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ABSTRACT Recent advances and progress in nanobiotechnology have demonstrated many nanoparticles
(NPs) as potential and novel drug delivery vehicles, therapeutic agents, and contrast agents and luminescent
biological labels for bioimaging. The emergence of new biomedical applications based on NPs signifies the need
to understand, compare, and manage their cytotoxicity. In this study, we demonstrated the use of high-content
screening assay (HCA) as a universal tool to probe the cytotoxicity of NPs and specifically cadmium telluride
quantum dots (CdTe QDs) and gold NPs (Au NPs) in NG108-15 murine neuroblastoma cells and HepG2 human
hepatocellular carcinoma cells. Neural cells represent special interest for NP-induced cytotoxicity because the
optical and electrical functionalities of materials necessary for neural imaging and interfacing are matched well
with the properties of many NPs. In addition, the cellular morphology of neurons is particularly suitable for
automated high content screening. HepG2 cells represent a good model for high content screening studies since
they are commonly used as a surrogate for human hepatocytes in pharmaceutical studies. We found the CdTe QDs
to induce primarily apoptotic response in a time- and dosage-dependent manner and produce different
toxicological profiles and responses in undifferentiated and differentiated neural cells. Au NPs were found to
inhibit the proliferation and intracellular calcium release of HepG2 cells.
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esearch on nanoparticles (NPs) has

generated numerous biological ap-

plications in the past decade. With
continuing progress of nanoscale synthesis
and biological applications of NPs, one
needs to develop a quick and fairly stan-
dard assessment tool to evaluate their cyto-
toxicity. Since many structural and physical
properties of NPs have clear similarities with
those of proteins,' it is not surprising
that NPs may exhibit cytotoxicity or, in more
general terms, biological activity that is spe-
cific to NPs and affects the cell signaling
mechanism differently from that observed
for ionic, polymeric systems and small mol-
ecules. The detrimental effects of such bio-
logical activity can be captured by the term
nanotoxicity,*® which is probably the most
critical from a health safety perspective.”

The purpose of this study is to make

the first step toward the development both
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a fast and fairly comprehensive method of
screening of biological activity and cytotox-
icity of NPs. We see two important factors
that necessitate the development of such
protocol(s). (1) Since the synthesis of NPs is
much simpler than the synthesis of proteins
and other drugs, minor changes in the syn-
thetic protocol are likely to affect their inter-
actions with cells. So, one can expect to
see a tremendous surge of potential candi-
dates for toxicity/biological activity screen-
ing. Taking I1—VI semiconductor quantum
dots (QDs) as an example, beside the re-
lease of heavy metal elements from the core
which can lead to cell poisoning,? studies
have shown that the cytotoxicity of these
QDs is highly dependent on their process-
ing parameters® and surface
modifications®'° as well as a number of
physicochemical and environmental fac-
tors, such as size, charge, concentration,
and stability.”’ Such amounts will be diffi-
cult to analyze using conventional ap-
proaches. (2) Considering the diversity of
NPs being synthesized, one needs a unified
approach for screening nanomaterials. Such
a systematic approach is not only funda-
mental to the construction of a unified da-
tabase for biological and cytotoxic effects of
nanomaterials but will also enable scien-
tists to synthesize safer and more effica-
cious nanostructures at an ever-more effi-
cient rate. We can expect the engineering
of biologically functional nanostructures to
follow the path of synthetic pharmaceuti-
cals in drug discovery. In the near future,
panels of NPs with slightly varying proper-
ties and structures will be synthesized and
evaluated for cytotoxicity before qualified
candidates are designated subsequent
developments.
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In this study, we are motivated to explore the possi-
bility of building a high-content, high-throughput cyto-
toxicity assay platform based on high-content screen-
ing (HCS) technology to meet the future’s demand for
nanotoxicity studies. HCS is a recent advance in the in-
tegration and automation of quantitative fluorescence
microscopy and image analysis, and it has already
started to generate impact in pharmaceutical and bio-
technology industries.'®'® Zhang et al. were the first to
employ high-content image analysis, in conjunction
with high-throughput analysis, to study the cytotoxic-
ity of QDs."* They investigated the cellular and molecu-
lar effect of high doses of poly(ethylene glycol) si-
lanized QDs (PEG-silane-QDs) on human lung and skin
epithelial cells and reported PEG-silane-QDs to induce
minimal cytotoxicity even at high dosages. While the
use of HCS analysis in their study is confined to cell
counting, quantification of apoptotic and necrotic cell
population, and generation of cell cycle profiles, our
current study extends the application of HCS technol-
ogy to the evaluation of cell function, specifically neu-
rite outgrowth, and the development of a multiplexed
cytotoxicity assay that may serve as the basis of a stan-
dardized nanotoxicity assay and facilitate the formation
of a unified nanotoxicology database.

