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ABSTRACT
Quantum dots (Qdots) are now used extensively for labeling in biomedical research, and this use is predicted to grow because of their many
advantages over alternative labeling methods. Uncoated Qdots made of core/shell CdSe/ZnS are toxic to cells because of the release of Cd 2+

ions into the cellular environment. This problem has been partially overcome by coating Qdots with polymers, poly(ethylene glycol) (PEG), or
other inert molecules. The most promising coating to date, for reducing toxicity, appears to be PEG. When PEG-coated silanized Qdots
(PEG-silane-Qdots) are used to treat cells, toxicity is not observed, even at dosages above 10 −20 nM, a concentration inducing death when
cells are treated with polymer or mercaptoacid coated Qdots. Because of the importance of Qdots in current and future biomedical and
clinical applications, we believe it is essential to more completely understand and verify this negative global response from cells treated with
PEG-silane-Qdots. Consequently, we examined the molecular and cellular response of cells treated with two different dosages of PEG-silane-
Qdots. Human fibroblasts were exposed to 8 and 80 nM of these Qdots, and both phenotypic as well as whole genome expression measurements
were made. PEG-silane-Qdots did not induce any statistically significant cell cycle changes and minimal apoptosis/necrosis in lung fibroblasts
(IMR-90) as measured by high content image analysis, regardless of the treatment dosage. A slight increase in apoptosis/necrosis was observed
in treated human skin fibroblasts (HSF-42) at both the low and the high dosages. We performed genome-wide expression array analysis of
HSF-42 exposed to doses 8 and 80 nM to link the global cell response to a molecular and genetic phenotype. We used a gene array containing
∼22,000 total probe sets, containing 18,400 probe sets from known genes. Only ∼50 genes (∼0.2% of all the genes tested) exhibited a
statistically significant change in expression level of greater than 2-fold. Genes activated in treated cells included those involved in carbohydr ate
binding, intracellular vesicle formation, and cellular response to stress. Conversely, PEG-silane-Qdots induce a down-regulation of genes
involved in controlling the M-phase progression of mitosis, spindle formation, and cytokinesis. Promoter analysis of these results reveals that
expression changes may be attributed to the down-regulation of FOXM and BHLB2 transcription factors. Remarkably, PEG-silane-Qdots,
unlike carbon nanotubes, do not activate genes indicative of a strong immune and inflammatory response or heavy-metal-related toxicity. The
experimental evidence shows that CdSe/ZnS Qdots, if appropriately protected, induce negligible toxicity to the model cell system studied
here, even when exposed to high dosages. This study indicates that PEG-coated silanized Qdots pose minimal impact to cells and are a very
promising alternative to uncoated Qdots.

Introduction. Toxicity of nanomaterials is a major healthcare
concern that may impact the nanotechnology industry.1-3

Concern has been rising following studies on the toxicity of
carbon nanophase materials, some of which are found in
flames, welding fumes, diesel exhausts, and other petrol
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byproducts.4-7 There is evidence for the contribution of many
factors to the toxicity of these organic nanostructures includ-
ing their size, shape, and surface functionalization. Assuming
an equivalent mass of carbon, cytotoxicity grows in the
following order: fullerene (C60) < multiwall carbon nanotube
(MWCNT) < single-wall carbon nanotube (SWCNT).8 For
example, C60, with a well-defined surface and no available
dangling bonds, is harmful to cells even at low doses.9-14

C60 is an excellent electron acceptor that can readily react
with available oxygen and water to generate free radicals
leading to oxidative damage of the cellular membrane.
Derivatized fullerenes are less efficient in producing oxygen
radicals,14 therefore C60 derivatized with hydroxyl groups is
much less toxic. Less is known about the toxicity of
fluorescent semiconductor quantum dots, or Qdots. Qdots
are CdSe/ZnS core/shell nanocrystals15 and the heavy ele-
ments that make up the core may induce a more pronounced
and acute cytotoxic response than carbon nanostructures. It
has been reported that Cd2+ is released from CdSe through
oxidative attack.16,17 This released cadmium can bind to the
sulfohydryl groups of critical mitochondria proteins leading
to mitochondria dysfunction and ultimately cell poisoning.18

