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Synthesis, characterization and cell-biomarker applications for a novel series of comb-
copolymers featuring hydrophobic amide side groups, carboxylates and other functional-
ities such as polymerizable side chains and PEG oligomers are reported. When used as
polymer ligand shell for trioctylphosphine oxide (TOPO) coated quantum dots (QDs) these
copolymers effectively solubilise CdSe/ZnS QDs in water. A systematic study was carried
out to find the relation between the molecular structure of the copolymers, their ability
to coat the QDs, and to suspend the nanocrystals in water. To demonstrate potential appli-
cations, highly luminescent QD/polymer assemblies were internalized into living and fixed
cells.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Highly luminescent semiconductor nanocrystals, usu-
ally referred to as quantum dots (QDs), with their unique
size/composition-tunable narrow emission and broad
absorption [1] spectra have drawn great attention in the
last decade due to their promising applications in opto-
electronics and biology. These applications range from so-
lar cells [2], light emitting diodes [3], laser technologies [4],
and chemical sensing [5] to bio-imaging [6]. Recently, a
number of effective approaches for synthesizing high-qual-
ity hydrophobic QDs have been reported and some new
methods for transforming the hydrophobic QDs into
hydrophilic via surface modification have consequently
been developed for various bio-applications. Currently,
. All rights reserved.
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the most popular way to render QDs water-soluble encom-
passes a direct exchange of the hydrophobic surface coat-
ing ligands (long alkyl chains) with small bi-functional
organic ligands [7]. Alternatively, hydrophobic QDs have
also been solubilised in water by using amphiphilic mole-
cules through hydrophobic–hydrophobic interactions with
hydrophobic ligands on the surface of QDs, such as hydro-
phobic trioctylphosphine oxide (TOPO). Small molecules
such as phospholipids [8], calixarenes [9], cyclodextrines
[10], as well as complex copolymers [11] (in particular
polyacrylic acid derivatives [12]) have been used for this
purpose. Important advantages of this approach include
the omission of the ligand exchange step and the easy
introduction of functionality without affecting the surface
of QDs, which could result in deterioration of their optical
properties. In this work, we report on a systematic study of
a series of two- and three-component amphiphilic copoly-
mers (Fig. 1) and on their ability to convert hydrophobic
TOPO-terminated QDs into functional, water-soluble
assemblies. The polymer platform presented allows us to
conveniently control the type and number of hydrophobic
and hydrophilic units at the surface of QD/polymer ligand
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Fig. 1. Chemical structure of copolymers 1–7.
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conjugates and to carry out functionalization of the poly-
mer backbone without the use of any coupling agent. Con-
trary to other reports [13], no crosslinker is needed for a
stable polymer coating as hydrophobic–hydrophobic inter-
actions between alkane side chains of our polymers and
that of TOPO provide strong enough intermolecular bond-
ing. In order to demonstrate the application potential for
this new class of polymeric ligands, we discuss their first
use in combination with CdSe/ZnS QDs for labeling and
subsequent bio-imaging of living cells [14].

2. Experimental

2.1. Materials synthesis

All reagents were purchased from Sigma–Aldrich,
including poly(isobutylene-alt-maleic anhydride) (Mw =
6000 and 60,000 g/mol). 1H NMR spectra were obtained
on a Bruker spectrometer (DRX 400 MHz). UV–Vis absorp-
tion was recorded using a Shimadzu spectrophotometer
(UV-1601). A Shimadzu spectrofluorometer (RF-5301PC)
was used to obtain the luminescence spectra of the QDs
solutions.