Our study begins with a comprehensive investiga-
tion of cadmium telluride (CdTe) QD induced cytotoxic-
ity in NG108—15 murine neuroblastoma cells using
various HCS assays. We then extend the application of
our multiplexed cytotoxicity assay to study the cyto-
toxic effect of gold (Au) NPs (NPs) on the HepG2 hu-
man hepatocellular carcinoma cells. Semiconductor
QDs are most well-known for their potential applica-
tions in biosensing, ex vivo live-cell imaging and in vivo
animal targeting,’>'® while Au NPs have demonstrated
promising capabilities as novel drug delivery vehicles,®
near-infrared agents for thermal therapy,?® and con-
trast agents for biomedical imaging.2'~2* More recently
in search of new neurotherapeutic, neuroprosthetic,
and neuroimaging strategies, many researchers have
explored the use of NPs to manipulate and create ac-
tive cellular interfaces with nerve cells.**** Vu et al. uti-
lized peptide conjugated QDs to initiate neuronal differ-
entiation?® while Dahan et al. used antibody
functionalized QDs to track the diffusion of glycine re-
ceptors in neurons.?” Jackson and colleagues demon-
strated that QDs can improve identification and visual-
ization of brain tumors.?® At the neural interface, Winter
et al. investigated the possibility to build a bioelec-
tronic interface by both culturing nerve cells on teth-
ered QD thin films®® and attaching QDs directly to nerve
cells via biological recognition molecules.>° Most re-
cently, Kotov and colleagues demonstrated, for the first
time, the excitation of neural cells through a sequence
of photochemical and charge-transfer reactions on
layer-by-layer assembled NP-polyelectrolyte composite
films.3
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RESULTS AND DISCUSSION

(dTe Quantum Dots. One question we would like to an-
swer in our exploration of HCS technology and assays
is how undifferentiated and differentiated cells respond
to treatment with NPs. This is an important question be-
cause target cells at various stages of differentiation
and maturation respond to therapeutic interventions
in different ways. To answer this, we investigated the
cellular response of the NG108-15 murine neuroblas-
toma cells to two types of CdTe QDs. The first is a
thioglycolic acid (TGA)-capped CdTe QD (TGA-QD), and
the other is a TGA-capped CdTe QD produced in the
presence of gelatin (Gelatin-QD). Both of these QDs
have a diameter of 3 nm and emit in the green-yellow
region of the spectrum (~560 nm). Some of us recently
published the synthesis and characterization of this
Gelatin-NP nanocomposite along with a preliminary cy-
totoxicity study that demonstrated reduced cytotoxic-
ity of Gelatin-QDs in THP-1 human monocytic cells.>? It
has been suggested that gelatin enables the QDs to
grow more discretely (blue-shifted) and serves as a co-
capping agent for stabilization of QDs and encapsula-
tion of the toxic heavy metal core. While poly(ethylene
glycol) (PEG) remains the most promising coating ma-
terial for reducing cytotoxicity to this date, we believe
naturally occurring biopolymers, such as gelatin, may
provide additional biological functionalities in addition
to their protective property. We chose to work with the
NG108-15 murine neuroblastoma cells because they
possess neuron-like properties and can be differenti-
ated relatively easily and quickly.