Qdots are small fluorescent tags that have tremendous
potential for advancing knowledge in biology because of their
unique characteristics.15 Because of their large extinction
coefficient, they can be excited at much lower power than
organic dyes, in a range of energies not absorbed by the cells.
They also exhibit intense light emission with negligible
photobleaching over minutes or hours. This offers a tremen-
dous advantage over organic dyes and engineered fluorescent
proteins that photobleach in seconds when they are used to
label single molecules in living cells. Photobleaching causes
the formation of reactive oxygen radicals and further triggers
a cascade of chemical reactions resulting in the poisoning
and death of cells. Therefore, the detrimental effects of
radiation exposure are minimized for Qdot-labeled cells.
These properties may allow the observation of long-lasting
chemical or biological processes within or around the cell,
which includes information on cell communication.19,20 For
example, such long-lasting probes would allow the multi-
plexed tracking of signaling biomolecular events in live cells
for hours or provide a method to encode particular cells with
colored tags to study cell-cell interactions from days to
months (C. Larabell, private communication). Because of
the tenability, stability, and brightness of Qdots, several
studies have exploredin ViVo labeling in live animals for
optical imaging of cancer providing greater insight into
tumorigenesis.21,22 The use of these molecules for labeling
has provided methodology forin ViVo experiments that
previously had been impossible.

Because of the potential for quantum dots to provide
additional information about biological processin ViVo, it is
important to understand the toxicology of these foreign
nanomaterials. Studies so far have been limited to determin-
ing the survival rate of cells exposed to Qdots for less than
48 h.23-26 These studies have demonstrated that the surface
functionalization plays the key role in nanoparticle toxicity.24-26

For example, CdSe/ZnS solubilized by a simple ligand

exchange with a mercaptoacid, are less soluble and are toxic
to breast cancer cells above a threshold concentration in the
nanomoles per liter range.26 This is caused by the release of
Cd2+ ions into solution because of the weak and dynamic
bond between the Qdot surface and the mercapto surfactant.
In contrast, Cd2+ release is noticeably slowed if Qdots are
embedded in a cross-linked shell reducing toxicity. For
example, cells treated with CdSe/ZnS nanoparticles embed-
ded in a silica shell do not show signs of toxicity, even when
treated with dosages 6-12 times higher than the toxicity-
inducing dosage of mercaptoacid coated CdSe/ZnS Qdots.26

These experiments have helped to illuminate some of the
reasons for the toxic effects of Qdots to live organisms and
have provided guidance on how to modify the Qdots to
negate these concerns.

One question that remains to be answered is how cells
respond at the molecular level after treatment with nano-
materials below the dosage causing high percentage cell
death. Even minute changes may have profound effects on
the integrity and viability of the cells over multiple cellular
divisions. To address this question we examined the impact
of the treatment of both human lung and skin epithelial cells
to two dosages of poly(ethylene glycol) silanized quantum
dots (PEG-silane-Qdots). Two dosages were selected, one
reported to be nontoxic to breast cancer cells and a 10-fold
higher dosage. Human skin (HSF-42) and lung fibroblasts
(IMR-90) were selected because skin and the respiratory
track are the most likely route of human exposure. Further-
more, molecular and genetic data addressing the cytotoxicity
of carbon nanostructures for these cells lines is available.27

Presented here are measurements of phenotypic changes in
large populations of cells combined with expression array
analysis of exposed cells. Our results indicate that both high
and low doses of PEG-silane-Qdots present a similar average
response from the cells. We do not see an adverse effect in
lung epithelial cells, while in the case of skin epithelial cells,
PEG-silane-Qdot treatment exerts a slight repression of genes
regulating cell cycle progression. In general though, only
<50 genes (equivalent to∼0.2% of total genes) out of more
than 22,000 probed show significant changes in the expres-
sion level due to the presence of the PEG-silane-Qdots.
Detailed analysis allows the classification of these genes into
functional categories, and promoter analysis reveals affected
regulatory pathways. As expected, we observe minor in-
volvement of cell endocytosis and intracellular transport
pathways. Remarkably, the global picture emerging from our
study is that PEG-silica-Qdots have a negligible toxicological
effect on these two cell lines. This study is a critical first
step to characterize the toxicity of coated Qdots at the
molecular level in anin Vitro culture system.

