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ABSTRACT: Quantum dots (QDs) are semiconductor nanocrystals
that have found use in bioimaging, cell tracking, and drug delivery. This
article compares the cytotoxicity and cellular interactions of positively
and negatively charged CdSe/CdS/ZnS QDs prepared by a microwave
method using a murine alveolar macrophage-like cell culture model.
Keeping the core semiconductor the same, QD charge was varied by
altering the surface capping molecule; negatively charged QDs were
formed with mercaptopropionic acid (MPA-QDs) and positively
charged QDs with thiocholine (THIO-QDs). The size and charge of
these two QDs were investigated in three types of media (RPMI, RPMI +
FBS, and X-VIVO serum-free media) relevant for the biological studies.
MPA-QDs were found to have negative zeta potential in RPMI, RPMI +
FBS, and serum-free media and had sizes ranging from 8 to 54 nm.
THIO-QDs suspended in RPMI alone were <62 nm in size, while large aggregates (greater than 1000 nm) formed when these
QDs were suspended in RPMI + FBS and serum-free media. THIO-QDs retained positive zeta potential in RPMI and were
found to have a negative zeta potential in RPMI + FBS and nearly neutral zeta potential in serum-free media. In a cell culture
model, both MPA-QDs and THIO-QDs caused comparable levels of apoptosis and necrosis. Both QDs induced significant
tumor necrosis factor-alpha (TNF-α) secretion only at high concentrations (>250 nM). Both types of QDs were internalized via
clathrin-dependent endocytosis. Using real-time, live cell imaging, we found that MPA-QDs interact with the cell surface within
minutes and progress through the endocytic pathway to the lysosomes upon internalization. With the THIO-QDs, the
internalization process was slower, but the pathways could not be mapped because of spectroscopic interference caused by QD
aggregates. Finally, MPA-QDs were found to associate with cell surface scavenger receptors, while the THIO-QDs did not. This
study indicates that the surface charge and aggregation characteristics of QDs change drastically in biological culture conditions
and, in turn, influence nanoparticle and cellular interactions.

■ INTRODUCTION
The emergence of nanotechnology has ushered in many new and
exciting applications. The use of nanoparticles in biomedicine has
already proved to be quite useful as demonstrated by the increase
of FDA-approved treatments that have incorporated the use of
nanosized drug carriers. Quantum dots (QDs) are fluorescent
semiconductor nanoparticles that have several advantages over
traditional organic fluorophores. Because they are resistant to
photobleaching, size tunable, and have the ability to be
multiplexed, they are already being used in both clinical and
basic sciences as tools for microbial detection,1−4 bioimaging,5−7

drug delivery,8−10 and tracking.11−14 One of the most interesting
and effective applications of QDs is their use in imaging. Because
of their size and robust fluorescence, they can be used in single
molecule tracking.11,12,14−16 Cancer cell lines were among the first
live cells that were successfully imaged,6,17 and QDs have been
used to visualize receptor interactions, specifically erb2/HER

receptor mediated signal transduction18 and neuronal glycine
receptors.12

Studies have been conducted that investigate the cytotoxicity of
QDs with particular focus on QDs with Cd cores. One early study
showed that differences in CdSe QD toxicity in Vero cells, HeLa
cells, and human primary hepatocytes were concentration and
time dependent.19 Size dependent cytotoxicity in rat pheochro-
mocytoma cells and murine microglial cells was confirmed by
Lovric ́ et al.20 using CdTe QDs. The mechanism of QD
cytotoxicity in MCF-7 breast cancer cells has been attributed to
the formation of reactive oxygen species (ROS).21 Others22

showed that QD internalization by hippocampal neurons resulted
in calcium deregulation and sodium channel disruption, both of
which can affect the role of ROS mediated protective responses.
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The mechanism by which nontargeted nanoparticles enter
cells is not well understood, and there is evidence that multiple
pathways may be used. One recent study reported that comm-
ercially available negatively charged QDs can use scavenger
receptors and lipid raft-mediated endocytosis for cellular entry
in epidermal keratinocytes.23 Modified low density lipids and
negatively charged inorganic nanoparticles have the propensity
to bind scavenger receptors which supports the role of these
receptors in QD uptake. Little research has been conducted
regarding the internalization mechanism of positively charged
QDs. The intracellular destination of QDs has been shown to
range from the cytoplasm and nucleus24,25 to lysosomes.23

Although nanoparticles have shown great promise for use in
biomedical applications, there is an urgent need to understand
the implications, cellular interactions, and toxicity of nano-
particles harboring different physicochemical properties. In this
study, using QDs as a model nanoparticle system, we address
this problem by investigating how the physical properties
of as-synthesized positive and negative QDs change in
biologically relevant media and the influence of these resulting
particles on cytotoxicity, inflammation, cellular uptake, and cell
surface interactions in an alveolar macrophage cell line. Large
quantities of double shelled CdSe/CdS/ZnS QDs were
prepared using an inexpensive, rapid, microwave-based protocol,
and surface charges were altered by capping QDs with
mercaptopropionic acid (MPA-QDs) or thiocholine (THIO-
QDs) to produce negative and positively charged QDs,
respectively.26 Because of the ability of nanoparticles in general
to traverse the pulmonary system and reach alveoli after
intentional or incidental exposure, we chose the murine alveolar
macrophage-like cell line, MH-S, for our exposure studies
due to their relevance in pulmonary uptake and respiratory
toxicology.
A profound difference of the charge and aggregation

characteristics of QDs was also revealed in biologically relevant
media. MPA-QD and THIO-QD induced cell death, apoptosis,
and tumor necrosis factor-alpha (TNF-α) secretion in macro-
phages after exposure to high concentrations. Both types of
QDs appear to utilize clathrin-coated pits for cell entry. The
internalization of MPA-QDs was captured in real time, and
intracellular fate was found to be confined to lysosomes.
Differences in the molecular level interaction of positively and
negatively charged QDs with cell surface scavenger receptors
are reported for the first time.