The first HCS assay we employed was an apoptosis/
necrosis assay for the quantification of healthy, apop-
totic, and necrotic cells. At the indicated time point (1.5
h, 6 h, 24 h) following treatment with TGA-QDs or
Gelatin-QDs, cells were stained with propidium iodide
(1 pg/ml) and Hoechst 33342 (2 pg/ml) for 10 min at
room temperature and imaged using the IN Cell Ana-
lyzer 1000 HCS system (GE Healthcare). Cells in each cat-
egory were classified using the supervised classifica-
tion function of the IN Cell Investigator image analysis
software (GE Healthcare), which analyzed the fluores-
cence quantitatively on a cell-by-cell basis. Figure 1 il-
lustrates representative images of healthy, apoptotic,
and necrotic cells. The plasma membranes of necrotic
cells are permeable to propidium iodide, so necrotic
cells were identified by their intense red fluorescence.
Apoptotic cells were identified as being impermeable
to propidium iodide but showing condensed and frag-
mented nuclei from the Hoechst 33342 stain. Healthy
cells were stained by Hoechst 33342 only and displayed
intact and homogeneously stained nuclei. The experi-
ment was carried out in triplicates in 96-well plates,
which helps to increase throughput and reduce con-
sumption of cell culture and assay reagents and ensures
reproducibility at the large cell population scale.
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Propidium . ) vidually analyzed cells and demonstrates the robust-
Hoechst 33342 lodide Bright Field ness of HCS assays. For both undifferentiated and differ-
entiated cells, treatment with QDs induced
predominantly an increase in apoptotic cell popula-
tion, as the number of necrotic cells remained relatively
constant regardless of QD dosage or treatment time.
This finding is corroborated by published results from
Chan et al., who demonstrated that CdSe-core QDs in-
duce apoptotic biochemical changes in human neuro-
blastoma cells via mitochondrial-dependent pathways
and inhibition of survival signals.3* In addition, our
study also found undifferentiated and differentiated
cells to respond differently to treatment with QDs. This
is an important finding because the human is com-
posed of cells and tissue at different levels of maturity
and differentiation. For undifferentiated NG108-15 cells,
the number of apoptotic cells remained constant be-
tween 1.5 and 6 h of incubation with QDs and increased
sharply after 24 h. We suspect the delayed cytotoxic re-
Figure 1. Representative fluorescence and bright field im- sponse is a buffering effect owing to the proliferating
ages of a healthy (green outline), an apoptotic (red outline),  potential and innate properties of undifferentiated cells.
and a necrotic (yellow outline) cell. Cells were stained simul- . . . . .

For differentiated cells, an incremental increase in apo-

taneously with Hoechst 33342 (blue channel, first column)
and propidium iodide (red channel, middle column). Outline  ptotic population was observed between the three time

and classification of cells were generated by the IN Cell In-  ,5int5 indicating differentiated cells to be more sensi-
vestigator image analysis software using the supervised .
classification capability. tive to QD treatment.
It should be emphasized that although TGA-QDs
Figure 2 shows the average result from three inde- and Gelatin-QDs produced similar cellular response in
pendent runs. For each run, five independent fields NG108-15 cells, in HCS assays even a 5—15% difference
from each well were imaged using a 20X objective. represents a consistent and significant response at the

The entire experiment, including all concentrations and  cell population level and is likely to include moderate
time points, is an assessment of as many as 25 000 indi-  and below average response typical of the in vivo physi-
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Figure 2. Effect of QD treatment on NG108-15 cells. Undifferentiated and differentiated NG108-15 cells were incubated with various con-
centrations of TGA-QDs and Gelatin-QDs for 1.5 (blue), 6 (green), and 24 h (orange). Percentages of apoptosis and necrosis at the indicated
time points were determined by staining the cells with propidium iodide and Hoechst 33342, followed by image acquisition and analysis us-
ing a HCS system.
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Figure 3. Effect of QD treatment on neurite outgrowth of NG108-15 cells. Cell were incubated with TGA-QDs and Gelatin-QDs at various
concentrations for 6 h and induced to differentiate for 4 additional days in low-serum medium. Cells were stained for 3-tubulin Ill (green)

and nuclei (blue) and imaged using a HCS system.

