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Quantum-dot (QD) nanocrystals are promising fluores-
cent probes for multiplexed staining assays in biological
applications. However, nonspecific QD binding to cellular
membranes and proteins remains a limiting factor in
detection sensitivity and specificity. Here we report a new
class of hydroxyl (-OH)-coated QDs for minimizing
nonspecific cellular binding and for overcoming the bulky
size problems encountered with previous surface coatings.
The hydroxylated QDs are prepared from carboxylated
(-COOH) dots via a hydroxylation and cross-linking
process. With a compact hydrodynamic size of 13-14 nm
(diameter), they are highly fluorescent (>60% quantum
yields) and stable under both basic and acidic conditions.
By using human cancer cells, we have evaluated their
superior nonspecific binding properties against that of
carboxylated, protein-coated, and poly(ethylene glycol)
(PEG)-coated QDs. Quantitative cellular staining data
indicate that the hydroxylated QDs result in a dramatic
140-fold reduction in nonspecific binding relative to that
of carboxylated dots and a still significant 10-20-fold
reduction relative to that of PEG- and protein-coated dots.

Semiconductor quantum dots (QDs) are a new class of
fluorescent labeling agents and have recently been used for a
broad range of biological applications.1-11 This broad interest is
driven by their unique optical and electronic properties such as

size-tunable light emission, superior signal brightness, resistance
to photobleaching, and simultaneous excitation of multiple fluo-
rescence colors.7-10 Recent advances have led to highly bright
and stable QD probes that are well-suited for multiplexed molec-
ular profiling of intact cells and clinical tissue specimens.12-18 In
contrast to in vivo clinical imaging where the potential toxicity of
cadmium-containing QDs is a major concern, histological and
cellular staining is performed on in vitro or ex vivo clinical patient
samples. As a result, the use of multicolor QD probes for cellular
staining is likely one of the most important and clinically relevant
applications in the near term.13-15 However, a major problem for
this application is that QD probes tend to be “sticky” and often
bind nonspecifically to cellular membranes, proteins, and extra-
cellular matrix materials. In particular, nanoparticles with highly
charged surface groups, such as carboxylic acids and amines, have
been shown to exhibit strong nonspecific binding to various cells
and tissues.19-22 This nonspecific binding problem causes a high
level of background fluorescence that degrades the signal-to-noise
ratio and limits tagging specificity and detection sensitivity.

A number of surface encapsulation methods have been used
for QD solubilization and bioconjugation, including direct ligand-
exchange reactions and indirect surface encapsulation using silica,
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lipids, and amphiphilic polymers.1-4,22-25 To reduce nonspecific
binding, QDs are often attached to poly(ethylene glycol) (PEG),3,21

a nontoxic and hydrophilic polymer that is commonly used to
improve drug biocompatibility and systemic circulation.26-29 Pe-
gylated QDs have nearly neutral surface charges and are able to
maintain colloidal stability under various experimental conditions.
Although recent work has successfully used pegylated QDs for
both in vitro3,21 and in vivo4-6,30,31 applications, nonspecific binding
to complex intracellular and extracellular materials is still a
bottleneck in improving detection sensitivity and specificity.13 In
addition, PEG-coated particles have larger hydrodynamic sizes
than the uncoated particles, which could prevent the probes from
accessing biological targets deep within complex tissue and
cellular structures.

Here we show that nearly neutral hydroxyl (-OH) surface
coatings can be used to minimize nonspecific cellular binding of
QDs and also to overcome the size problem associated with PEG
coatings. These hydroxylated QDs are prepared from traditional
carboxylate-coated dots via a hydroxylation and cross-linking
process, which also serves to increase the integrity of the polymer
coating. The hydrodynamic sizes of these dots are 13-14 nm
(diameter), about 50% smaller than that of pegylated dots in
solution. By using human cervical cancer cells (cultured HeLa
cells), we have evaluated their nonspecific binding properties in
comparison with carboxylated QDs and protein-coated QDs
(coated with streptavidin, PEG-antibodies, or PEG-peptides).
As discussed in more detail below, this new class of QDs leads
to a dramatic 140-fold reduction in nonspecific cellular binding
relative to that of carboxylated dots, a 20-fold reduction relative
to streptavidin-QDs, a 16-fold reduction relative to PEG-Ab QDs,
and a 13-fold reduction relative to PEG-peptide QDs (QTracker).

