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This paper assesses the biocompatibility for fluorescence imaging of colloidal nanocrystal quantum dots
(QDs) coated with a recently-developed multiply-binding methacrylate-based polymeric imidazole
ligand. The QD samples were purified prior to ligand exchange via a highly repeatable gel permeation
chromatography (GPC) method. A multi-well plate based protocol was used to characterize nonspecific
binding and toxicity of the QDs toward human endothelial cells. Nonspecific binding in 1% fetal bovine
serum was negligible compared to anionically-stabilized QD controls, and no significant toxicity was
detected on 24 h exposure. The nonspecific binding results were confirmed by fluorescence microscopy.
This study is the first evaluation of biocompatibility in QDs initially purified by GPC and represents a scal-
able approach to comparison among nanocrystal-based bioimaging scaffolds.
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1. Introduction

Colloidal nanocrystal quantum dots (QDs) offer size-tunable
absorption and emission spectra [1], large molar extinction coeffi-
cients [2,3] and 2-photon excitation cross-sections [4,5], and high
photostability [6,7] compared to most molecular fluorophores.
These properties have led to intense interest in QDs as light emit-
ters in bioimaging [5,7–10]. Requirements for biocompatible
nanocrystals include high colloidal stability, minimized nonspeci-
fic binding to cell surfaces and other biological substrates, and
low toxicity on relevant timescales. Hydrophilic organic ligand
coatings have been demonstrated as a route to biocompatible
QDs with smaller hydrodynamic radii than are achieved by encap-
sulation strategies [11–14]. A key challenge for ligand exchange
strategies is to install strongly-binding ligands in a highly repeat-
able and modular manner. Recently, several groups have devel-
oped co-polymer ligands in which multiple functional groups
providing QD chelation, water solubility, and/or handles for deriva-
tization are pendant on a polymer backbone [15–19].
Multiply-binding polymeric ligands are designed to provide bio-
compatible QDs with increased stability compared to those termi-
nated with small molecules bearing the same chelating groups, as
well as a high degree of tunability on the basis of polymer compo-
sition and length. We recently described the synthesis of a series of
polymeric imidazole ligands with a methacrylate backbone
(MA-PILs) and their use in preparing water-soluble QDs [20]. The
methacrylate monomers exhibit increased stability compared to
acrylate monomers, facilitating the control of polymer ligand prop-
erties through RAFT polymerization kinetics.

Here, we evaluated the biocompatibility of a series of representa-
tive MA-PIL multiply-binding ligand formulations through scalable
nonspecific binding and cell viability assays. To ensure a consistent
QD starting material, we employed gel permeation chromatography
(GPC) purification of the QDs [21] to remove impurities and
weakly bound species prior to ligand exchange to install the
MA-PIL ligand. The result illustrates the potential of methacrylate-
based polymeric ligands to form biocompatible nanocrystals
for targeting and sensing applications. Furthermore, these
techniques and the results can serve as the basis for fundamental
study and practical optimization of multiply-binding polymeric
ligands for biomedical applications of inorganic nanoparticles.
2. Materials and methods

2.1. Materials

Wurtzite CdSe/CdZnS core/shell quantum dots and MA-PIL
ligands were synthesized as described previously [20], PEG side-
chains were incorporated using poly(ethylene glycol) methyl ether
methacrylate 500 from Sigma–Aldrich. Bio-Beads S-X1 GPC med-
ium was obtained from Bio-Rad Laboratories. Toluene-d8 (D,
99.5%) was obtained from Cambridge Isotope Laboratories.
Decylamine (95%) was purchased from Sigma Aldrich.
Oleylamine (80–90%) and Bis(trimethylsilyl) sulfide ((TMS)2S;
95%) were purchased from Acros Organics. Rhodamine 590 chlo-
ride (R590, MW 464.98) was obtained from Exciton. Toluene
(99.5%) and Tetrahydrofuran (THF, 99%) were purchased from
Mallinckrodt Chemicals. Ethanol (200 proof) was obtained from
Decon Laboratories. Acetone (99.9%) was purchased from VWR.
Methanol (99.9%) was purchased from Fisher Scientific. Toluene
was dried with activated 4A molecular sieves. THF was dried using
the Puresolv system from Innovative Technologies. Synthetic or
analytical procedures under inert conditions were carried out
using Schlenk line techniques or in a glovebox under N2 atmo-
sphere. All media components were from Sigma Aldrich. 96 well
plates with clear plastic bottoms and black walls were obtained
from VWR. Calcein AM was obtained from Invitrogen.