ological situations. The most obvious difference be-
tween the two QDs is seen in the apoptotic popula-
tion of the undifferentiated cells. While the apoptotic
population of TGA-QD treated cells increased with QD
concentration at 1.5 and 6 h, the apoptotic population
of Gelatin-QD treated cells remained unchanged. In ad-
dition, TGA-QD treated cells also displayed a more dras-
tic increase in apoptotic population after 24 h com-
pared to Gelatin-QD treated cells, indicating somewhat
lower cytotoxicity in the Gelatin-QDs. Generalizing the
results, it is important to make three points here. (1)
HCS allows one to reliably identify these differences in
cellular response to NPs and use it for comparison of
their (bio)medical prospects, which provides a substan-
tial advantage over less systematic techniques used
now. (2) We used here a version of analysis with a fairly
wide concentration step, and finer profiles could be ob-
tained to highlight even smaller effects for more ad-
vanced fingerprinting. (3) A greater number of labels
in the panel will further improve differentiation of the
effect of one NPs versus the other or one cell type ver-
sus the other, which will be demonstrated below.

To further investigate the difference between TGA-
QDs and Gelatin-QDs, we conducted a neurite out-
growth assay to investigate the effect of QD pretreat-
ment on neuronal differentiation. One day following
cell seeding, NG108-15 cells were incubated with ei-
ther type of QDs for 6 h, after which the cells were
washed with fresh medium and cultured in medium
with reduced amount of serum to induce differentia-
tion. No supplementary growth factor was added in or-
der to avoid interference or counteracting effect. After
four days of differentiation, cells were stained and im-
aged using the IN Cell Analyzer 1000 HCS system. Cells
were first fixed in 2% paraformaldehyde and permeabi-
lized in 0.1% Triton X-100 in 1% BSA. Neurites were
stained using mouse anti-B-tubulin [l (1:800 in 1% BSA;
overnight at 4 °C) followed by Alexa Fluor 488 conju-
gated goat antimouse IgG (1:200; 1 h at 37 °C). The ex-
periment was carried out in triplicate. For each well, four
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independent fields were imaged using a 10X objec-
tive and analyzed using the IN Cell Investigator
software.

Figure 3 shows representative images acquired by
the robotic imaging system at different treatment con-
ditions. The measurement of neurite outgrowth is tradi-
tionally a time-consuming and tedious job, but the
work is greatly simplified with the aid of a HCS system.
An analysis of the total neurite length with respect to
the untreated control is presented in Figure 4. A 6 h
treatment with 25nM of TGA-QDs prior to neuronal dif-
ferentiation reduced the total neurite length by ap-
proximately 50%, primarily due to a decrease in cell
number as illustrated in Figure 3. However, treatment
with 25 nM of Gelatin-QDs led to a slight increase in to-
tal neurite length. We suspect this contradicting effect
at low dose could be a hormetic response as hormesis
is frequently observed as a result of low-dose stimula-
tion in toxicological studies.>** The mechanisms in-
volved in countering the cytotoxic effect of a short, non-
lethal low-dose treatment might have stimulated the
formation of neurites. The difference between the two
QDs is most evident at the 50 nM concentration, where
all TGA-QD treated cells were killed while Gelatin-QD
treated cells still exhibited some viability and a moder-
ate level of neurite outgrowth. A 100 nM treatment with
either type of QDs appeared to be too toxic for any
cells to survive.