Materials and Methods. A detailed description of the
experimental procedures and of the materials used can be
found in the Supporting Information. Here we describe only
some salient features of the experimental protocol. We used
silica-coated CdSe/ZnS Qdots terminated with both thiol and
PEG functional groups.28 While the core/shell Qdots are only
∼4-5 nm in size, the silane shell adds∼2-3 nm in thickness
and thus silanized Qdots are∼8-10 nm in diameter.29 Such
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Qdot chemistry was observed to pose minimal toxicity to
breast cancer cells when the cells were exposed to a solution
containing 2-10 nM of PEG-silane-Qdots.26 Human lung
(IMR-90) and skin epithelial (HSF-42) cells were exposed
for 48 h to a medium containing 8 or 80 nM Qdots or to an
equivalent amount of 10 mM phosphate buffer as a control.

Phenotypical measurements of cell proliferation, apoptosis,
necrosis, and cell cycle distribution were performed using a
high content image analyzer (HCA, Cellomics KineticScan
HCS Reader). Cells were detected and counted by staining
their nucleus with Hoechst dye. Further distinction between
apoptotic and necrotic cells was done using DNA dyes that
transverse the membrane of apoptotic and necrotic cells,
respectively. For instance YO-PRO-1, a green dye, can cross
the slightly impermeable membranes of apoptotic cells while
propidium iodide (PI), a red dye, crosses the membrane of
necrotic cells due to their greater permeability. Cell cycle
distribution was performed by adding bromo-deoxyuridine
(BrdUrd) to the cell medium and subsequently staining the
cells using anti-BrdUrd antibody labeled with AlexaFluor
488 and PI to obtain DNA content information. After images
from stained culture plates were obtained, intensity measure-
ments for both BrdUrd and DNA staining were made for
each identified cell to generate a scatter plot with BrdUrd
intensity on theY-axis and PI intensity on theX-axis.
Analysis of these scatter plots allows estimation of the
percentages of these cells in G0/G1, S, and G2/M phases.

Gene expression profiling was obtained with an Affymetrix
high throughput analysis automated Genechip system. Target
preparation, washing, and staining were carried out on a
Affymetrix/Caliper robotic system, and scanning was per-
formed on a CCD-based high throughput scanner. The chip
contains∼22,000 probe set, among which 18,400 are known
genes or probe sets. Data analysis has been performed using
Genesping, Bioconductor, GeneTraffic, Cluster 3.0, PAINT,
GoMiner, and Pathway Assist. More details and the software
and the protocol of analysis can be found in the Supporting
Information.

Results. Cellomics.PEG-coated silanized Qdots (Qdots),
schematically represented in Figure 1A, were added to the
cell culture medium. Human skin fibroblasts and lung
fibroblasts were selected as model systems because entry of
nanomaterials through the skin and respiratory track is the
most likely route of human exposure to nanomaterials. In
addition, genotoxicity data of carbon nanotubes and nano-
onions are available for these cells and can be used for
comparison purposes.27 Human skin fibroblast and lung
fibroblast cells exposed to 8 or 80 nM PEG-silane-Qdots
for 48 h internalize them (Figure 1B). As shown in Figure
1B, all cells are labeled by Qdots. The entry mechanism is
likely endocytosis, as observed previously by Jaiswal et al.
for Hela andD. discoideumcells.30,31 The nanoparticles are
stored in the perinuclear region, as most studies report,23,26

but we also observed PEG-silane-Qdots dispersed in the
cytoplasm (Figure 1B). A careful look at Figure 1 and com-
parable images indicate a slightly elevated number of labeled
cells are in the cytokinesis stage of mitotic cell cycle. This
warrants further quantitative analysis of the cell cycle profile.

Cell Proliferation. Forty-eight hours after transfection,
proliferation of cells labeled by PEG-silane-Qdots was
evaluated through an automated counting method. Cells were
labeled with Hoechst dye and counted with the Cellomics
KineticScan HCS Reader (KSR). Figure 2.I shows the
average results from 10 independent runs, with error bars
representing the standard deviation. For both cell lines after
48 h, statistically significant differences in the number of
cells, exposed to either PEG-silane-Qdots or the unexposed
control, are not observed regardless of the PEG-silane-Qdot
dosage used for treatment. This indicates a neutral effect of
treatment both on the cell proliferation rate and on the cell
death rate over a period of 48 h, i.e., encompassing about
two cellular division cycles.