2.2. Preparation of MA-PIL coated quantum dots

Prior to ligand exchange, QDs (5 nmol) were purified by one
cycle of precipitation and redissolution followed by GPC in toluene
solvent. Toluene was then removed under vacuum, and chloroform
added (0.3 mL) to form a clear solution. This QD solution was
mixed with a solution of the MA-PIL ligand (175:1 mol ratio, for
example �30 mg for 34K MA-PIL), also in chloroform. After
30 min stirring at room temperature, a small amount of methanol
was introduced followed by 30 min additional stirring. The QDs
were then diluted with ethanol and hexane was introduced, caus-
ing precipitation of the ligand-exchanged QDs. The solution was
decanted and QDs were redissolved in aqueous phosphate buffer
solution (pH 7.4), and filtered (0.2 lm pore size). Finally, samples
were dialyzed into deionized water via repeated centrifugal filtra-
tion with a 50,000 molecular weight cutoff membrane prior to bio-
compatibility experiments.

2.3. Cell culture and preparation

Human umbilical vein endothelial cells (HUVECs) (American
Type Culture Collection) were maintained in Ham’s F12K medium
supplemented with 10% fetal bovine serum (FBS), 0.1 mg/mL hep-
arin, 30 lg/mL endothelial cell growth supplement, 100 units/mL
penicillin, and 100 lg/mL streptomycin. Prior to experimentation,
HUVECs were seeded at a density of 5 � 104 cells/well onto
black-sided 96-well tissue culture plates and maintained for 24 h
in supplemented Ham’s F12K medium with 1% FBS to allow forma-
tion of confluent monolayers. All cultures were maintained at 37 �C
in a humid atmosphere of 5% CO2 and 95% air.

2.4. Calcein AM cell viability assay

To characterize the potential toxicity of MA-PIL QDs, Calcein AM
was used to assess cell viability following exposure to QDs.
Confluent HUVEC monolayers were incubated (37 �C, 5% CO2) with
QDs coated with MA-PILs exhibiting effective molecular weights of
10K, 22K, or 34K. QD solutions were prepared by adding small ali-
quots of MA-PIL QD solutions in DI water to supplemented med-
ium containing 1% FBS to achieve an ultimate concentration of
100 nM QDs. Monolayers incubated with equivalent dilution of
DI water or with 25 lM cadmium acetate served as the vehicle
and positive controls, respectively. Following 24 h incubation,
treatments were decanted and replaced with 1 lM Calcein AM
diluted in phenol red-free, serum-free media. When taken up by
living cells, the non-fluorescent Calcein AM probe is hydrolyzed
by endogenous esterases to yield fluorescent acetoxymethyl ester,
thereby allowing for a quantifiable measurement of cell viability.
After 1 h incubation (37 �C, 5% CO2), fluorescence was measured
using a BioTek Synergy 2 multi-mode microplate reader equipped
with excitation and emission filters of 485 ± 20 nm and
530 ± 25 nm, respectively, and using baseline (media containing
Calcein AM) subtraction. Cell viability is reported as Calcein AM
fluorescence normalized to the fluorescence observed for the vehi-
cle. Each treatment was performed in triplicate, and results shown
are the mean ± SEM of three independent experiments.