2.2. Synthesis of QDs – general procedure

Cadmium oxide (0.026 g, 0.20 mmol) and stearic acid
(0.25 g, 0.88 mmol) were dried in vacuum and subse-
quently heated in N2 atmosphere (230 �C) until the solu-
tion became transparent. The mixture was cooled to
room temperature and subsequently TOPO (4.0 g,
10 mmol) followed by n-hexadecylamine (2.5 g, 10 mmol)
were added. The mixture was warmed to 190–240 �C and
a solution of Se in TOP (0.2 mL, 0.2 mmol) was added. To
grow the passivating ZnS layer around the CdSe core, the
solution of sulphur in TOP (0.2 mL, 0.2 mmol) was added
alternately with a solution of Et2Zn in heptane/TOP
(1 mL, 0.2 mmol) in few small portions. The size of the
nanocrystals was controlled by temperature and time be-
tween the addition of Se solution and the first portion of
S. For example, synthesis of dots with emission of
555 nm and a size of 2.7 nm was achieved at 202.5 �C for
30 s followed by alternating addition of Et2Zn and S/TOP
in 10 s intervals.
2.3. Synthesis of polymers

General procedure for synthesis of polymers 1–7. To the
solution of 1 g poly(isobutylene-alt-maleic anhydride) in
300 mL of dry CHCl3 the appropriate amine followed by DI-
PEA (1 mL) were added and the mixture was stirred for
16 h at 50 �C. In cases of polymers 6–7 the second compo-
nent was added 2 h following the initial n-octylamine
addition. After evaporation of CHCl3 the material was sus-
pended in water with small excess of NaOH with respect to
the carboxylic groups in the polymer backbone. After evap-
oration of water and DIPEA, the remaining residue was dis-
solved in water and dialyzed against 0.01 M NaOH and
pure water for a few days. To properly identify the compo-
sition of the polymers obtained, NMR spectra were com-
pared with NMR of poly(isobutylene-alt-maleic
anhydride) opened by treatment with stoichiometric
amount of NaOH to carboxyl groups. NMR integration
was normalized to the backbone 6000 g/mol (n = 38).
Weight average molar mass was calculated based on the
NMR spectra of purified polymers.

2.3.1. Polymer 1
Reaction of poly(isobutylene-alt-maleic anhydride)

6000 with n-octylamine (0.05 g, 0.4 mmol) resulted in a
crystalline product 1 (0.86 g, 59%). dH (400 MHz; D2O)
3.25–2.90 (9H, m), 2.59 (39H, bs), 2.08 (39H, bs), 1.95–
1.35 (81H, m), 1.34 (62H, bs), 1.13–0.65 (238H, m). Target
composition: carboxylic 97%, octyl amide 3%; observed:
carboxylic 96%, octyl amide 4%.

2.3.2. Polymer 2
Reaction of poly(isobutylene-alt-maleic anhydride)

6000 with n-octylamine (0.15 g, 1.2 mmol) resulted in a
crystalline product 2 (0.97 g, 64%). dH (400 MHz; D2O)
3.30–2.90 (23H, m), 2.59 (38H, bs), 2.42–1.40 (152H, m),
1.23 (116H, bs), 1.15–0.70 (238H, m). Target composition:
carboxylic 90%, octyl amide 9%; observed: carboxylic 89%,
octyl amide 10%.

2.3.3. Polymer 3
Reaction of poly(isobutylene-alt-maleic anhydride)

6000 with n-octylamine (0.42 g, 3.2 mmol) resulted in a
crystalline product 3 (1.06 g, 63%). dH (400 MHz; D2O)
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3.28–2.85 (47H, m), 2.60 (37H, bs), 2.41–1.60 (81H, m),
1.47 (68H, bs), 1.24 (253H, bs), 1.12–0.75 (286H, m). Target
composition: carboxylic 75%, octyl amide 25%; observed:
carboxylic 75%, octyl amide 25%.

2.3.4. Polymer 4
Reaction of poly(isobutylene-alt-maleic anhydride)

6000 with n-octylamine (0.84 g, 6.5 mmol) resulted in a
crystalline product 4 (1.63 g, 88%). dH (400 MHz; D2O)
3.25–2.85 (72H, m), 2.60 (34H, bs), 2.40–1.65 (73H, m),
1.48 (87H, bs), 1.24 (379H, bs), 1.12–0.65 (317H, m). Target
composition: carboxylic 50%, octyl amide 50%; observed:
carboxylic 61%, octyl amide 39%.