■ EXPERIMENTAL PROCEDURES
Chemicals for QD Synthesis. Cadmium chloride hemipentahy-

drate, CdCl2·2.5 H2O (≥98%), and sodium borohydride, NaBH4
(99%), were purchased from Aldrich. Zinc chloride, ZnCl2
(99.99%), mercaptopropionic acid (MPA), and Se powder (>99.5%,
200 mesh) were obtained from Acros. Sodium hydroxide, NaOH, and
ammonium hydroxide, NH4OH (28−30%), were purchased from
Mallinckrodt Chemicals. All chemicals were used without further
purification. The H2O used for QD synthesis was purified by a
Barnstead NANOpure Infinity ultrapure water system.
Quantum Dot Preparation. MPA-QDs were prepared using a

previously published protocol.26 Briefly, fresh solutions of NaHSe were
prepared by mixing NaBH4 with H2O followed by the addition of Se
powder under an inert environment (N2). The components reacted
for ∼3.5 h, and then supernatants containing NaHSe were diluted to
20 mM using N2-saturated H2O. A solution of Cd-MPA was created
by mixing MPA in H2O with 5.0 mM CdCl2·2.5 H2O stock solution,
adjusting the pH to 9.5 using 1 M NaOH, and held at room
temperature until needed. Last, a 60 mM Zn(NH3)4

2+ stock solution
was prepared by dissolving ZnCl2 in H2O and titrating with NH4OH,

and was stored at 4 °C. Nucleation of CdSe dots occurred when the
NaHSe stock was injected into Cd-MPA solution. This mixture was
stirred for one hour prior to the addition of the Zn(NH3)4

2+ stock
solution. These contents were then microwave irradiated (MARS5
microwave system, CEM Corp.) for 90 min at 150 °C. THIO-QDs
were prepared through a ligand exchange using MPA-QDs. A 25 mM
thiocholine solution was prepared by a hydrolysis reaction of
acetylthiocholine chloride with 1 M NaOH. Progress of the hydrolysis
reaction was monitored with an Accumet AB15 pH Meter (Fisher
Scientific). Five hundred milligrams of acetylthiocholine chloride was
dissolved in 80 mL of water and stirred. NaOH was added dropwise
until the pH reached between 10 and 11. The pH decreased as
hydroxide ions were consumed in the reaction, and more NaOH was
added. This process continued until the pH stabilized. The final pH
was adjusted to 9 using 1 M NaOH or HCl, and the final volume was
adjusted to 100 mL. The MPA-QDs were placed in 12,000 molecular
weight cutoff regenerated cellulose dialysis tubing (Fisher Scientific)
and dialyzed in 3 L of water for several hours to remove MPA from the
solution. The removal of MPA caused the quantum dots to aggregate
and settle. The supernatant solution was removed and replaced by the
thiocholine solution. This process was repeated twice, resulting in
particles which had a positive zeta potential.
Characterization. Spectroscopic Measurements. All absorp-

tion measurements were obtained using a Shimadzu UV-2501PC
UV−visible spectrometer. All emission measurements were obtained
using a Horiba Jobin Yvon Fluorolog 3 fluorimeter.

The as-prepared quantum dot solutions (930 nM; concentration
calculations were done using an extinction coefficient of 2.9 × 106

cm−1 M−1 at 488 nm) was diluted 10:1 with purified water and placed
in a quartz cuvette to measure the optical spectra. The excitation
wavelength used for the emission spectrum was 375 nm, and all slits
were set for a 2.5 nm band-pass.

To obtain a quantum yield measurement, the quantum dot solution
was compared to a solution of rhodamine 6G. Both solutions
were diluted to have an absorbance of 0.020 at a wavelength of 480
nm. At this wavelength and concentration, rhodamine 6G is known to
have a quantum yield of 95%.26 The peak emissions of both samples
were measured with 480 nm excitation and the quantum yield
calculated.

To determine possible time-dependent leaching of cadmium at a
pH of 4.5, solutions of QDs (final concentration 466 nM) were
adjusted to this pH using 1 M hydrochloric acid and left standing for
different times. The samples were centrifuged using a Thermo-Fisher
Scientific MX-150 ultracentrifuge at 150,000 rpm for 1 h, and the
emission of the supernatant indicated that there were no QDs in
solution. The cadmium concentration was determined using
inductively coupled plasma mass spectroscopy (ICP-MS) by Galbraith
Laboratories.

Size and Charge Measurements. Titrations of zeta potential and
size vs pH were obtained using a Malvern Zetasizer Nano and an
attached Malvern MPT-2 autotitrator. Zeta potential measurements
were made using the method of phase analysis light scattering.
Measurements were conducted at 25 °C at a forward scattering
angle of 15°. Zeta potentials were calculated from the measured
electrophoretic mobility using the Henry equation with a value of 1.5
for Henry’s constant according to the Smoluchowski approximation.
This approximation is consistent with the high dielectric constant of
water.

Measurements were conducted at 25 °C with a backscattering angle
of 273°. Dynamic light scattering results were analyzed using several
algorithms. The data presented were analyzed using the constrained
regularization method, CONTIN.27 A quartic weighting scheme was
used for multimodal analysis. CONTIN analysis provided the
distribution of particle radii based on scattering intensity. In some
cases, these were converted to relative volume distribution according
to Mie theory and the known properties of the scattering material. The
refractive index was set to 2.351, the value for ZnS at these
conditions.28

Cell Culture. The murine alveolar macrophage cell line (MH-S)
was purchased from the American Type Culture Collection (Manassas,
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Va), and propagated using RPMI cell culture media (Gibco)
supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals)
and 0.1% penicillin−streptomycin (Gibco). Cells were passaged
every 3−4 days and incubated at 37 °C with 5.0% CO2. Cells
were acclimated to these conditions for at least 12 h prior to QD
exposure.
Biological Characterization and Internalization Mechanistic

Assays. Cytotoxicity and ELISA Experiments. Cells were plated in
24 well plates at a density of 1 × 105 cells/well. Old media were
aspirated, and QDs diluted to working concentrations using
appropriate cell culture media were applied to the cell cultures and
incubated for 24 h. Cells treated with 1% Triton-100 (Sigma) in
complete culture media served as a positive control for lactate
dehydrogenase (LDH) release assays, while cells treated with E. coli
lipopolysaccharide (Sigma) served as the positive control for tumor
necrosis factor-alpha (TNF-α) and interleukin-1beta (IL-1β) ELISAs.
Additionally, to determine if toxicity was driven by the QDs
themselves or residual ligand, QD suspensions were centrifuged at
150,000 rpm for 1 h, and QD supernatants were diluted 2-fold a total
of 5 times using RPMI + 10% FBS cell culture media. Diluted
supernatants were applied to macrophages, and the cells were
incubated for 24 h. Cell supernatants were collected and assayed for
necrosis using the LDH assay as a measurement of cell membrane
permeability. The compatibility of QDs and QD supernatants in a cell-
free system were also tested using the LDH assay to determine if the
materials themselves interfere with the assay. In cellular exposure
experiments, cell supernatants were collected from each well and
clarified by centrifugation and transferred to clean microfuge tubes and
stored at −80 °C until analysis for cytokine secretion or LDH release.
All experiments were performed at least 3 times.