Apoptosis/Necrosis.Quantifying apoptotic or necrotic
cells generated further information on cell cytotoxicity. Live
cells are impermeable to YO-PRO 1 and PI, two DNA
staining dyes, but apoptotic cells are permeable to YO-PRO

Figure 1. (A) Schematics of the PEG-silica embedded Qdots. The silica shell is functionalized with-SH groups and with PEG groups.
The latter provide additional stability and reduced nonspecific bindings. The scale bar (∼3 nm) provides a qualitative comparison between
the overall size of the silanized dot (∼8 nm) and the size of the semiconductor core (∼3 nm). (B) Qdots localization in HSF42 cells, after
48 h of incubation. The nuclei are stained with DAPI, a blue dye. Yellow Qdots are localized either in the cytoplasm or in the perinuclear
region. Notice that about half of the cells in the image are in the postmitotic stage.
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1 (a green dye), and necrotic cells are permeable to PI (a
red dye). Thus, we could count and differentiate cells
undergoing apoptosis or necrosis. The results of large scale
analysis over more than 20,000 cells, replicated 10 times,
are reported in Figure 2II as the percentage of all cells
exhibiting apoptosis or necrosis. Exposing human lung
fibroblasts to either high or low dosages of PEG-silane-Qdots
does not significantly increase the percentage of cells in an
apoptotic or necrotic state compared to the control (∼1.8-
2% vs ∼1.2-1.5%, Figure 2II.A). In contrast, a slight
increase in both apoptosis and necrosis, from∼1-1.2% to
∼2.7-2.8% is observed in human skin fibroblasts (HSF-
42, Figure 2II.B). The increase is very modest and is inde-
pendent of the dosage of PEG-silane-Qdots in the medium.

Cell Cycle Profile. Because lung fibroblasts IMR-90 do
not show marked signs of cytotoxicity, we focused on the
response of skin fibroblasts HSF-42 to the presence of PEG-

silane-Qdots in all subsequent analyses. First, we studied the
proliferation profile of this cell line by incorporating BrdUrd
into replicating DNA and counterstaining with PI to deter-
mine total DNA content.27 For each individual HSF-42 cell,
the ratio of the signal intensity from antibody staining of
incorporated BrdUrd versus total DNA content measured by
PI staining is plotted in a scatter plot. We analyzed the cell
cycle status of more than 20,000 cells and then classified
them into G0/G1, S, or G2/M phases. Figure 2.III shows
the relative percentage of treated cells compared to control
cells in each of the three phases of the cell cycle. The ratio
of PEG-silane-Qdot treated cells to control cells in G0/G1
is close to 1, indicating that PEG-silane-Qdot treatment does
not induce a block in G1. Similarly, the ratio of cells in the
S-phase of treated to control is∼0.94, with a Studentt-test
demonstrating only borderline statistical significance. The
largest difference in ratio occurs at the G2/M phase, where
the ratio of cells treated with PEG-silane-Qdot vs control is
∼1.1, possibly indicating a block in G2/M. However, because
only two cell divisions have occurred in 24 h, this ratio
suggests either no significant G2/M block or that it may only
become apparent after multiples cell division cycles. An
important observation based on these data is that the effect
of PEG-silane-Qdots on the cell proliferation, cell death, and
cell cycle regulation is much more subtle than the marked
cytotoxic effects induced by treatment with carbon-based
nanostructures, i.e. nanotubes and nanoonions, in these cell
lines.27 These observations are also consistent with gene
expression results presented below.

Gene Expression.The Affymetrix high throughput array
(HTA) GeneChip system was used to profile gene expression
changes in human skin fibroblasts labeled with PEG-silane-
Qdots. The results are plotted in a two-dimensional diagram
in Figure 3 where each gene is represented by an (X,Y) value
in a log scale. The Affymetrix HG-U133Av2.0AofA Gene-
Chip contains 25 mer oligoprobes, in sets for identification
of transcripts from∼22,000 genes and ESTs in the human
genome. Each dot on the graph represents a gene where the
X-value corresponds to the level of expression in control
cells, while theY-value corresponds to the level of expression
of that same gene in the PEG-silane-Qdots labeled cells. A
dot that lands on the graph where the slope is 1 (red line)
indicates no difference between the gene expression level
of the treated and control samples. The two dotted lines
flanking the central line indicate the cutoff for 2-fold up-
regulation (top line) or down-regulation (bottom line) of the
sample vs the control. Dots above or below the 2-fold box
lines represent genes with a greater than 2-fold change in
gene expression and are discussed below.