2.3.5. Polymer 5
Reaction of poly(isobutylene-alt-maleic anhydride)

60000 with n-octylamine (0.21 g, 1.6 mmol) resulted in a
crystalline product 5 (1.49 g, 95%). dH (400 MHz; D2O)
3.25–2.85 (33H, m), 2.62 (43H, bs), 2.40–1.65 (89H, m),
1.49 (76H, bs), 1.25 (159H, bs), 1.12–0.65 (262H, m). Target
composition: carboxylic 88%, octyl amide 12%; observed:
carboxylic 85%, octyl amide 15%.

2.3.6. Polymer 6
Reaction of poly(isobutylene-alt-maleic anhydride)

6000 with n-octylamine (0.21 g, 1.6 mmol) and 3-amino-
1-propanol vinyl ether (0.02 g, 0.20 mmol) resulted in a
crystalline product 6 (0.91 g, 60%). dH (400 MHz; D2O)
6.42 (1.5H, bs), 4.25 (1.5H, bs), 4.04 (1.5H, bs), 3.78 (3H,
bs), 3.25–2.82 (m, 30H), 2.80–1.60 (154H, m), 1.45 (45H,
bs), 1.29 (144H, bs), 1.14–0.65 (258H, m). Target composi-
tion: carboxylic 87%, octyl amide 12.5%, vinyl 1.5%; ob-
served: carboxylic 85%, octyl amide 13%, vinyl 2%.

2.3.7. Polymer 7
Reaction of poly(isobutylene-alt-maleic anhydride)

6000 with n-octylamine (0.21 g, 1.6 mmol) and diamino-
propyl PEG 1500 (0.50 g, 0.33 mmol) resulted in a crystal-
line product 7 (1.58 g, 78%). dH (400 MHz; D2O) 3.78–3.42
(270H, m), 3.25–3.82 (30H, m), 2.80–1.60 (128H, m), 1.48
(48H, bs), 1.22 (151H, bs), 1.12–0.70 (260H, m,). Target com-
position: carboxylic 82%, octyl amide 13%, PEG 1500 5%; ob-
served: carboxylic 81%, octyl amide 14%, PEG 1500 5%.

2.4. Synthesis of QD/polymer assemblies

0.5 mg of purified QDs were suspended in THF (2 mL)
and 4 mg of polymer in 0.5 mL water solution was added
followed by addition of 2 mL of water. The mixture was
concentrated with a rotary evaporator to 1 mL volume by
removing THF. Turbid water suspension obtained was fil-
tered trough a 0.22 lm MILEX PES membrane filter and
the filter was washed with 2 mL of pure water resulting
in a clear aqueous solution of the QDs/polymer conjugates.
Excess of water can be removed with a rotary evaporator to
reach the target concentration. For comparative tests con-
centrated water solutions were diluted in a 2 mL volumet-
ric flask.

Based on the absorption of QD/polymer assemblies it is
estimated that approximately 80–90% of dots pass the sus-
pension procedure. This yield is however strongly depen-
dent on the purity of the QDs (excess of hydrophobic
ligands lead to formation of aggregates). It was also found
that the quality of THF solutions of QDs is critical for their
efficient transfer into water. Best results were obtained
when freshly centrifuged dots were directly resuspended
in THF. Use of dry QDs resulted in quality reproducibility
problems.

2.5. AFM and TEM experiments

The samples for AFM imaging were prepared by drop
casting of diluted QD/polymer solutions onto 1 � 1 cm2

pieces of a cleaned silicon wafer. The substrates were rinsed
with distilled water to remove excess material. The samples
were left to dry in air and subsequently mounted on a mag-
netic metal puck. Imaging of the polymer-coated QDs was
performed with a Multimode Atomic Force Microscope
(Veeco-Digital Instruments, Santa Barbara, CA) equipped
with a NanoScope IV controller. Single beam Si cantilevers
(Pointprobe-plus, Nanosensors, Germany) were used for
imaging in the tapping mode. For Transmission Electron
Microscopy the solutions were drop-casted onto a copper
grid coated with a carbon film and dried in air. Imaging
was performed using a JEOL 2100 TEM at 200 kV.