EXPERIMENTAL SECTION
QD Synthesis and Encapsulation. CdSe/CdS/ZnS QDs

were synthesized using previously described methods.32,33 Before
surface encapsulation, the QDs were precipitated with acetone to
remove excess octadecylamine and were redispersed in chloro-
form. Encapsulation was carried out by mixing 2 mg of poly(acrylic
acid)-octylamine polymer and 1 nmol of QDs in chloroform The
mixture was vortexed for 5 min, and the solvent was removed
under vacuum. The dried film was dissolved in 50 mM borate
buffer, sonicated for 15 min, and centrifuged at 6000g for 15 min
to yield a clear supernatant. The free polymer was removed by
dialyzing the supernatant against 50 mM borate buffer.

Surface Hydroxylation and Cross-Linking. Purified QDs
(made in our lab or carboxyl-coated Qdots from Invitrogen) were
diluted in deionized water for surface modification. Briefly, 100
pmol of QDs was diluted to a final concentration of 100 nM.
Approximately 1 mg of N-hydroxysulfosuccinimide sodium salt
(sulfo-NHS) and 12 mg of N-(3-dimethylaminopropyl)-N′-ethylcar-
bodiimide hydrochloride (EDAC) were added to the QD solution
and mixed thoroughly. For hydroxylation and cross-linking, 11.5
mg of 1,3-diamino-2-propanol (DAP) was dissolved in deionized
water and added slowly to the QD solution under vigorous stirring.
The mixture was allowed to react for 2 h and was then dialyzed
against 50 mM borate buffer to remove excess reactants and
byproducts. To vary the degree of hydroxylation, EDAC and DAP
amounts were decreased appropriately.

Gel Electrophoresis. QDs were evaluated with a horizontal
submerged gel electrophoresis apparatus (Mini-SubCell GT, Bio-
Rad) using a 0.7% (w/v) agarose gel in Tris-acetate-EDTA (TAE)
buffer. Briefly, a 250 mL beaker was charged with 0.35 g of
agarose, to which 50 mL of 1× TAE buffer at pH 8.5 was added.
The solution was then covered with a 50 mL beaker and heated
in a microwave until completely melted, approximately 1 min. The
molten agarose was allowed to stand at room temperature for 10
min, at which point 50µL of Tween-20 was added for a final
concentration of 0.01% (v/v). The solution, when at ∼55 °C, was
cast into a gel tray with a 1.0 mm 15-well comb and allowed to
solidify. The gel was placed in the agarose electrophoresis tank,
and sufficient 1× TAE buffer was added to the tank to just cover
the top of the gel. For each well, 20 µL of the QD samples at 100
nM were mixed with 5 µL of 5× TAE loading buffer (5× TAE,
25% (v/v) glycerol, 0.25% (w/v) orange-G at pH 8.5) by pipetting
before being loaded into the gel. The gel was resolved at 100 V
for 30 min (PowerPak Basic, Bio-Rad) and then imaged with 2 s
exposure using a UVP gel documentation system.

Cell Fixing and Staining. HeLa cells (ATCC number CCL-2)
were cultured in RPMI media with 10% fetal bovine serum (FBS)
at 37 °C (5% CO2) and grown in an eight-well chamber slide. After
24 h for seeding, the cells were washed with 1× phosphate-
buffered saline (PBS) and fixed with 3.7% formaldehyde and 0.1%
Triton X in 1× PBS for 5 min. The fixative was then aspirated,
and the cells washed with 1× PBS three times for 5 min each. A
2% bovine serum albumin (BSA) blocking solution in 1× PBS was
added to the wells for 20 min and then aspirated. QDs were diluted
in the blocking solution to the desired concentration and incubated
with the cells for 20 min. The QD staining solution was aspirated,
and the cells were washed with 1× PBS three times for 5 min
each. A 1 µg/mL solution of 4′,6-diamidino-2-phenylindole dihy-
drochloride (DAPI) in deionized water was added to the wells
and incubated for 5 min for nuclear staining. The DAPI solution
was then aspirated, and the cells were washed for 5 min with
deionized water. The slide was mounted and prepared for
fluorescence microscopy.