The apoptosis/necrosis assay and neurite outgrowth
assay prompted us to further investigate the cellular re-
sponse of neural cells to QD treatments. The apoptosis/
necrosis assay measures only late-stage toxicity and cel-
lular events associated with a lethal apoptotic or
necrotic effect. This assay is important but needs to be
augmented with other assays for detailed toxicology
fingerprinting, because it provides little mechanistic un-
derstanding of toxicological effects. The neurite out-
growth assay clearly revealed the toxicological differ-
ence between the two QDs and demonstrated the
importance of a functionality assay in cytotoxicity stud-
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Figure 4. Neurite outgrowth was assessed in terms of total
neurite length per field. The result is the average of three in-
dependent experiments (four independent fields each) and
is expressed as percentage relative to the total neurite
length per field of the untreated control (A). A false-colored
composite fluorescent image of neurite outgrowth is shown
here (B). During image analysis, the software’s image pro-
cessing algorithm allows the system to identify neurites
(green outlines) and make quantitative measurements (C).

ies. Since our motivation is to explore the use of HCS as-
says for the study of nanotoxicity, we subsequently em-
ployed another kind of assay, this time an assay that
would detect sublethal cytotoxicity in a multiparame-
ter format to give us more information and sensitivity
regarding the cytotoxicity of a given nanocolloid.

Although the success and advantages of a suble-
thal, multiplexed cytotoxicty assay have been demon-
strated by O'Brien and his colleagues in the study of
hepatotoxicity,>>3¢ it has never been utilized in the con-
text of nanotoxicity. Such an assay evaluates specific
toxicological mechanisms in cells prior to the onset of
the late stages of nonspecific degeneration and apop-
totic or necrotic death, providing greater predictive
power and extrapolatability across models and spe-
cies.>® The multiparametric nature of the assay origi-
nates from the multiple fluorescent probes that simul-
taneously and coherently monitor different cellular
functions in vitro and is made possible by recent ad-
vances in fluorescent probe technology.?”

In this study, undifferentiated and differentiated
NG108-15 cells were treated with QDs at various con-

) VOL.2 * NO.5 = JAN ET AL

centrations for 24 h, after which the medium was re-
moved and the cells were incubated with a cocktail of
fluorescent probes for 30 min before they were imaged
using the IN Cell Analyzer 1000 HCS system. The cock-
tail of fluorescent probes was prepared in fresh medium
and consisted of 1 wM Hoechst 33342, 20 nM TMRM,
and 1 wM Fluo-4. These fluorescent probes were se-
lected for specific reasons. First of all, these fluorescent
probes can be used concurrently and are readily inter-
nalized by live cells without posing substantial harm.
Hoechst 33342 allows identification of individual cell
nuclei, which permits the measurement of cell count
and nuclear area and allows subsequent analysis on the
complementary stains to be conducted. A decrease in
cell number indicates cell death and/or decreased cell
proliferation, while nuclear shrinkage is typically a con-
sequence of chromatin condensation and a sign of ap-
optotic cell death. TMRM and Fluo-4 allow the assess-
ment of mitochondrial membrane potential and
intracellular free calcium concentration, respectively.
The mitochondrion is central to the functioning and
survival of nerve cells.?® It is responsible for ATP genera-
tion, Ca®* uptake and storage, and the generation of
detoxification of reactive oxygen species.>® A drop in
the electrochemical gradient across the mitochondrial
membrane therefore signals weakened cellular respira-
tory capacity and energetics. Intracellular Ca®™* is a chief
regulator of a variety of biological processes.*® For this
reason, pharmaceutical companies have long adopted
the measurement of intracellular Ca®* for high-
throughput screening.*" Intracellular Ca®" is especially
important in neural cells since it regulates neurite out-
growth and synaptogenesis, synaptic transmission and
plasticity, and cell survival.**** A dramatic increase in
intracellular Ca®™ is an early event in the development
of cell injury due to cytotoxicity.**

The concentration—response of cells was measured
using the IN Cell Investigator software and evaluated
in terms of cell number, nuclear area, mitochondrial
function, and intracellular calcium homeostatsis. Cell
count was generated from the number of Hoechst
33342 stained nuclei. Nuclear size was defined as the
area of Hoechst 33342 fluorescence (Figure 5, inner blue
circle). Cellular mitochondrial membrane potential was
defined as the TMRM fluorescence intensity in punctu-
ate cytosolic regions around the nucleus (Figure 5, yel-
low inclusions), while intracellular free calcium concen-
tration was measured by the fluorescence intensity of
Fluo-4 in a large intracellular circular region centered at
the nucleus (Figure 5, outer green circle). Since the
HCS platform is based on the acquisition, processing,
and analysis of fluorescence images, we made sure the
NG108-15 cells do not uptake a significant amount of
QDs to interfere with our multiplexed cytotoxicity as-
say (data not included). The level of fluorescence sig-
nal from QDs was constant regardless of concentration
and was well below the basal fluorescence level of
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Hoechst 33342 Fluo4 TMRM Merged