LDH Cell Viability Assays. Cellular supernatants were pipetted in
duplicate into flat bottom 96-well plates and assayed for LDH activity
using kits from Clontech per manufacturer’s instructions. Optical
densities (ODs) representing enzyme activity were measured color-
metrically using a BMG LabTech Omega plate reader at an absorbance
wavelength of 490 nm and a reference wavelength of 600 nm. Cell
viability was calculated using the following equation:

ELISAs. TNF-α and IL-1β secretion was measured via ELISAs using
DuoSets purchased from R&D Systems according to the manufac-
turer’s recommendations. Supernatants were assayed in duplicate, and
plates were read using a BMG LabTech Omega plate reader at an
absorbance wavelength of 450 nm with a correction wavelength of 570
nm. Experimental sample concentrations were calculated with Omega
software using a four parameter logistic standard curve.

Flow Cytometry. All flow cytometry experiments were performed
in triplicate. Cells were seeded in 6-well plates (Corning) at a
density of 1.5 × 106 cells/well and allowed to adhere overnight prior to
QD exposure. Flow cytometry staining procedures are described
below.

Annexin V Staining. Cells were exposed to QDs for 24 h. Cells
were then washed with PBS three times prior to being harvested by
trypsinization. Cell concentration was adjusted to 1 × 106 cells per
tube, and cells were resuspended in 100 μL of Annexin binding buffer
(Invitrogen); 5 μL of Annexin V-APC (BD Biosciences) was then
added to each tube. Tubes were incubated in the dark at room
temperature for 15 min before an additional 400 μL of binding buffer
was added. Cells were analyzed for fluorescence using a FACScalibur
flow cytometer at an excitation wavelength of 488 nm for detection of
QDs and 635 nm for Annexin-APC.

Scavenger Receptor Competition Assay. Three types of culture
media were used: RPMI only, RPMI containing 10% FBS and X-VIVO
15 serum-free, phenol red-free media (Lonza). Culture media were
removed and replaced with each of the fresh media listed above
containing 100 μg/mL of Poly /inosinic acid (Poly-I), a nonspecific
scavenger receptor ligand, for 30 min. This concentration of Poly-I was

nontoxic to the cells over a 24 h period as assayed by LDH release and
Annexin V staining. QDs were suspended in fresh media containing
100 μg/mL Poly-I and then applied to macrophages. Unexposed cells
and cells treated with Poly-I only served as controls. Cells were
incubated for 6 h, then harvested and analyzed for fluorescence by flow
cytometry using a FACScalibur flow cytometer at an excitation
wavelength of 488 nm.

Endocytosis Inhibition. Cells were pretreated for 30 min with fresh
media (RPMI + FBS) containing cytochalasin D (2.5 μg/mL), which
inhibits actin polymerization, 50 μM of chlorpromazine, a clathrin
inhibitor, or 50 μM nystatin, a caveolae inhibitor. All inhibitors were
purchased from Sigma and diluted to nontoxic (as tested by LDH
release and Annexin V staining) working concentration using PBS.
Cells that were not exposed to QDs and cells treated with inhibitors
only served as controls. After pretreatment, media were removed and
replaced with media containing the inhibitor and increasing
concentrations of QDs. Cells were incubated with or without inhibitor
and with or without QDs for 2 h, then washed 3 times with PBS. Cells
were harvested by trypsinization, suspended in HBSS and analyzed by
flow cytometry using a FACS calibur flow cytometer at an excitation
wavelength of 488 nm.

Live Cell Imaging. Cells were plated on glass coverslips situated in
35 mm Petri dishes at a density of 5 × 104 cells/coverslip and
incubated overnight. Prior to live cell imaging and QD addition, cells
were incubated with phenol red-free, serum-free X-VIVO media
containing 25 nM LysoTracker Red (Invitrogen) for at least 15 min.
QDs (final concentration of 75 nM) were added following 3 min of
image collection. Images were acquired sequentially at an excitation of
442 nm, dichroic 442/488/565/643 and emission (barrier) 488/565/
643 for QDs, while LysoTracker Red was detected using an excitation
wavelength of 561 nm, a dichroic setting of 442/488/565/643 and a
barrier setting of 488/565/643 every 6 s for a total of 20 min. In
additional experiments, cells were incubated with LysoTracker Red
and QDs for 45 min prior to image collection. Images were acquired
using a Hamamatsu C9100 EM-13 camera connected to a Visitech
Infinity3 2D array scanning multibeam confocal scanner and an IX81
microscope equipped with a 100×, 1.40 N.A. UPlanApo objective lens.
Movies were constructed using MetaMorph software (Molecular
Devices) using image stacks that were background subtracted with the
statistical correction option of the “Background and Shading
Correction” application. Out of focus images were removed prior to
the production of movies. See Supporting Information for information
regarding colocalization analyses.

Statistical Analysis. Comparisons between QD treatments were
analyzed for statistical significance using One-way ANOVA performed
with SigmaPlot software.

■ RESULTS

QD Characteristics. The microwave-based synthesis pro-
cedure for the QDs used in this study has been reported
previously.26 These QDs contain a CdSe core with a CdS
intermediate shell followed by a ZnS outer shell. MPA-QDs
were capped with 3-mercapatopropionic acid (3-MPA). Detailed
chemical and physical characterization of these MPA-QDs has
been reported, including composition, size, and morphology.26

THIO-QDs were derived from the same core−shell QDs as the
MPA-QDs by a ligand exchange process where MPA was
replaced with thiocholine. Since the THIO-QDs were derived
from the same core−shell QDs as the MPA-QDs and capped by
a ligand exchange process, they had comparable, emission,
absorption spectra, and quantum yields as the previously
reported MPA-QDs.26

Figure 1A illustrates the particle sizes and zeta potential of
the MPA-QDs as a function of pH in aqueous solution. The
size data in this figure are reported as average diameters based
on the intensity distribution (later we use volume distributions
for the media dispersed samples; our purpose in Figure 1 was to
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examine the aggregation characteristics in water as a function of
pH). The hydrodynamic diameter for MPA-QDs is relatively
constant between pH 5.5−11 and shows a marked increase
below pH ∼6, indicating aggregation. The zeta potential
remains negative throughout the pH titration, with a gradual
increase in the zeta potential from −48 mV at pH 10 to −34 at
pH 4.5. The behavior of the THIO-QDs in water is shown in
Figure 1B. The zeta potential was found to remain positive over
pH of 2−7 and decreased at higher pH. Thus, as synthesized,
the MPA-QDs and THIO-QDs maintain a negative and
positive charge, respectively, over biologically relevant pH
ranges in water.