2.5. Nonspecific binding assay

To evaluate nonspecific interactions between MA-PIL QDs and
cells, a static adhesion assay was implemented. Confluent HUVEC
monolayers were incubated for 5 min with MA-PIL QDs exhibiting
molecular weights of 10K, 22K, or 34K. QD solutions were prepared
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by adding small aliquots of MA-PIL QD solutions in DI water to
supplemented medium containing 1% FBS to achieve an ultimate
concentration of 200 nM. Incubations were performed at 4 �C to
induce a state of cellular stasis, thereby preventing the endocytosis
of MA-PIL QDs. Monolayers incubated with equivalent dilution of
DI water or 200 nM of QDs coated with dihydrolipoic acid
(DHLA) served as vehicle and positive control for nonspecific bind-
ing, respectively. Immediately following incubation, fluorescence
was measured to serve as an internal positive control for each
QD’s self-fluorescence. Cells were then washed three times using
PBS, pH 7.4, and fluorescence was measured again to evaluate non-
specific binding. Fluorescence was measured using a BioTek
Synergy 2 multi-mode microplate reader equipped with excitation
and emission filters of 530 ± 25 nm and 590 ± 35 nm, respectively.
Fluorescence measurements were normalized to the fluorescence
observed for the vehicle. Each experiment was performed with
three replicates, and results are shown as the mean ± SEM of three
to four independent experiments. To corroborate fluorescence
results and assess sensitivity, monolayers were additionally
imaged using a Nikon Eclipse Ti-E inverted microscope equipped
with a 20� objective lens. Bright field and TRITC laser (excita-
tion = 555 ± 10 nm; emission = 600 ± 20 nm) images were acquired
for each sample. Images shown are representative of three to four
independent experiments.
Fig. 1. Effect of MA-PIL QDs on cell viability. (A) HUVEC monolayers were incubated
for 24 h (37 �C) with 100 nM QDs coated with MA-PIL ligands exhibiting molecular
weights of 10K, 22K, or 34K or with 25 lM cadmium acetate (Cd, positive control).
Cell viability was then assessed using Calcein AM. (B) Cell viability is reported as the
experimental Calcein AM fluorescence normalized to the Calcein AM fluorescence
observed for cells treated with vehicle only. Dashed line represents average cell
viability of the vehicle. Error bars indicate SEM, n = 3. ⁄⁄⁄p < 0.001 vs. vehicle.
3. Results and discussion

The MA-PIL ligand includes multiple imidazole binding groups
that could participate in a multidentate binding mode to the QD
surface, poly(ethylene glycol) (PEG) chains to promote water solu-
bility, and a methacrylate backbone [20]. Previous approaches to
polymeric, multiply-binding ligands include modification of com-
mercially available polyacrylic acid [18] and poly(maleic anhy-
drides) [17,19] with mixtures of thiols and/or imidazole binding
groups, PEGs for water solubility, and/or functional handles;
free-radical co-polymerization of thiol-functionalized methacry-
lates [16], and RAFT-mediated co-polymerization of functionalized
acrylate monomers [15]. Controlled radical polymerization of func-
tionalized monomers offers the ability to tune the polymer length
and the distribution of functional sidechains within the polymers,
which could be an advantage in producing optimized biocompati-
ble QDs. The methacrylate backbone demonstrates advantages
over previously used acrylate species [15], principally in the
increased stability of methacrylate monomers against premature
reactions. Free branched PEGs based on methacrylate backbones
(PEG-MAs) have been shown to have low cytotoxicity [22], but
the biocompatibility of QDs incorporating methacrylate backbones
and imidazole binding groups has not been examined to our
knowledge.