In Figure 3A it is remarkably clear that most of the dots
lie close to where the slope) 1, with minimal dispersion
up or down, indicating minimal changes in the gene
expression in the PEG-silane-Qdot treated cells compared
to untreated. This is in strong contrast to treatment of these
same cells with carbon nanotubes and nano-onions.27 For
instance, the MWCNT at a concentration of 0.6 mg/L
induced significant changes in 216 genes, while the PEG-
silane-Qdot induced changes in 20 times fewer genes at a

Figure 2. (I) Cell counts for IMR-90 and HSF-42 cells after
treatment with silanized Qdots in various doses. When treated with
PEG-silane-Qdots, the survival rate of both cell lines is mostly
unaffected. The statistically insignificant reduction in the cell
number may be explained by a mild block of the G2/M phase (see
Figure 2III). This contrasts with the marked effect that organic
nanostructures (carbon nanotube and nano-onions) have on IMR-
90 and HSF42 cells.27 (II.a) There’s no statistically significant
change in apoptotic/necrotic profile for PEG-silane-Qdot-treated
IMR-90 cells, with either high or low dosage of Qdots. PEG-
silanized Qdots appear much less detrimental than organic nano-
structures. (II.b) Treating HSF42 cells with Qdots causes a slight
increase in apoptotic/necrotic cells for both dosages. (III) The
distribution of PEG-silane-Qdot treated HSF42 cells in different
phases of cell cycle. The baseline of 1 is equivalent to the control
distribution. There are slightly fewer PEG-silane-Qdot treated cells
in the S phase and slightly more (∼10% more) in the M phase
than control cells.
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much higher concentration of 40 mg/L (80 nM, with
molecular weight approximately 500 KDa). Because there
is little to no toxicity for these PEG-silane-Qdots compared
to other types of nanoparticles, this provides evidence that
the composition and surface functionalization of the particle
are the most important determinants of toxicity.

Thirty-eight genes were identified as being differentially
expressed by more than 2-fold in the cells treated with a
low dosage of Qdots, while only 12 were identified for the
higher dosage. Among these genes, 4 are shared both by
low and high dosage experiments, representing approximately

20-30% of the genes analyzed. The combined number of
genes demonstrating significant changes with these two
treatments totals 46 genes,∼0.2% of the total number
probed. We classified the genes into functional categories
using the GoMiner program.32 Figure 3B lists the categories.
The functional categories of the changed genes are consistent
across the two different dosages. Genes overexpressed are
mostly related to carbohydrate binding (CHI3L1, GPNMB,
PRELP, TNXB), intracellular vesicle localization (CTSF,
CTSH, GPNMB, PTGIS/CYP8A1), and cell-membrane-
associated and intracellular vesicular proteins involved in

Figure 3. (A) Scatter plots for the two doses of PEG-silane-Qdot treatment, in a log10 scale. TheY axis represents treated cells; theX axis
represents the control. The lineX ) Y correspond to no difference in gene expression between the treated and control sample. The dashed
lines correspond to changes of level of expression by a factor of 2. The tightness of the plot indicates that most of the genes do not change
significantly after PEG-silane-Qdots treatment. (B) The functional categories of the genes affected by low and high doses of PEG-silane-
Qdots. All functional categories affected by high doses are also affected by a low dose treatment. A significant portion of the down-
regulated genes are related to the M phase of the mitotic cell cycle, especially the spindle assembly and cytokinesis. The up-regulated genes
include those for carbohydrate binding proteins (possibly in recognition of the PEG coating of Qdots), intracellular organelle (especially
vacuole and intracelluar vesicle) related proteins (possibly involved in intracellular transport of Qdots), and stress-response genes (possibly
due to the slight stress induced by treatment).
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cellular response to stress (CLU, MAP2K6/MKK6, FST).
Interestingly, both MAP2K6 and CLU are both implicated
in the inhibition of apoptosis33,34 and induction of senes-
cence,35-38 while CLU is a sulfated glycoprotein on the cell
surface.39 While there was some phenotypic evidence of some
apoptosis, it was minimal. The four common genes between
the low-dose-induced group and the high-dose-induced group
are CORIN, BUB1, CHI3L1, and CLU, suggesting the
interaction of PEG-silane-Qdots with cell surface binding
proteins (CHI3L1 and CLU).

