzed ring-
opening metathesis polymerization (ROMP) of a number of
cyclic olefin monomers such as cyclooctene, dicyclopentadiene
and oxanorbornene was demonstrated (Fig. 21).

Surface grafted polystyrene and poly(styrene-r-methyl meth-
acrylate) block copolymers could be obtained by nitroxide-
mediated controlled free radical polymerization.'*” To this end, a
nitroxide containing phosphine oxide ligand (Fig. 20b) was
synthesized and coated onto CdSe QDs via ligand exchange.
A ligand used during the synthesis of the QDs based on

o e T

RuL, = RuCl,(PCys),

Fig. 20 Chemical structures of polymerization-initiating ligands for grafting
polymers from the QD surface. The ligands are based on phosphine oxide func-
tionalized with (a) ruthenium,'¢ (b) 2,2,6,6-tetramethylpiperidinyloxy,'s” (c)
bromide,®® and (d) trithiocarbonate.'s®
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Fig. 21 Scheme describing the grafting of cyclic olefins from the surface of QDs
functionalized with a ruthenium-based catalyst for ring-opening metathesis
polymerization (ROMP)."¢®

p-bromobenzyl-di-n-octyl phosphine oxide (Fig. 20c)'*® was used
for the polymerization of poly(para-phenylene-vinylene) (PPV) by
copolymerization of 1,4-divinylbenzene with 1,4-dibromo-
benzene derivatives by palladium-catalyzed Heck-type coupling
reaction.’®® The polymer chains were relatively short - primarily
trimers and tetramers were obtained. This however allowed the
QDs to be well dispersed in a PPV matrix and resulted in mate-
rials with novel optoelectronic properties. Single QD measure-
ments showed that the intimate contact of the conjugated
polymer with the QD surface results in hybrid electronic mate-
rials."”® Most notably, QDs coated with oligo-PPV exhibited
modified fluorescence intermittency, which at high ligand
coverage was completely suppressed on the 1 s time scale.'”*
Finally, reversible addition-fragmentation chain-transfer (RAFT)
polymerization from the QD surface was performed by employ-
ing ligands with trithiocarbonate functionality (Fig. 20d).'*
Living polymerization conditions allowed for polymerization of
homopolymers as well as random and block copolymers such as
polystyrene, poly(butyl acrylate) or poly(styrene-b-butyl acrylate)
with relatively low polydispersity of 1.17 to 1.32 and molar
masses ranging from 9 kg mol™" to 49 kg mol .

Other examples of the grafting-from strategy include hyper-
branched polyglycerol, which could be obtained by anionic ring-
opening polymerization of glycidol from the surface of CdTe
QDs'”? and the synthesis of a thermoresponsive polymer poly(2-
(dimethylamino)ethyl methacrylate) from the surface of CdTe
QDs by surface-initiated oxyanionic vinyl polymerization. The
latter QDs were soluble in water and organic solvents and were
therefore called amphibious. Upon heating the QD solution
above the lower critical solution temperature of the polymer
(between 32 and 38 °C, depending on the grafted polymer
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fraction on the QD) the grafted chains collapsed and the QDs
aggregated.'”?

Conclusions

We have reviewed surface modifications of QDs based on
different macromolecular coatings. The short ligands on the
surface of the QDs resulting from the QD synthetic protocols
can be readily exchanged by polymeric ligands bearing func-
tional groups, which are able to interact strongly with the
nanocrystals' surface. Polymeric coating strategies include
using polymers as multidentate ligands, where multiple side
groups interact with the QD surface, using hydrophobic inter-
actions between the polymeric coating and the hydrophobic
ligands on the QDs, and by attaching the polymers by their
chain ends. The latter could be achieved by growing polymers
directly from the surface of the QDs or by attaching an end-
functionalized polymer to the QD surface or to the surface
ligands. Overall, most of the polymer-coated QDs display
enhanced colloidal stability in solution and provide a robust
platform for chemical derivatization. The choice of a suitable
coating method is dictated primarily by the final application of
the QDs. Taking advantage of the availability of functional
groups, polymer-coated QDs have found applications in biology
and biosensing as luminescent tags and probes, while the
ability to introduce polymers close to the QD surface was used
in optoelectronic applications.

The control of the number of functional groups on the
surface of the QDs remains relatively unexplored with current
methods being based primarily on purification procedures (and
therefore low yields). Spatial distribution of multiple functional
groups was to our knowledge not addressed. We believe that
these topics will gain more attention in the near future as such
materials would allow performing quantitative biological
experiments and will help to understand the electronic inter-
actions between the polymeric shell and the QDs.
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