QD Binding Assays. For quantitative analysis of nonspecific
QD binding to cells, a fluorescent microplate reader (Synergy 2
multidetection microplate reader, Biotek Instruments) was used.
Briefly, HeLa cells were cultured in a clear bottom 96-well plate
for 24 h, fixed, blocked, and stained as described in the cell-
staining experiment protocol. DAPI nuclear staining was per-
formed as described above to correct for variations in cell
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densities. QD concentrations from 0 to 20 nM were used in
replicates of six (n ) 6). The fluorescence intensity from the QDs
was measured, normalized using the DAPI fluorescence intensity,
and background subtracted to determine the intensity of nonspe-
cific staining.

RESULTS
Surface Coating Chemistry. As shown in Figure 1a, carboxy-

lic acid functional groups are modified with a small hydroxyl-
containing molecule (DAP) to yield QDs with hydroxyl functional
groups on the surface. Based on a structural model of the polymer
and the QD surface area, we estimate that each QD is covered
with about 150 amphiphilic polymer molecules, leading to ap-
proximately 2500 carboxylic acid groups (each polymer molecule
has ∼15 COOH groups). These COOH groups are converted to
OH groups by a hydroxylation and cross-linking process, creating
a cagelike shell that locks the polymer coating in place. The
hydroxylated QDs are stable for over 6 months in borate buffer
solution at 4 °C. They also show no aggregation in acidic
environments, which has been a problem for traditional QDs with
carboxylic acid functional groups (due to protonation at low pHs).12

Transmission electron microscopy (TEM) clearly shows polymer-
encapsulated QDs with an average diameter of ∼13 nm. Fluores-
cence microscopic imaging further reveals a characteristic blinking
behavior for immobilized QDs on a glass slide, indicating that
the dots are primarily well-dispersed single particles.34

QD Size, Charge, and Optical Properties. As shown in
Figure 2, polymer encapsulation and subsequent hydroxylation
have no major effects on the QD’s optical properties such as UV-

vis absorption and fluorescence emission. This surface treatment
also has little or no effect on the overall particle size as measured
by dynamic light scattering (DLS). In fact, the hydrodynamic sizes
(13-15 nm) of the hydroxylated dots are nearly the same or
slightly smaller than those of the carboxylated dots (14-16 nm).
This result can be explained by the fact that, although surface
hydroxylation is expected to slightly increase the particle size,
this process also reduces the particle surface charge and the
electrical double layer thickness (thus the hydrodynamic radius).
In contrast, QDs coated with PEG and/or proteins often have
hydrodynamic sizes of 25-30 nm, about twice the size of
hydroxylated dots, as shown in Figure 3.

The decrease in surface charge after hydroxyl modification is
also confirmed by ú-potential and gel electrophoresis measure-
ments. QDs with carboxylic acid surface groups have a measured
ú-potential of -40 mV at pH 8.5, comparable to the value reported
previously,33 whereas the hydroxylated QDs show a significant
decrease in surface charge, with a ú-potential of -20 mV at pH
8.5. For gel electrophoresis measurements, QDs coated with a
PEG layer are expected to run very slowly due to their larger
sizes and more neutral ú-potentials. Likewise, streptavidin-
conjugated dots are expected to run slower because of their larger
sizes and reduced charges from protein shielding. QDs with
carboxylic acid surface groups are expected to run most rapidly
toward the positive electrode because of their small sizes and high
negative charges. In comparison, the hydroxylated QDs should
run more slowly due to their reduced surface charges. Indeed,
gel electrophoresis studies reveal that carboxylated QDs migrate
the farthest in distance, in agreement with their strongly negative
ú-potential and small size. The hydroxylated QDs migrate less
than the carboxylic acid QDs, but more than the protein or PEG-
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Figure 1. Surface coating chemistry and structure of polymer-encapsulated quantum dots (CdSe/CdS/ZnS). (a) Schematic diagram showing
conversion of carboxylated QDs (coated with poly(acrylic acid) octylamine) to hydroxylated and cross-linked QDs. The small-molecule agent for
hydroxylation is 1,3-diamino-2-propanol (DAP). (b) Transmission electron micrograph (TEM) showing the structure of encapsulated QDs after
surface hydroxylation and cross-linking.
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coated dots, most likely due to their smaller size. Streptavidin and
secondary antibody conjugated QDs show a slow migration toward
the positive electrode, suggesting a net negative surface charge.
This negative charge suggests that that the antibody-conjugated
QDs are sparsely coated with PEG because heavy pegylation
would produce nanoparticles with nearly neutral ú-potentials.33