We applied three different formulations of the MA-PIL polymer
to identical CdSe/CdZnS core/shell QD samples. The QD samples
were purified by GPC using a toluene mobile phase and polystyr-
ene size-exclusion medium. Importantly, this method has been
shown to lead to QDs with low and consistent numbers of
strongly-bound residual ligands [21], allowing the effects of subse-
quent ligand exchange procedures to be directly compared. The
polymers tested had effective molecular weights, Mn, of 10,000,
22,000, and 34,000 as assigned from analytical GPC, with the dif-
ference in molecular weight reflecting the difference in the poly-
mer chain length (average N = 29, 65, and 100 MA units). All
polymers contained histamine and methoxy-terminated PEG-500
side chains at equal mole fractions; the ligand exchange with each
of these ligand formulations resulted in clear solutions of QDs in
water. Quantum yields measured in phosphate buffered saline at
pH = 7.4 ranged from 22% to 32% with no clear dependence on
Mn. Dynamic light scattering measurements of similarly-prepared
MA-PIL QDs in water indicated hydrodynamic radii of �8–9 nm
[20].

We implemented two fluorescence-based assays to evaluate the
biocompatibility of MA-PIL coated QDs under conditions that are
typical of a cell-surface labeling experiment. The
fluorescence-based assays were executed on a plate reader plat-
form, permitting multiple replicates of each data point and poten-
tial scalability to a large number of polymer formulations to
facilitate screening and optimization of putative biocompatible
QDs. Since a common delivery method of QDs is via intravascular
injection, in which the QDs come in contact with vascular endothe-
lial cells, HUVEC cells have been utilized in a host of previous stud-
ies to assess QD toxicity [23–25]. In order to quantify the degree of
cytotoxicity that the MA-PIL QDs elicited in HUVECs, a Calcein AM
cell viability assay was utilized. The Calcein AM probe becomes flu-
orescent upon hydrolysis by esterases found in viable cells. Thus,
cell viability can be assessed by the intensity of the fluorescence
in the wells using a plate reader. Fig. 1 shows the fluorescence sig-
nal from wells containing monolayers treated with QDs coated
with varying molecular weight MA-PILs (10K, 22K, 34K); fluores-
cence is normalized to the signal from wells with equivalent DI
water (vehicle control). None of the cells treated with 100 nM
QDs demonstrate a significant difference from vehicle after 24 h
exposure. In addition, results were compared to a positive control
in the form of a solution of 25 lM cadmium acetate. In soluble
forms, cadmium is a highly cytotoxic and carcinogenic element;
its presence in many varieties of nanocrystal QDs has been a source
of concern in biological applications. Indeed, we observed signifi-
cant toxicity for low micromolar concentrations of aqueous cad-
mium ion. In contrast, the total cadmium concentration in the
QD samples is �680 lM based on the number of Cd atoms per
QD; the absence of toxicity by QDs suggests that Cd remains effec-
tively sequestered in the QDs throughout the timescale of the
experiment. We note that as free polymers, PEG-MA derivatives
have been shown previously to exhibit very low cytotoxicity, com-
parable to or better than linear PEGs [26].

To assess the propensity of the MA-PIL QDs to bind nonspecifi-
cally, the samples were introduced at a relatively high



Fig. 2. Nonspecific binding of MA-PIL QDs to HUVEC monolayers. (A) HUVECs were incubated for 5 min at 4 �C with 200 nM QDs coated with MA-PIL ligands or with 200 nM
QDs coated with DHLA ligands (positive control). The presence of MA-PIL QDs was quantified via self-fluorescence (panel B) and also visualized using fluorescence microscopy
(panel C, left column). Fluorescence quantification was performed both before (grey bars) and following (white bars) three washes, with the latter representative of
nonspecifically bound QDs. Phase contrast images (panel C, right column) were acquired to verify intact cell monolayers. Fluorescence was normalized to that observed for
monolayers treated with a DI water equivalent (vehicle). Dashed line represents the normalized, average fluorescence observed for the vehicle. Error bars indicate SEM,
n = 3–4. Some error bars lie within symbols. ⁄p < 0.05 and ⁄⁄⁄p < 0.001 vs. vehicle. Images are representative of 3–4 independent experiments; scale bars represent 200 lm.
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concentration (200 nM) to HUVECs in medium containing 1% FBS
and, following 5 min incubation, were decanted and rinsed so that
any QDs that remained nonspecifically bound could be detected by
virtue of their intrinsic fluorescence (Fig. 2A). In order to focus on
nonspecific adsorption and avoid complications introduced by
uptake via endocytosis, the incubation was conducted at low tem-
peratures where endocytosis is less active. After three washes with
PBS, the cells (treated with QDs with each coating, in triplicate)
were analyzed via a plate reader to detect fluorescence at the QD
emission channel. Any QDs remaining after the washes, for exam-
ple as a result of nonspecific binding to cell surfaces or the culture
substrate, will result in a contribution to the fluorescence that is
absent in the wells exposed to vehicle only. Fig. 2B shows the plate
reader results for each of the three MA-PIL QD samples. A fluores-
cence reading was also taken prior to washing, as an internal con-
trol for variation in the brightness of the QD samples. The results
are expressed as a fraction of the vehicle. No significant increase
in residual fluorescence was observed compared to vehicle (both
sample and vehicle values include a similar small but non-zero
contribution from autofluorescence and background).