2.6. Cell internalization

Cell cultures – Human breast cancer cells, MCF-7 (ATCC)
and rat glioma cells, C6 (ATCC) were cultured at 37 �C in a
humidified atmosphere of 5% CO2 environment and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin solution. The culture medium
was replenished every other day. To study particles uptake
by cells, the cells were seeded at 2.0 � 104 cells/cm2 in Lab-
TekTM chambered cover glass systems (Nunc).

Uptake of QD/polymer 2 assemblies in live cells. The up-
take was initiated when the culture medium was replaced
by the medium containing 1 mg/mL of the particles of
interest in solution. The solution pH was adjusted to 9
prior to dilution. The cell monolayer obtained was further
incubated for 1 h at 37 �C. At the end of the incubation
time, the cells were washed 3 times with fresh pre-
warmed phosphate buffered saline (PBS) buffer to elimi-
nate excess QD particles which were not associated to
the cells. The cells were then fixed with 70% ethanol. To as-
sess whether the particles entered the cytoplasm of cells,
nuclei were stained with 40,6-diamidino-2-phenylindole
(DAPI). The samples were then mounted in the fluorescent
mounting medium (Dako). Confocal fluorescent micros-
copy was performed using an Olympus FV500 system sup-
ported with a 60� water-immersion objective. Images
were captured in sections of 1024 � 1024 pixels and pro-
cessed by FV10-ASW 1.3 Viewer.

3. Results and discussion

3.1. Materials synthesis

A series of amphiphilic polymers of interest
1–5 were synthesised by grafting n-octylamine to



Table 1
Composition of polymers 1–7

Polymer Compositiona,b Mn
c

CONHC8H17 (%) COO� (%) Other

1 4 96 – 9000
2 10 90 – 9000
3 25 75 – 10,000
4 39 61 – 11,000
5 15 85 – 95,000
6 13 85 Vinyl – 2% 9100
7 14 81 PEG(NH2)2 1500–5% 12,000

a Composition is given as a number percentage of functions in the
backbone.

b 1H NMR signals used for composition determination: 1.20–1.25 ppm,
octyl CH2; 1.10–0.75 ppm, backbone CH3, octyl CH3; 6.42 ppm, vinyl
CH2@CHO; 3.44–3.80 ppm, PEG OCH2CH2O.

c Number average molecular mass (in g/mol units) was calculated
based on the 1H NMR spectra. We ruled out cross-linking reactions
between anhydride units for 7.

Fig. 2. Absorption (a) and normalized emission (b) spectra of TOPO-
coated CdSe/ZnS QDs in chloroform (solid lines), and of aqueous solutions
of QDs coated with polymer 6 (dashed lines) for two different QD sizes
(2.7 and 4.0 nm diameter; kex = 430 nm and kex = 500 nm, respectively).
Although the absorption spectrum for larger QDs shows minor changes,
the emission spectra for all samples remain largely unaffected by the
polymer ligand.

Table 2
Relative concentrations, emissions and corresponding standard deviation
for QD/polymer assemblies in watera

Polymer Relative concentrationb rabs Emissionc rem

1 0.81 0.05 0.25 0.06
2 0.84 0.07 0.32 0.16
3 0.86 0.04 0.48 0.29
4 0.93 0.04 0.60 0.26
5 0.85 0.06 0.23 0.03
6 0.83 0.03 0.28 0.07
7 0.90 0.03 0.46 0.01

a A mass of 0.5 mg of QDs (2.5 � 10�6 M) were suspended with 4 mg of
polymer. Three suspending experiments were carried out for each poly-
mer. Dots with emission peak at 555 nm and diameter value of 2.7 nm
were used.