Evaluation of Nonspecific Cellular Binding. We have used
human cancer cells to evaluate the nonspecific binding properties
of QDs with different surface coatings. As shown in Figure 4,
carboxylated QDs show very high nonspecific cellular binding
when incubated at a concentration of 20 nM; significant nonspecific

binding is also observed at QD concentrations lower than 2 nM.
In contrast, there is no detectable nonspecific binding for the
hydroxylated QDs at similar concentrations. Note that DAPI
nuclear staining is used to ensure an equivalent cell density
between the samples. The QD concentration is then increased to
100 nM to determine if any nonspecific binding could be detected
for the hydroxyl modified QDs. Even at this high concentration,
there is minimal nonspecific binding relative to that of the negative
control. For quantitative and statistical analysis, we have used a
fluorescence microplate assay to measure a large population of
QD-stained cells. As shown in Figure 5a, protein and PEG-coated
QDs show a reduced level of nonspecific binding in comparison
with carboxylated dots. Remarkably, our hydroxylated QDs show
virtually no nonspecific binding in the microplate assays, cor-
roborating the fluorescence microscopy results shown in Figure
4. Another interesting result is that nonspecific QD binding has
an approximately linear relationship with QD concentration, a
behavior that is consistent with nonspecific interactions (Figure
5b).

Surface Charge Variations. To investigate how the degree
of hydroxylation would affect cellular nonspecific binding, we have
prepared a series of QD samples with increasing hydroxyl

Figure 2. UV-vis absorption (left sloping curves) and fluorescence
emission spectra (symmetric peaks at 640 nm) of (a) hydrophobic
QDs in chloroform, (b) solubilized QDs in buffer solution, and (c)
hydroxylated QDs in buffer solution. Note that the water-solubilized
QDs and the hydroxylated QDs have nearly identical fluorescence
emission spectra with a quantum yield of 65% and a spectral width
(full width at half-maximum or fwhm) of 23 nm.

Figure 3. (a) Hydrodynamic size data obtained from hydroxylated
QDs, carboxylated QDs, streptavidin-coated QDs, QTracker QDs, and
antibody-conjugated QDs by using dynamic light scattering (DLS)
measurement. (b) Gel electrophoresis migration data corresponding
to the different types of QDs in (a).
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densities. As shown in Figure 6, the degree of hydroxylation is
measured by gel electrophoresis, and its effect on nonspecific QD
binding is analyzed with fluorescence microplate assays. Fully
carboxylated QDs have the highest negative charge and migrate
the farthest. As the degree of hydroxylation is increased, the net
surface charge is reduced, retarding QD migration in the gel. Also,
the migration distance plateaus as the degree of hydroxylation
approaches 100%, most likely due to increased steric hindrance
and difficulty in hydroxylating the carboxylic acid group. As
expected, nonspecific binding is dependent on the degree of
hydroxylation, with fully hydroxylated QDs showing virtually no
nonspecific binding. These results are consistent with previous
reports for highly charged nanoparticles and the hypothesis that
charge plays a critical role in the nonspecific binding of QDs to
cells and tissues, as discussed below.