The plate reader measurement provides a scalable, ensemble
measurement of nonspecific binding that is immune to sampling
bias that could be encountered in methods relying solely on fluo-
rescence microscopy. As a positive control to confirm the ability
of the method to detect nonspecific binding, we tested QDs coated
with DHLA ligands. The carboxylate on DHLA is deprotonated at
neutral pH, providing anionically stabilized QDs with a strongly
negative zeta potential; DHLA-coated QDs have previously been
observed to exhibit strong nonspecific binding to human cells
[14]. Here, we confirm this observation with significant residual
fluorescence detected at more than twice the vehicle.

In order to confirm that the ensemble measurement is suffi-
ciently sensitive to detect nonspecific binding at a level that could
interfere with the use of QDs for targeting cell imaging, the ensem-
ble measurements were confirmed with live-cell fluorescence
microscopy. In Fig. 2C, images are shown for each of the MA-PIL
samples and the DHLA positive control. The left column shows
the QD fluorescence channel images after washing away unbound
QDs; the right column shows the bright field images after washing,
which confirm intact endothelial monolayers. Under similar
exposure conditions, the DHLA positive control showed localized
QD fluorescence indicative of significant binding to cells, while
no localized fluorescence contrast could be detected for any of
the three MA-PIL QD samples.
4. Conclusions

Through assays designed to detect toxicity and nonspecific
binding, we have demonstrated that polymeric imidazole ligands
built on a polymethacrylate backbone are capable of producing
water-soluble QDs with negligible short-term toxicity and negligi-
ble nonspecific adhesion to a human cells. The combination of GPC
purification for the QD component [21] and RAFT-controlled poly-
merization of stable methacrylate monomers [20] represents a
highly repeatable and potentially manufacturable route to biocom-
patible QDs with small hydrodynamic diameter, low nonspecific
binding, and high fluorescence brightness. We showed that a well
plate-based assay can detect nonspecific binding of QDs to a mono-
layer of cells. As such it can serve as a complement or alternative to
microscopy-based assays.

The results shown here, for a binary copolymer with 50%
PEGMA-500, demonstrate no significant difference in performance
over the range of Mn studied. The scope of the MA-PIL ligand sys-
tem is extensible to include ternary and end-functionalized
copolymers that incorporate sites for derivatization under mild
conditions, for example to form targeted QD probes. We believe
this result will be a valuable point of reference for further opti-
mization of biocompatible QDs, including those introducing speci-
fic targeting functions through introduction of bioaffinity groups or
bio-orthogonal linking chemistries [27]. Additionally, the demon-
stration of biocompatibility in the PEG-MA motif of the polymer
ligand could recommend a similar approach for surface treatment
of other inorganic nanoparticles, including metals or oxides, for
biological applications [28]. Non-specific binding is known to vary
among cell lines [29] and to depend on buffer composition [30].
Future studies addressing specific bio-imaging objectives will
motivate expansion of the scope of polymer compositions, cell
lines, and buffer composition under which biocompatibility can
be maintained with this system.
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