Three media types were examined in this study: RPMI
without supplements, RPMI + fetal bovine serum (FBS), and
X-VIVO serum-free, phenol red-free media. Dynamic light
scattering and zeta potential of all three media were examined
and reported in Table 1, and the raw data is in the Supporting
Information. The analysis of light scattering data used the
volume distribution rather than the intensity since large
particles scatter more, and volume (or number) distribution
is a better measurement of size. All three media had particles
with diameters ranging from 1 to 8 nm. Additionally, in all
three media types, the zeta potential data was noisy
(Supporting Information) due to the small size of the particles

Figure 1. Chemical characterization of QDs. Plots of MPA-QD (top panel) and THIO-QD (bottom panel) Z-average diameter and zeta potential as
a function of pH. QD concentrations for size titration were 931 nM and 186 nM for zeta potential.
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and not readily amenable to interpretation. The size and charge
of the two QDs were examined in these three media types, in
the presence and absence of Poly-I, and the data are
summarized in Table 1. Also, the Supporting Information
shows the actual distribution curves obtained from the light
scattering and the raw zeta potential data for QDs in all media.
The THIO-QDs and MPA-QDs behaved differently in each
media. As synthesized, MPA-QDs had a diameter of ∼26 nm
and charge of −44 mV (pH 9). Note that these sizes differ
slightly from Figure 1 since it is the volume-based number that
is being used henceforth. Also, our previous TEM studies show
that the QDs are about 5.3 nm in diameter, so the light
scattering data indicates that there is some aggregation even in
water.26 Upon replacing MPA with thiocholine, the size was 17
nm with a charge of +34 mV (pH 9). When suspended in all
three media types, the MPA-QDs exhibited a stable, optically
clear dispersion. In RPMI, the size distribution was bimodal:
∼8 and 26 nm with a charge of −34 mV. Smaller sized particles
of ∼1 nm were present in RPMI alone. It is unclear if these
contribute to the ∼8 nm particles. In RPMI + FBS, the size
of the MPA-QDs was 54 nm, and the charge was −15 mV. In
X-VIVO media, the size distribution for MPA- QDs was also
bimodal: ∼12 and 39 nm, with a negative charge of −24 mV.
The X-VIVO media by itself had particles with sizes of ∼7 nm
and is possibly the contributor to the smaller of the two sizes in
the bimodal distribution. Thus, in both RPMI + FBS and X-
VIVO media, the QDs are increasing significantly in size, more
so in the former, possibly by association with proteins, which
also leads to lowering in the surface charge.
A stable, optically clear dispersion of THIO-QDs was

achieved only with RPMI. The size distribution in RPMI was
bimodal with ∼20 and ∼62 nm particles, and the surface charge
was +15 mV. In RPMI + FBS, the solution turned cloudy with
time (15−30 min) and is reflected in the broad particle size
distribution with peaks at 140, 1200 nm, and also larger
aggregates. The zeta potential of THIO-QDs in RPMI + FBS
was −11 mV. With the X-VIVO media, aggregation for THIO-
QDs was more marked with sizes over a range of 1000−6000
nm (average around 3000 nm), and the particles had a neutral
charge of ∼0 mV, also indicating association of negatively
charged species from the media with THIO-QDs.
To simulate the acidic environment of the lysosome, QDs

were incubated at a pH of 4.5 in water (466 nM) under
ambient conditions, and the concentration of free Cd2+ in
solution was determined by ICP-MS. In the case of MPA-QDs,
the concentration of Cd2+ was not detectable after 15 min and
increased to 1.8 μM over 24 h, whereas for the THIO-QDs, the
Cd2+ content increased from 0.9 μM after 15 min to 3.6 μM
after 24 h at pH 4.5.
Cytotoxicity and Proinflammatory Response of QD

Exposed Cells. We incubated cells with QDs with concen-
trations as high as 500 nM, though previous studies have shown

that 20 nM concentration is suitable for imaging.23,26 At a
concentration of 500 nM MPA-QDs, greater than 40% of cells
were found to be necrotic, (Figure 34, Supporting Informa-
tion), so for detailed necrosis and apoptosis measurements, we
limited the concentration of QDs to 125 nM. These
experiments were carried out in RPMI + FBS since it closely
simulates physiological conditions. Both MPA-QDs and THIO-
QDs are stabilized by ligands, an excess of which is present in
the QD suspension. For the LDH assay, which is a measure of
necrosis, both the supernatants of the QDs and the entire QD
suspension were examined. It is also relevant to point out that
the supernatant from the THIO-QDs interfered with the LDH
assay at 250 nM and higher concentrations. Figure 2 shows the

LDH assay data for both MPA-QD, THIO-QD, and their
supernatants. Dose-dependent necrosis of cells is observed for
the QD suspensions, while the supernatants exhibited little
toxicity, at the level of ∼5% death of cells. The THIO-QDs
were significantly more cytotoxic at 125 nM (p < 0.01), with
30% cell death as compared to MPA-QDs.
Annexin V staining was performed after a 24 h exposure to

examine the apoptotic response of cells exposed to QDs
suspended in RPMI + FBS media. Macrophages exposed to 250
nM of MPA-QDs or less were observed to have between a 10
to 15% increase in the number of apoptotic cells compared
to that of unexposed cells (Figure 3A), while cells treated with

Figure 2. Necrosis induced by MPA-QDs, THIO-QDs, and QD
supernatants in murine alveolar macrophages. Cells were incubated
with increasing concentrations of MPA-QDs, THIO-QDs, and
equivalent QD supernatants containing excess ligand. QDs and QD
supernatants were diluted in RPMI + FBS and exposed to
macrophages for 24 h before cellular necrosis was measured via
LDH release. THIO-QDs were significantly more toxic (p < 0.01,
indicated by **) than MPA-QDs at 125 nM. MPA QDs were
significantly more toxic than MPA-QD supernatants at 125 nM (p <
0.05 indicated by *), and THIO-QDs were significantly more toxic
than THIO-QD supernatants at 125 nM (p < 0.05, indicated by *).
Error bars are the standard deviation from 3 independent experiments.