b The concentration is calculated from the absorption value at the first
excitonic peak. The relative concentrations are obtained by normalizing
to the initial concentration of hydrophobic QDs in CHCl3.

c The emission was recalculated according to the concentration and
expressed as fraction of initial emission of hydrophobic QDs in CHCl3;
kex = 430 nm.
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poly(isobutylene-alt-maleic anhydride) at different molar
ratios (Table 1, Fig. 1). Straightforward nucleophilic reac-
tion was carried out in the presence of N,N-diisopropyleth-
ylamine (DIPEA). In contrast to the already published
reports [11], our method did not require the use of any
crosslinking agents. To introduce additional functional
units onto the QD/polymer assemblies, polymers contain-
ing vinyl function 6 [15] and PEG oligomers 7 were also
synthesized.

Control over the number of hydrophobic units with re-
spect to the number of carboxyl groups in the backbone of
polymers 1–7 was achieved by changing the amount of
nucleophilic reactants used for the reaction with the poly-
anhydride chain. Polymers 1–7 were characterized by 1H
NMR providing the stoichiometries of the groups attached
to the polymer backbone.

CdSe/ZnS QDs were synthesised in the presence of trio-
cytlphosphine oxide (TOPO), triphenylphosphine (TOP)
and n-hexadecylamine according to the reported proce-
dure [16]. QDs emitting in the range from green
(500 nm) to red (650 nm), exhibiting narrow emission
bands (down to 20 nm full width at half maximum) were
obtained.

3.2. Transfer of QDs into water – fabrication of QD/polymer
assemblies

QD/polymer assemblies were formed by mixing of
aqueous solutions containing one of the polymers 1–7 with
QDs in THF. The subsequent THF evaporation and residual
solution filtration resulted in transparent, luminescent,
aqueous solutions. Coating the QDs with polymers and
transferring them into water did not show any significant
effects on their basic luminescence properties. Although
the absorption spectrum shows minor changes, the wave-
length at the maximum of the emission and the widths of
the emission spectra remain essentially unchanged (Fig. 2).
There is however (see Table 2) a visible decrease in emis-
sion efficiency when comparing to initial QDs in CHCl3

(20–60% of initial value). Similar loss of intensity has been
reported when transferring dots from hydrophobic solvent
into water [17].
Transmission Electron Microscopy (TEM) was used to
image individual polymer-coated QDs (Fig. 3a). High reso-
lution images (see inset Fig. 3a) resolved atomic interfer-
ence fringes of a single, highly crystalline, water-soluble
QD. Lower resolution images (Fig 3a) showed that the
polymer-coated QDs did not form large aggregated struc-
tures in solution. An atomic force microscopy (AFM) height
image (Fig. 3b) of a representative QD/polymer assembly
on a silicon substrate deposited from a highly diluted solu-
tion shows the spherical shape of the functionalized QDs.
The height of the structures is in the range between 4
and 6 nm, which corresponds roughly to the size of the
QDs coated with a polymer shell. The lateral dimensions
of the polymer coated QDs observed in height images are
significantly broadened at this length scale due to tip con-
volution artefacts.

Polymers 1–7 were successfully used to suspend CdSe/
ZnS QDs in water. In order to test the suspending ability
multiple tests were performed for each polymer. To the



Fig. 3. (a) TEM micrograph of polymer coated QDs. A representative high resolution TEM image reveals the size, and high crystallinity of a single QD (inset/
size 5 nm). (b) 500 nm � 500 nm AFM height image (z-scale = 10 nm) of polymer coated QDs on silicon surface deposited from water solution. The polymer/
QD assemblies are spherically shaped.
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same initial amount of QDs in THF, the same concentration
of polymers 1–7 in water was applied. Optical performance
for 1–7 including absorption, and emission are shown in
Table 2.