There are far more genes observed to be down-regulated
in the treated cells as compared to upregulated genes. The
majority of the down-regulated genes fall into the functional
categories controlling the M-phase progression in mitosis,
spindle formation, and cytokinesis (BUB1, CyclinA2/
CCNA1, CDC20, KIF2A, KIF2C, NEK2, PLK1, PTTG,
TACC3 for low dose and BUB1, MPHOSPH1 for high
dose),40-52 indicating that these proteins might account for
the limited perturbation of M-phase progression by PEG-
silane-Qdots. In addition, the expression of the transcription
factors FOXM1 and BHLHB2/Dec1 is also down-regulated
in low-dose-treated cells. Interestingly, PEG-silane-Qdots
treatment does not seem to illicit any genes involved in
wound healing or the immune response, contrary to both
responses we observed in human skin fibroblasts treated with
carbon nanotubes27 and the response of dendritic cells to
nanosphere treatment by others.53 The lack of induction of
these genes may underscore the negligible toxic effects of
PEG-silane-Qdot treatment in this cell line. This observation
also counters a widely held preconception that Qdots are
toxic to cells because of the presence of Cd in the nano-
crystal.

One important discovery of this study was that genes
associated with heavy metal exposure were not induced by
PEG-silane-Qdot treatment. The gene expression changes
revealed by gene expression profiling can be mostly at-
tributed to the interaction between the cellular machinery to
the PEG coating of the Qdot. The PEG silica coating is very
robust under the biological conditions used in this study,
greatly reducing or even eliminating the concern of Cd
poisoning. Table 1 shows a comprehensive list of signifi-
cantly changed genes.

Promoter Analysis. By identifying and analyzing the
enriched cis-regulatory transcription regulatory elements
(TRE) on the promoters of differentially expressed genes in
this experiment (Figure 4), we were able to identify putative
trans-regulating transcription factors. Data from HSF cells
treated at high and low dosages of PEG-silane-Qdots were
included. Promoter analysis of the predominantly down-
regulated genes at the higher dosage of PEG-silane-Qdots
suggests the enrichment of FOXO family transcription
regulatory elements. Even though we did not see the under-
expression of FOXM1 in the high-dose-treated cells in
contrast to low-dose-treated cells, the over all transcriptional
profile points to the down regulation of its activity. FOXM1
has been shown to activate the transcription of genes essential
for mitotic progression.54

The promoter analysis of the down-regulated genes at the
lower dosage points to the enrichment of two transcriptional
regulatory elements: DEC and COMP1. Genes under-
expressed in response to low-dose PEG-silane-Qdot treatment
include BHLHB2/DEC1/STRA13. This gene is involved in
transcriptional repression, differentiation, hypoxia-induced
stress response, and circadian clock regulation. It was
recently proposed to have a role in differentiation by
promoting cell cycle exit.55-58 There is not enough informa-
tion about COMP1 to deduce its putative role in PEG-silane-
Qdot response. The limited number of TREs identified by
promoter analysis from the expression information from
PEG-silane-Qdot treated cells contrasts with the large number
of promoter regulatory pathways perturbed by other nano-
materials or environmental factors,27,53,59providing additional
evidence for the minimal impact of PEG-silane-Qdots on
cells.

Discussion.Because of the increasing use of Qdots in
biomedical research, it has become extremely important to
understand the impact and toxicity of Qdots on cells and
ultimately living organisms. Data obtained from our studies
predict that silanized CdSe/ZnS nanocrystals will have
minimal, if any, impact on cellular functions. Even for the
highest dosage we used, negligible phenotypic response of
cells to PEG-silane-Qdots and minimal global gene expres-
sion changes were observed. In fact, concentrations of 80
nM of PEG-silane-Qdots (i.e.,∼5 × 1010 particles/mm3) in
lungs or skin fibroblast cells represent a dosage that would
be extreme and unlikely in cases of an accidental inhalation
or exposure to Qdots. Qdots solutions are typically stored
in micromolar concentrations and if inhaled will be spon-
taneously diluted below toxic concentrations.

When lung or skin fibroblast cells are treated with PEG-
coated silanized Qdots, the nanoparticles stay in vesicles in
the perinuclear region or in the cytoplasm, as previously
observed.23,30In contrast to Qdots with a nuclear localization
sequence on the surface, PEG-silane-Qdots are unable to
cross the nuclear membrane,23 preventing their direct interac-
tion with the genetic machinery in the cell nucleus. This
precludes studies requiring the labeling of nuclear materials,
creating a definite disadvantage.