Table 1. Volume-Based Diameters and Zeta Potentials for MPA-QDs and THIO-QDs in Media with and without Poly-Ia

MPA-QDs THIO-QDs

− Poly I + Poly I − Poly I + Poly I

size (nm) charge (mV) size (nm) charge (mV) size (nm) charge (mV) size (nm) charge (mV)

8, 26 −34 17 −26.6 20, 62 15 18, 42, 77, 450, 2700 −24.6 RPMI
54 −15 25 −20.3 140, 1200 −11 62, 504 −17.3 RPMI + FBS
12, 39 −24 30 −14.8 3000 0 1300 0 X-VIVO

aAll of the experimental data corresponding to numbers in this table are provided in the Supporting Information, Figures 1−34.
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500 nM were found to have ∼3.5 times (56.8%) as many
apoptotic cells, indicating that the mechanism of cytotoxicity is
apoptosis (Figure 35, Supporting Information). A dose depen-
dent increase in Annexin V staining for cells incubated with
THIO-QDs was observed, where macrophages exposed to 62.5,
125, or 250 nM THIO-QDs resulted in 6.7%, 13.3%, and 24.3%
Annexin V positive cells, respectively (Figure 3B).
Levels of secreted TNF-α and IL-1β in supernatants

recovered from macrophages exposed to MPA-QDs and
THIO-QDs suspended in RPMI + FBS were quantified by
ELISA. Macrophages treated with 100 ng/mL of lipopolysac-
charide alone resulted in TNF-α levels greater than 175 pg/mL
(data not shown) indicating that these cells are capable of
producing a proinflammatory response. Supernatants derived
from cells incubated with QDs for short periods (2 h) did not
result in proinflammatory cytokine induction (data not shown);
thus, samples were collected after 24 h exposures. TNF-α levels
range from undetectable for untreated cells and cells treated
with 62.5 and 125 nM of MPA-QDs. The amounts of TNF-α
secreted from macrophages after exposure to MPA-QDs were
significantly different from amounts secreted from cells exposed
to THIO-QDs (Figure 4). Supernatants from cells treated with
500 nM of MPA-QDs show an increase of 33 ± 8 pg/mL of
TNF-α compared to 23 ± 4 pg/mL from cells treated with 250
nM of MPA-QDs. These same supernatants were also analyzed
for IL-1β, which was undetectable (data not shown).
Supernatants collected from cells treated with 250 nM of
THIO-QDs secreted 51 ± 12 pg/mL of TNF-α but only 6 ±
11 pg/mL after exposure to 500 nM of THIO-QDs (40% cell
death at these high concentrations).
Internalization, Intracellular Localization, and Mech-

anism of QD Uptake. There are several possible mechanisms
that facilitate endocytosis, including internalization through
caveolae and clathrin coated pits. We used an inhibitor

approach to block internalization of MPA-QDs, all experiments
being carried out in RPMI + FBS media. Initially, cells were
pretreated with cytochalasin D (inhibits actin polymerization
and phagocytosis), nystatin (binds cholesterol and disrupts
caveolae coat structure), or chlorpromazine (prevents clathrin
recycling) prior to the addition of MPA-QDs suspended in
media containing inhibitors. Neither nystatin treated cells nor
cytochalasin D treated cells displayed a reduction in
fluorescence after exposure of cells to MPA-QDs suspended
in the corresponding inhibitor (data not shown). However, in
cells treated with chlorpromazine, fluorescence is substantially
reduced at all concentrations tested (Figure 5A and B).

Figure 3. Apoptotic effects of MPA-QDs and THIO-QDs in murine alveolar macrophages after 24 h. (A) Macrophages were incubated with
increasing concentrations of MPA-QDs suspended in RPMI + FBS, and apoptosis was measured via flow cytometry. The number of apoptotic cells
approximately doubled for concentrations up to 250 nM. (B) Macrophages were incubated with increasing concentrations of THIO-QDs suspended
in RPMI + FBS, and apoptosis was measured via flow cytometry. Numbers of apoptotic cells increased in a dose dependent manner. Figures are
representative of three independent experiments for each QD type.

Figure 4. Secretion of TNF-α from macrophages exposed to MPA-
QDs and THIO-QDs. Significant differences (p < 0.001, n = 3, as
indicated by *) in TNF-α secretion levels were measured using ELISA
from cell supernatants after exposure to MPA-QDs and THIO-QDs
suspended in RPMI + FBS for 24 h.

Chemical Research in Toxicology Article

dx.doi.org/10.1021/tx2003195 | Chem. Res. Toxicol. 2011, 24, 2176−21882181

http://pubs.acs.org/action/showImage?doi=10.1021/tx2003195&iName=master.img-004.jpg&w=462&h=240
http://pubs.acs.org/action/showImage?doi=10.1021/tx2003195&iName=master.img-005.png&w=239&h=179


Macrophages exposed to 150 nM MPA-QDs in the presence of
chlorpromazine exhibited approximately 66% less fluorescent
positive cells. Likewise, when macrophages were exposed to
125 nM THIO-QDs in the presence of chlorpromazine, ∼60%
less fluorescent cells was observed compared to that in controls.
Differences in fluorescence after treatment with the clathrin
inhibitor are summarized in Figure 5 and Table 2.

Using live cell confocal imaging, we observed MPA-QDs
localizing to the cell membrane within minutes (3 min) after
they were introduced to the culture, followed by their
appearance in intracellular vesicles (9 min) and mature vesicles
at 12 and 17 min (Figure 6A−E). All experiments were

performed in X-VIVO serum-free, phenol red free media due
to the interference of phenol red with imaging. We stained
acidic organelles using LysoTracker Red to visualize the late
endosomal pathway and were able to localize MPA-QDs in the
lysosomes within 20 min of their introduction into live cultures
(Supporting Information). The image presented in Figure 6F is
representative of QD/lysosomal colocalization after 45 min of
incubation from the second movie file in Supporting
Information. We quantified the amount of colocalization in
this cell over time, and MPA-QDs were found to have a
correlation coefficient (r value) of 0.577 ± 0.066, indicating
that the majority of QDs are retained in acidic compartments.
Colocalization of MPA-QDs and LysoTracker is consistent
with transport through the endosomal pathway to the
lysosomes.
THIO-QDs were also observed to be internalized. However,

flow cytometry data collected from the clathrin inhibition
assays indicate cellular association occurred within 2 h, in
contrast to MPA-QDs which were internalized in approximately
20 min. Their compartmentalization in lysosomes could not be
definitively established since the aggregated QDs in serum free
media scatter the laser light (561 nm), making it difficult to
distinguish from the LysoTracker Red signal. This phenomen-
on was not apparent for MPA-QDs, which remained dispersed
in the media.
To identify a possible mechanism of QD internalization in all

three media types, we evaluated the molecular relationship
between scavenger receptors and charged QDs using a
competition assay using Poly-I, a nonspecific scavenger
receptor ligand. When cells were incubated with MPA-QDs
suspended in all media types containing 100 μg/mL Poly-I, a

Figure 5. Role of clathrin-coated pits in QD internalization. (A)
Macrophages were exposed to MPA-QDs alone suspended in RPMI +
FBS (left panel) or pretreated with chlorpromazine (50 μM) for 30
min prior to exposure to MPA-QDs suspended in RPMI + FBS
containing chlorpromazine (right panel). (B) Macrophages were
exposed to THIO-QDs alone suspended in RPMI + FBS (left panel)
or pretreated with chlorpromazine (50 μM) for 30 min prior to
exposure to THIO-QDs suspended in RPMI + FBS containing
chlorpromazine (right panel).