The suspending ability of polymers (1–7) is expressed
as the concentration of QDs in the resulting aqueous solu-
tions compared relative to the initial concentration of QDs
in CHCl3, while both concentrations are calculated from the
absorbance values at the first excitonic peak [18]. The val-
ues of the relative concentrations in Table 2, between 0.81
and 0.93 mean that 81–93% of QDs were effectively sus-
pended in water.

The relative amount of n-octyl groups within the differ-
ent copolymers correlated with the magnitude of transfer
Fig. 4. (a) Transfer efficiency represented by the relative concentration of
QDs in water as compared to the initial concentration of hydrophobic QDs
in CHCl3; (b) luminescence of QD/polymer conjugates from aqueous
solution (normalized to the emission of pure QDs in CHCl3) as a function
of the polymer composition described as a percentage of n-octylamide
units [–C(O)NHC8H17] attached to the polymer backbone. The lines are a
guide for the eyes.

M
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CR
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M

efficiency of QDs from CHCl3 to H2O (Fig. 4a). This follows
the general observation that a higher number of anchoring
points (in this case hydrophobic n-octyl chains) gives high-
er stability to an assembly based on hydrophobic–hydro-
phobic interactions [10], although in general, all
investigated polymers (1–7) appear to be suitable for the
transfer of QD nanocrystals into water. The use of longer
polymer backbone (polymer 5) or attachment of a small
number of additional functionalities (polymer 6 – extra vi-
nyl unit) did not affect the suspension efficiencies. The
application of polymers with grafted PEG units resulted
in a slight increase of the amount of transferred dots.

It should be noted that careful purification and removal
of TOPO, trioctylphosphine (TOP) and n-hexadecylamine
from the QDs solution is critical for the effective formation
of stable QD/polymer assemblies. Probably the remaining,
free alkyl ligands prevent the formation of monodispersed
micelles, as well as drive flocculation.

Luminescence from dots suspended in water remains
stable for periods of weeks. Emission values increase the
same way as the earlier mentioned transfer efficiencies of
QDs and are correlated with increase of the relative
amount of n-octyl chains in the polymer backbone
(Fig. 4b). We attribute this to a better quality of the exter-
nal polymeric shell and related improved isolation of the
QD core.

Preliminary experiments with mammalian cancer cells
(MCF-7 and C6) revealed that the QD/polymer assemblies
can be effectively internalized (Fig. 5) [6b] by endocytosis.
Their endocytosis-based uptake to the cells was efficient
and fast. Within an hour, the QD/polymer assemblies were
uptaken by the cells and distributed throughout the cyto-
plasms and perinuclear regions except the nucleus. The
accumulation of QDs in the cytoplasm of living cells is
attributed to their selective distribution near the rough
endoplasmic reticulum and the ribosomes when the QD/
polymer assemblies enter the cytoplasm (Fig. 5b) [19].



Fig. 5. Fixed (a) and live cells (b) of mammalian cancer cells C-6 imaged with red QDs coated with polymer 2, nucleus stained blue with DAPI. Cells were
incubated with QDs for 1 h and then washed to remove excess of free nanocrystals.
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4. Conclusions

In conclusion, a family of polymers for easy functional-
ization of TOPO-terminated QDs has been synthesized and
characterized. Compared to other amphiphilic polymers,
the new platform allows one to conveniently control the
type and number of hydrophobic units in the backbone
and to optimize polymers to provide water-soluble QDs,
as well as to easily functionalize the QDs without the use
of coupling agents. The multi-point hydrophobic attach-
ment of polymers to the hydrophobic layer on the QDs pro-
vides sufficient shell stability in water for an extended
period of time without cross-linking. Suspension ability
of the polymers revealed a correlation with the number
of hydrophobic anchoring units in the polymeric backbone.

The water-soluble QDs obtained have successfully been
internalized into two different cell lines for imaging appli-
cations. This new family of polymers can be used to effec-
tively solubilise also other types of nanoparticles in water
for various applications.
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