Our data uncover a surprising observation that low or high
dosages of Qdots during the incubation step do not induce a
marked difference in the phenotypic response of cells. The
higher dosage of Qdots during incubation does however
result in a higher degree of particle uptake as measured by
a stronger fluorescent signal. It is unclear, however, if the
10-fold increase of PEG-silane-Qdot used for the incubation
period results in a 10-fold increase of particle uptake. Of
importance, the high concentration of Qdots used in this
study corresponds to an approximately 5-fold greater con-
centration than reported previously in toxicity studies using
non-PEGalated Qdots.26 Despite this high concentration, skin
HSF-42 and lung IMR-90 cells only show a mild phenotypic
response to PEG-silane-Qdots, as measured by changes in
cell proliferation, cell cycle regulation, and cell death.
Whether the same conclusion will hold true for treatment
times covering multiple (>10) cell division cycles remains
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an open question. Similarly, it may seem counterintuitive
that lung fibroblast cells are less susceptible to PEG-silane-
Qdot exposure than skin fibroblast cells. It is possible that
the tissue-different gene expression pattern contributes to this
effect. It is expected that organ-specific toxicological profiles
will emerge if the Qdots are administered to whole organism,

and there will be issues such as clearance, transport, retention,
and degradation of the PEG coating. However, the cellular-
level molecular and cellomic profiling is an important first
step for understanding the nanotoxicology of Qdots, and the
data here strongly indicate thatin Vitro cell imaging study
can benefit from the nontoxicity of Qdots.

Table 1. Significantly Changed Genes after Treatment with PEG-silane-Qdotsa

gene
symbol gene name

fold changes of gene
expression in log2

8 nM Qdots
CHI3L1 chitinase 3-like 1 (cartilage glycoprotein-39) 4.79653
CLU clusterin (complement lysis inhibitor, SP-40,40, sulfated glycoprotein 2, testosterone-rep) 3.23731
IGFBP2 insulin-like growth factor binding protein 2, 36 kDa 2.87535
PTGIS prostaglandin I2 (prostacyclin) synthase///prostaglandin I2 (prostacyclin) synthase 2.63813
CCND2 cyclin D2 2.03349
PRELP proline arginine-rich end leucine-rich repeat protein 1.9751
MAP2K6 mitogen-activated protein kinase kinase 1.975
TNXB tenascin XB 1.93589
FMOD fibromodulin 1.72529
FST follistatin 1.70054
HCA112 hepatocellular carcinoma-associated antigen 112 1.69136
CTSH cathepsin H 1.58153
GPNMB glycoprotein (transmembrane) nmb 1.50888
GLTSCR2 glioma tumor suppressor candidate region gene 2 1.31639
CTSF cathepsin F 1.23353
PTTG1 pituitary tumor-transforming 1 -1.05541
TBPIP TBP-1 interacting protein -1.08364
DDA3 differential display and activated by p53 -1.15054
TK1 thymidine kinase 1, soluble -1.22634
POSTN periostin, osteoblast specific factor -1.30694
ITGA6 integrin, alpha 6 -1.34346
TACC3 transforming, acidic coiled-coil containing protein 3 -1.35367
FOXM1 forkhead box M1 -1.36322
HCAP-G chromosome condensation protein G -1.40545
KIF2C kinesin family member 2C -1.48635
NEK2 NIMA (never in mitosis gene a)-related kinase 2///NIMA (never in mitosis gene a)-relate -1.52081
CDCA3 cell division cycle associated 3///cell division cycle associated 3 -1.5265
KIF4A kinesin family member 4A -1.58766
CDC20 CDC20 cell division cycle 20 homologue (S. cerevisiae) -1.59272
CCNA2 cyclin A2 -1.60045
PLK1 polo-like kinase 1 (Drosophila) -1.64545
BM039 uncharacterized bone marrow protein BM039 -1.66054
SLC4A4 solute carrier family 4, sodium bicarbonate cotransporter, member 4 -1.80529
BUB1 BUB1 budding uninhibited by benzimidazoles 1 homologue (yeast) -1.81555
SERPINB7 serine (or cysteine) proteinase inhibitor, clade B (ovalbumin), member 7 -1.8309
BHLHB2 basic helix-loop-helix domain containing, class B, 2 -1.9595
KISS1 KiSS-1 metastasis-suppressor -2.45044
CORIN corin, serine protease -3.4274