Table 2. Percent Fluorescent Cells Exposed to Negative and
Positive QDs Suspended in RPMI + FBS in the Absence and
Presence of the Clathrin Inhibitor, Chlorpromazinea

% fluorescent cells

MPA-QD concentration (nM) − chlorpromazine + chlorpromazine

0 0.8 ± 0.0 0.5 ± 0.4
25 9.5 ± 2.3 0.4 ± 0.1
75 63.1 ± 2.5 3.2 ± 0.3
150 87.4 ± 2.5 29.9 ± 6.1

% fluorescent cells

THIO-QD concentration (nM) − chlorpromazine + chlorpromazine

0 1.0 ± 0.2 1.4 ± 0.3
31.2 65.6 ± 2.4 2.8 ± 0.5
62.5 85.1 ± 1.6 9.9 ± 1.4
125 91.5 ± 1.5 26.8 ± 3.6

aValues are the average of 3 independent experiments ± standard
deviation.

Figure 6. MPA-QD compartmentalization in macrophages. (A)
Macrophages stained with LysoTracker Red just prior to the addition
of MPA-QDs suspended in serum free, phenol red-free X-VIVO
media. (B) MPA-QDs form a halo around the outside of the cell
within 2 min. (C) Yellow vesicles indicative of colocalization are
apparent after ∼9 min. (D) MPA-QDs are clearly in acidic
compartments by 12 min. (E) Vesicles begin to track in the cell by
17 min postexposure. In panel F, macrophages were incubated with
LysoTracker followed by the addition of 150 nM MPA-QD (final
concentration = 75 nM) for 45 min prior to imaging. The majority of
QDs are found within lysosomes. r is the correlation between MPA-
QDs and LysoTracker.
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reduction in fluorescence, indicating lower association of QDs with
cells, was apparent particularly at lower MPA-QD concentrations
(Figure 7A,B and Table 3). However, there are differences
between the media. At MPA-QD concentrations of 31.2 and 62.5
nM, fluorescence was lower for MPA-QDs suspended in RPMI +
FBS (15.4 ± 0.5% and 29.8 ± 4.0%, respectively) compared to
those suspended in RPMI (79.4 ± 2.5% and 92.0 ± 1.6%,
respectively) and X-VIVO media (78.1 ± 3.4% and 87.4 ± 3.1%,
respectively), indicating that serum constituents in FBS are
preventing QDs from associating with macrophages. Nevertheless,
in the presence of Poly-I, a decrease in fluorescence is evident
in all cases, especially for QD concentrations less than 100 nM.

Table 1 shows that the MPA-QDs do not have major
interactions with Poly-I, and the QDs remain negatively
charged and with sizes <30 nm. When suspended in different
types of biological media, THIO-QDs exhibited a wide range of
sizes and negative, positive, or neutral charge; nonetheless, they
did not appear to associate with scavenger receptors in the
conditions tested (Figure 7C and Table 3). Macrophages
exposed to THIO-QDs suspended in media containing Poly-I
did not exhibit reduced fluorescence but rather an increase in
fluorescence (Figure 7D and Table 3). Table 1 shows clearly
that in RPMI, the positively charged QDs revert to negative
surface charge in the presence of Poly-I and also form larger

Figure 7. Comparisons in QD charge and macrophage scavenger receptor association. (A) Macrophages were treated with increasing concentrations
of MPA-QDs suspended in RPMI (left panel), RPMI + FBS (middle panel), or X-VIVO media (right panel) for 6 h prior to analyses of cellular
fluorescence by flow cytometry. (B) Macrophages were pretreated with RPMI (left panel), RPMI + FBS (middle panel), or X-VIVO media
containing Poly-I (100 μg/mL) for 30 min. MPA-QDs suspended in each media type containing Poly-I were added to the cells and incubated for 6 h
prior to analyses of cellular fluorescence by flow cytometry. (C) Macrophages were treated with increasing concentrations of THIO-QDs suspended
in RPMI (left panel), RPMI + FBS (middle panel), or X-VIVO media (right panel) for 6 h prior to analyses of cellular fluorescence by flow
cytometry. (D) Macrophages were pretreated with RPMI (left panel), RPMI + FBS (middle panel), or X-VIVO media containing Poly-I (100
μg/mL) for 30 min. THIO-QDs suspended in each media type containing Poly-I were added to the cells and incubated for 6 h prior to analyses of
cellular fluorescence by flow cytometry.
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aggregates, indicating a strong interaction of THIO-QDs with
Poly-I. In the other two media, the THIO-QDs are either
negatively charged or neutral and form large aggregates and in
the presence of Poly-I; there are some changes, but nothing as
dramatic as those observed in RPMI.

■ DISCUSSION
This discussion is based on the profound influence of QD
charge and aggregation characteristics in different biological
media which affects their subsequent cytotoxicity and
interactions with macrophages.
QD Characteristics. The negative QDs in this study had a

CdSe core with a CdS/ZnS shell and were capped with MPA.
The carboxylate groups on MPA gave QDs a negative zeta
potential (Figure 1A). 3-MPA has a pKa of 4.4,

29 and as proto-
nation of the carboxylate groups proceeds, aggregation of the
QDs occurs,30 indicating that the repulsion between the
negative charges keeps the colloid stable at high pH. In all three
culture media examined in this study, the MPA-QDs remained
dispersed, and the solutions were free of visible aggregation.
Light scattering indicated a particle size range of 8−54 nm
(Table 1), and the zeta potential remained negative, though it
decreased from −44 mV in water to −34, −15, and −24 mV in
RPMI, RPMI + FBS, and serum-free media.
The behavior of THIO-QDs is unlike MPA-QDs in that they

are far more susceptible to aggregation in media. In water (pH
2−7), THIO-QDs maintain a positive zeta potential because of
the quaternary nitrogen functionality. The THIO-QDs formed
large aggregates in the RPMI + FBS and X-VIVO media,
whereas 20 and 62 nm particles were found in RPMI. The zeta
potential was positive for RPMI (15 mV) and almost neutral
for X-VIVO media (∼0 mV). In the case of RPMI + FBS, the
zeta potential became negative (−11 mV). Recent studies
investigating the interactions of nanoparticles in biological
media have revealed that protein coronas form.31,32 Indeed,
work by Warnement et al.33 definitively established the
association of QDs with serum albumin using polyacrylamide
gel electrophoresis and that these interactions can interfere with
QD and specific cell surface receptor targeting. Further, CdSe/
ZnS QDs stabilized with 11-mercaptoundecanoic acid formed
stable complexes with sheep serum albumin and were also
found to exhibit photostability over several days, even though
they were confined to the acidic lysosomal compartment.34