DISCUSSION
A number of different techniques have been employed to

protect the surface of semiconductor QDs and render them
soluble in water for biological applications. These techniques
generally fall into two categories: (a) exchanging hydrophobic
ligands on the QD surface with hydrophilic ligands or (b) coating
the nanoparticles with an amphiphilic polymer that can interact
with both the hydrophobic ligands and the external aqueous
environment. Although coating procedures that preserve the
hydrophobic ligands show improved optical properties compared

to ligand-exchange procedures,33 the resulting QDs are larger in
size and may not perform well for complex samples such as cells
and tissues. The size of these nanoparticles is further increased
by surface treatments that are designed to reduce nonspecific
binding. These treatments generally involve attaching proteins
(such as streptavidin) or PEG to the QD surface which have been
shown to reduce, but not eliminate, nonspecific binding. Because
of this tradeoff, we have investigated new coating methods to
minimize nonspecific binding while maintaining the small size and
stability of the QD probes. Nanoparticle surface charges are
believed to play a critical role, because QDs with either highly
negative or positive charges show significant nonspecific binding
to cells and tissues.19-22 This is not surprising, as many proteins
and other molecules inside the cell are charged or have charged
regions which are important for a variety of biological processes.35

Electrostatic interactions between proteins or other molecules play
a significant role in molecular recognition, control of protein
phosphorylation, and the enhancement of catalytic rates.36 These
charged regions could interact with QDs electrostatically, leading
to considerable nonspecific binding as observed for highly charged
QDs.

For applications, significant opportunities exist in using mul-
tiplexed QD probes for molecular disease diagnosis. In particular,

(35) Sheinerman, F. B.; Norel, R.; Honig, B. Curr. Opin. Struct. Biol. 2000, 10,
153-159.

(36) Honig, B.; Nicholls, A. Science 1995, 268, 1144-1149.

Figure 4. Fluorescence microscopy images of hydroxylated and carboxylated QDs nonspecifically bound to fixed human HeLa cells. (a and
b) Carboxylated QDs with (a) and without (b) DAPI counterstaining of cell nuclei, showing intense nonspecific cellular binding. (c and d)
Hydroxylated QDs with (c) and without (d) DAPI counterstaining of cell nuclei, showing the absence of nonspecific cellular binding.
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QD probes can be used to measure a panel of biomarkers in intact
cancer cells and tissue specimens, allowing a correlation of
traditional histopathology and molecular signatures. With mini-
mized nonspecific binding and background interference, QD
probes are especially well-suited for analyzing cancer biomarkers
that are present at low concentrations or in small numbers of cells.
Recent work by Xing et al. has achieved simultaneous staining of
four different biomarkers for intact cancer cells.13,15 Work is
ongoing to improve these multiplexed immunohistochemical
procedures with hydroxylated QD probes that are linked with
monoclonal antibodies for specific biomarkers.

In conclusion, we have developed a new class of hydroxylated
QDs to minimize nonspecific cellular binding and to maintain the
small size of QD probes. They are prepared from carboxylated
(-COOH) dots via a hydroxylation and cross-linking step. The
hydroxyl-coated dots have compact sizes (13-14 nm hydrody-
namic diameter), and are bright (65% quantum yields) and very
stable under both basic and acidic conditions. Quantitative data
from human cancer cells indicate that the use of hydroxylated

QDs results in a dramatic 140-fold reduction in nonspecific binding
relative to that of carboxylated dots and a 10-20-fold reduction
relative to protein and PEG-coated dots. Our results also indicate
that surface charge plays a significant role in the nonspecific
binding of these nanoparticles to cellular components. We expect
these new nanoparticles to be useful in a range of biological
applications where nonspecific binding is a major problem, such
as in multiplexed biomarker staining in cells and tissues, detection
of biomarkers in body fluid samples (blood, urine, etc.), as well
as live cell imaging.
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Figure 5. Quantitative evaluation and comparison of nonspecific
cellular binding for various QD surface coatings. (a) Normalized
fluorescence staining at 20 nM QD concentration as measured by
microplate assays. (b) Plots of nonspecific cellular binding signal
intensities as a function of QD concentration.

Figure 6. (a) Gel electrophoresis data for QDs with increasing
degrees of hydroxylation, from 100% -COOH (left) to 100% -OH
(right). (b) Nonspecific cellular binding data for QDs with correspond-
ing degrees of hydroxylation in (a).
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