80 nM Qdots
EGFL6 EGF-like-domain, multiple 6 4.28111
CHI3L1 chitinase 3-like 1 (cartilage glycoprotein-39) 4.04108
CLU clusterin (complement lysis inhibitor, SP-40,40, sulfated glycoprotein 2, testosterone-rep) 3.26671
RARRES3 retinoic acid receptor responder (tazarotene induced) 3 2.38346
HIST1H2BD histone 1, H2bd 1.73794
MPHOSPH1 M-phase phosphoprotein 1 -1.21531
SPHK1 sphingosine kinase 1 -1.23641
KLF6 Kruppel-like factor 6 -1.62409
FLNB filamin B, beta (actin binding protein 278) -1.64077
KLF6 Kruppel-like factor 6 -1.6771
BUB1 BUB1 budding uninhibited by benzimidazoles 1 homologue (yeast) -1.71227
CORIN corin, serine protease -3.41574

a The genes presented in the table are the ones with fold change more than 2, andP value less than 0.05.
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The stimuli induced by the presence of Qdots in human
skin fibroblasts can be readout at the genetic level by
monitoring gene expression changes in the cells. By applying
significance analysis with Bonferroni multitesting correction,
we found that only a minute number of genes exhibit
statistically significant expression level changes. Out of more
than 22,000 genes probed on the array, only∼50 (i.e.,
∼0.2%) show more than a 2-fold expression change. Such
mild change contrasts sharply with the much larger number
of genes affected when HSF-42 are exposed to carbon
nanoparticles.27

A careful analysis of the genes affected by the dosage of
Qdots reveals that 20-30% of genes affected at high dosage
are also affected at low dosage. This may indicate a similar
gene expression profile. In fact all functional categories of
genes affected at high dosage are also affected at low dosage.
The observed response in HSF-42 to Qdots seems to consist

of several aspects: reduced expression of genes involved in
M-phase exit, including spindle checkpoint and cytokinesis,
and increased expression of genes involved in vesicle
transport and apoptosis avoidance. From the promoter
analysis, we identified FOXM1 and BHLHB2 as the
transcription factors responsible for the reduced expression,
with minor biological significance. One of the main concerns
in using Qdots is the potential cytotoxicity generated by
exposure to cadmium. In this study, we found no evidence
for altered expression of any genes involved in cadmium
(Cd2+) and Se toxicity during the treatment. This is strong
evidence for a resilient silica shell that restrains the leakage
of CdSe. The altered expression of a few cytoskeletal proteins
suggests that Qdots may interact with the intracellular
trafficking system during endocytosis and intracellular move-
ment. This is a common mechanism used by intracellular
labels that enter the cell through endocytosis. Of importance
is that PEG-silane-Qdots do not significantly impact cellular
functions through these possible interactions. Both the high
content imaging analysis (Cellomics) and high throughput
gene expression profiling showed a consistent result for the
PEG-silane-Qdots.

In conclusion, results from both high content cellomics
analysis and comprehensive analysis of expression over the
entire genome of cells treated with PEG-silica-coated Qdots
indicate minimal impact on cell health and molecular
response of exposed cells. This provides evidence that proper
coating and passivation of Qdots allows their safe use forin
ViVo applications. This contradicts the commonly held belief
that CdSe nanocrystals are poisonous due to Cd leakage and
may have widespread implications on the use of these
particles in biomedical studies in living cells and organisms.
Qdots are much less toxic than carbon nanoparticles when
used to treat skin fibroblasts, as observed by us27 and others.53

These studies can now be extended to determine if there are
any long term effects of Qdots on skin or lung cells and
finally extended to animal studies. Using cells has provided
us the opportunity to very carefully control our experimental
conditions to obtain valid comparisons between treatment
and control cells. These types of initial studies are required
before moving to more complex biological systems, such as
more detailed studies in small animals and, eventually,
preclinical and clinical tests to provide a baseline for further
studies. On the other hand, longer-term fate studies in a living
system, including degradation and clearance, are necessary
before full clinical usage of Qdots becomes a reality. In
addition, previous studies have been done using these types
of model systems, allowing us to directly compare our results
to results from these studies.27 These results demonstrate that
the surface chemistry of Qdots is very important for
determining toxicity and further open the field for long-term
labeling of live cells andin ViVo clinical imaging applications.
This should provide guidance for any future improvements
upon surface chemistry to reduce or eliminate the toxicity
of other nanomaterials as well.
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