Protein corona formation inherently influences nanoparticle

charge; when nanoparticles containing amine groups were
suspended in PBS buffer, a negative charge was recorded.31

Amine modified polystyrene spheres also exhibited a switch of
surface charge from positive to negative in cell culture media
due to binding of serum proteins.35 In the current study, as-
synthesized positively charged THIO-QDs suspended in media
(RPMI + FBS or X-VIVO) also switched to negative or neutral
zeta potential, which we attribute to the formation of protein
coronas on the QD surface. We conclude that negatively
charged nanoparticles retain their approximate size and charge
in biological media, whereas positively charged nanoparticles
become negatively charged or neutral with significant
aggregation.
The marked difference in aggregation between the negatively

and positively charged QDs in media and with Poly-I can be
understood based on simple electrostatic arguments. At
physiological pH, there are considerably more negatively
charged molecules (primarily due to carboxylates), which,
because of electrostatic repulsions, do not interact with the
negatively charged MPA-QDs. However, these species can bind
to the positively charged THIO-QDs. Upon binding, the
positive charge on the QD surface decreases, thereby
decreasing inter QD repulsions and leads to aggregation.
Eventually, these aggregates can become negatively charged
(RPMI + FBS or with Poly-I) or remain neutral (X-VIVO), but
once the aggregates are formed, they are not easily dispersed
without external forces.
Positively and Negatively Charged QD Cytotoxicity. We

sought to compare the cytotoxic effects of MPA-QDs and
THIO-QDs. These experiments were performed in RPMI +
FBS experiments where both the MPA-QDs and THIO-QDs
are negatively charged, with MPA-QD sizes of ∼20 nm and
THIO-QDs forming large aggregates of ∼1200 nm. Lovric ́
et al.21 determined that the mechanism of MPA-capped QD
cytotoxicity (1−10 μg/mL) in MCF-5 breast cancer cells was
due to the formation of reactive oxygen species (ROS). Chan
et al.36 further established that ROS generated in neuro-
blastoma cells following exposure to QDs with a CdSe core
(150 to 300 nM) induced apoptosis via activation of JNK-
mediated signaling. These investigators also determined that
cell death could be prevented by capping CdSe QDs with a ZnS
shell. It has been proposed that mechanisms of QD cytotoxicity
(187.5 nM to 3 μM) are due to both the formation of ROS and
Cd2+ leaching.37 Other studies corroborate this finding; in

Table 3. Percent Fluorescent Cells Exposed to Negative or Positive QDs Suspended in RPMI, RPMI + FBS, or X-VIVO Media
in the Absence and Presence of the Scavenger Receptor Inhibitor, Poly-Ia

% fluorescent cells

RPMI RPMI + FBS X-Vivo

MPA-QD concentration (nM) − Poly I + Poly I − Poly I + Poly I − Poly I + Poly I

0 0.7 ± 0.1 0.5 ± 0.2 0.7 ± 0.3 1.0 ± 0.3 0.7 ± 0.3 1.1 ± 0.3
31.2 79.4 ± 2.5 54.0 ± 4.0 15.4 ± 0.5 5.6 ± 0.4 78.1 ± 3.4 7.5 ± 1.5
62.5 92.0 ± 1.6 75.9 ± 2.4 29.8 ± 4.0 17.3 ± 2.0 87.4 ± 3.8 27.3 ± 2.6
125 95.2 ± 1.8 96.4 ± 1.6 82.8 ± 5.6 42.2 ± 3.4 96.5 ± 0.5 70.0 ± 7.0

RPMI RPMI + FBS X-Vivo

THIO-QD concentration (nM) − Poly I + Poly I − Poly I + Poly I − Poly I + Poly I

0 1.6 ± 0.2 1.3 ± 0.5 0.7 ± 0.1 0.7 ± 0.3 2.4 ± 0.9 1.7 ± 0.2
31.2 27.7 ± 6.5 33.8 ± 8.2 9.8 ± 1.7 23.3 ± 5.3 32.1 ± 0.6 50.2 ± 4.0
62.5 67.1 ± 0.7 60.9 ± 12.7 24.3 ± 6.2 49.6 ± 5.8 40.1 ± 11.5 66.8 ± 6.3
125 81.0 ± 3.5 82.6 ± 2.4 57.6 ± 14.3 69.1 ± 5.1 65.7 ± 6.4 85.6 ± 2.5

aValues are the average of 3 independent experiments ± standard deviation.
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particular, one group found that CdS QD cytotoxicity (10−80
μg/mL) is dependent on size and that the mechanism of toxicity
shifts from ROS driven to Cd2+ dependent as QD concentration
was increased.38 It is established that cadmium related ROS
generation can induce apoptosis at 10 to 50 μM.39 The
dissolution of QDs at acidic pH within the lysosome is a source
of Cd2+. While we did not measure the formation of ROS in the
current study, elemental analysis indicated concentrations of 1.8
μM Cd2+ from a MPA-QD suspension and 3.6 μM from a
THIO-QD suspension at pH 4.5 (starting concentration of 466
nM) after a 24-h period. Thus, in the current study, the toxicity
of QDs can be attributed to leached Cd2+ that occurs in acidic
conditions present in the lysosomal compartment. Our results
are in agreement with those of Derfus et al.40 who investigated
the role of surface coating CdSe QDs with ZnS shells and also
bovine serum albumin QD induced cytotoxicity. The oxidation
of QDs resulted in the leaching of free Cd2+ from the QD core,
which correlated with increased cytotoxicity. The addition of
surface coatings was found to reduce cytotoxicity in hepatocytes
but not eliminate cytotoxicity altogether.40 Supernatants
collected from QD suspensions after centrifugation exhibited
little toxicity (Figure 2). Other research has found that capping
agents alone can induce genotoxicity; Hoshino et al.41,42 found
that mercaptoundecanoic acid, a common capping agent provid-
ing nanoparticles with negative charge, induced significant DNA
damage in WTK-1 cells.
Proinflammatory Properties of QDs. The MH-S macro-

phage cell line is capable of phagocytosing particles and
releasing proinflammatory cytokines upon stimulation43 and
has been shown to generate a proinflammatory response after
exposure to silica particles.44 When the cells were stimulated
with LPS (100 ng/mL), it resulted in 198.3 pg/mL of TNF-α
(data not shown). Thus, we sought to determine if QDs were
capable of inducing a proinflammatory response in this cell line.
There is no increase in TNF-α release in cells exposed to
concentrations less than125 nM. Very large concentrations of
QDs (250 or 500 nM), which caused cell necrosis, also led to
the release of TNF-α. The upregulation of proinflammatory
cytokines in response to QD exposure has not been fully
examined. However, one study by Lee et al.45 found that
QDs (0.2−25 nM) induced the upregulation of TNF-α and
CXCL-8, which correlated with ROS formation, while another
study demonstrated that cadmium alone (50 μM) resulted in
the upregulation of IL-8 in intestinal cells, yet TNF-α and
interferon-γ levels remained unchanged.46 The confinement of
QDs in the acidic environment of the lysosome causes
destabilization of QDs and the release of Cd2+ from the inner
shell and core, contributing to cell death. The cytotoxic and
inflammatory behavior after exposure to QDs can be correlated
with the release of Cd2+.
Interaction of QDs with Cell Surface Receptors and

Routes of Internalization. MPA-QDs quickly interacted
with cell membranes and were internalized in minutes
(Supporting Information, movie 1), whereas the uptake of
THIO-QDs by macrophages was slower, which we attribute to
the propensity of THIO-QDs to form large aggregates in
serum-free media. We were able to colocalize MPA-QDs and
lysosomes, and their trafficking throughout the cell was
recorded in real time (Figure 4and Supporting Information,
movie 2). Clift et al.47 reported that macrophages internalized
QDs within minutes, and Zhang et al.23 demonstrated that upon
internalization, the QDs are both vesicle bound and localize to
lysosomes in keratinocytes. Previously, small, thioglycolic acid

capped CdTe QDs (2.1 nm) were found to be internalized by
macrophages within 10 min and localized to the nucleus and
perinuclear space, while larger CdTe QDs (3.4 nm) localized
within cytoplasmic compartments after 30 min.24 Murine
macrophages treated with carboxylated QDs were found to
internalize QDs within 30 min, while cells treated with NH2-
PEG coated QDs internalized QDs more slowly. In the current
study, THIO-QDs aggregated in media and were found to be
much larger in size compared to MPA-QDs and were
internalized at a slower rate. However, this aggregation caused
interference when performing colocalization imaging studies;
thus, we were unable to definitively conclude that THIO-QDs
are sequestered in lysosomes.
Both QDs suspended in RPMI + FBS primarily enter

macrophages via clathrin coated pits since incubation with a
clathrin inhibitor significantly decreased QD uptake (Figure 3).
Thus, particles of very different sizes and similar negative
charges are being internalized by similar mechanisms. Work
investigating nonspecific QD uptake in tumor cell lines revealed
that carboxylated QDs were internalized via receptor-mediated
endocytosis and clathrin coated pits.48 In other studies, negative
QDs were found to enter keratinocytes via lipid rafts, and little
interaction with clathrin was observed.23 These differences may
be attributed to the fact that macrophages have a large number
of clathrin coated pits, and other cells, such as fibroblasts and
endothelial cells, have been found to have a greater number of
caveolae.49

The presence of FBS in media appeared to diminish the
association of both MPA-QDs and THIO-QDs with macro-
phages (Table 3). This indicates that serum proteins compete
with QDs for interactions with the cell surface; alternatively,
serum constituents may coat QDs, reducing their interactions
with the cell surface. Table 1 shows the changes in size and
charge upon the addition of Poly-I (100 μg/mL) to MPA-QDs.
In all three media, there is a slight reduction in size, and the
particles remain negatively charged. We are proposing that
there is minimal interaction between Poly-I and MPA-QDs.
Thus, the decrease in cellular fluorescence in the presence of

Poly-I, indicates that MPA-QDs associate with scavenger
receptors (Figure 7). However, there are clearly other receptors
that participate in MPA-QD binding since cell fluorescence was
reduced and not eliminated altogether in the presence of this
scavenger−receptor ligand. One recent study supporting this
observation found that citrate stabilized negatively charged gold
nanoparticles (less than 100 nm) were internalized using
scavenger−receptor mediated phagocytosis.50

In the case of RPMI (Figure 7), we conclude that surface
charge is playing a major role in QD and scavenger−receptor
association. While both MPA-QDs and THIO-QDs were less
than 62 nm in size when suspended in RPMI, they had very
different surface charges (−34 mV for MPA-QDs and +15 for
THIO-QDs). Thus, the only case where the THIO-QDs retain
their positive charge and small size (comparable to MPA-QDs)
is in RPMI media. A direct comparison can therefore be made
as to the influence of charge on nanoparticle uptake in RPMI. It
is evident from Table 3 that the uptake of THIO-QDs is lower
than that of MPA-QDs in RPMI (e.g., at 62.5 nM
concentration, percent of fluorescent cells for MPA-QD and
THIO-QD are 92% and 67%, respectively). We propose that
the positively charged QDs do not use the scavenger receptor
pathway to enter the cell but perhaps interact with a receptor
that is expressed at lower levels on the cell surface, whereas
negatively charged QD use this pathway, explaining the higher
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uptake. In the presence of Poly-I, the MPA-QD remain small
(17 nm) and negatively charged, and Poly-I blocks the
scavenger receptor mediated uptake of the negative particles.
Several groups have investigated the role of scavenger receptors
and their affinity to negatively charged molecules.51−54 The
scavenger receptor MARCO (macrophage receptor with
collagenous structure) was found to have a positively charged
basic cluster containing several arginine residues.55 In the case
of THIO-QD, the Poly-I interacts with the QD itself, and large
negatively charged particles are formed, and their entry into the
cell takes place by other pathways. Large, negatively charged
particles are also noted with THIO-QDs in RPMI + FBS, both
in the absence and presence of Poly-I. In the case of X-VIVO,
large neutral aggregates are observed for THIO-QDs in the
absence and presence of Poly-I. These large, negative or neutral
particles are not involved with scavenger receptors in their
uptake.
Both THIO-QDs and MPA-QDs induced apoptosis at large

concentrations. Interaction of silica and scavenger receptors has
been shown to induce apoptosis in Chinese hamster ovary cell
lines and in MH-S cells, the cell type used in this study.56,57

Thus, the apoptotic response caused by MPA-QDs can be
attributed to the engagement of MPA-QDs with scavenger
receptors. THIO-QDs form large clusters (140 and 1200 nm),
which suggests that particle aggregate size could also be an
important factor modulating interactions with these receptors
which can trigger apoptosis. Similar observations were made for
THIO-QDs suspended in X-VIVO media. While THIO-QDs
did not associate with scavenger receptors, they were found to
leach greater amounts free Cd2+ which can induce apoptosis as
well.
In summary, this study has directly compared differences

between MPA-QD and THIO-QD toxicity, and cellular
internalization and cell surface associations in macrophages.
We observed that biological culture conditions can modulate
QD charge and size, thus having a direct impact on cellular
responses. These findings have important implications for the
use of nanomaterials in biological applications.
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