Figure 5. Representative fluorescence images of a healthy (first row), an impaired (middle row), and a dying (last row) cell acquired and pro-
cessed by the IN Cell HCS system. The nucleus, stained by Hoechst 3342, is outlined by a blue circle. The cell body or the intracellular region
is enclosed by a green circle, within which the intensity of Fluo-4 fluorescence is measured. The punctuate, TMRM-bound mitochondrial or-
ganelles in the cytosol are identified by the yellow inclusions. In the merged images, Hoechst 3342, Fluo-4, and TMRM stains are shown in blue,
green, and red, respectively. As the health condition of cells deteriorates, the nucleus shrinks and becomes fragmented, the Fluo-4 stain in-

tensifies and signals a sharp increase in intracellular free calcium concentration, and the TMRM stain diminishes as a result of reduction in mi-

tochondrial membrane potential.

TMRM and Fluo-4. This was not a problem in the apop-
tosis/necrosis and neurite outgrowth assays because
the emission spectrum of the QDs does not coincide
with Hoechst 33342 and propidium iodide and immu-
nological staining is much more specific and intense
than nonspecific uptake and adsorption of the QDs.
Figure 6 shows the average result of our multiplexed
cytotoxicity fingerprinting. Overall, cell count appears
to be the most sensitive indicator of cytotoxicity, as sig-
nificant changes in cell count tend to occur at a much
lower QD concentration than the other parameters. In
addition, the largest difference between the toxicity
profiles of TGA-QD- and Gelatin-QD-treated cells is ob-
served in this fluorescence parameter. For Gelatin-QD-
and TGA-QD-treated cells, the cell count falls below
70% at 12.5 and 1.56 nM, respectively, in undifferenti-
ated cells and at 1.56 and 0.39 nM, respectively, in dif-
ferentiated cells. Similar findings are observed in the
other parameters, where the onset of change in the pa-
rameters consistently occurs at a lower QD concentra-
tion in TGA-QD treated cells and in differentiated cells.
These differences are summarized in Table 1 and have
two implications. (1) It is confirmed that the Gelatin-
QDs are less cytotoxic and more biocompatible than
the TGA-QDs although the cytotoxic effects of Gelatin-
QDs are still substantial. The gelatin-CdTe nanocompos-
ite reduced the sublethal concentration (>30% cell
death) of CdTe QDs by at least 4 times in both undiffer-
entiated and differentiated cells (Table 1). This out-
come validates our rationale behind the incorporation
of biological molecules in the synthesis of NPs as a
means to achieve better stability and biocompatibility.
We have to keep in mind that the toxic effect of CdTe
made in a general synthetic route described here can
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never be eliminated but modified or reduced, and we
use these NPs here as a model system. We also have to
reiterate that although some of the observed differ-
ences between the two QDs could potentially be inter-
preted as marginal, the fact is that in systems imple-
menting HCS principles a 5—15% difference represents
a consistent and significant response because of the
large cell population being analyzed. The close resem-
blance between the toxicity profiles of TGA-QDs and
Gelatin-QDs also indicates that their toxicities share a
common source, which most likely comes from the
leakage of cadmium from the core of the NPs. (2) Al-
ready indicated by the apoptosis/necrosis assay is that
differentiated cells are more sensitive and vulnerable to
QD-induced cytotoxicity, which correlates with the fact
that they are generally regarded as more sensitive to
the environment. The large number of fragmented nu-
clei (Figure 5, last row) observed at high QD concentra-
tions again confirms apoptosis as the primary cellular
response to the QD-induced cytotoxicity. Besides the
larger scale of decrease in cell count and mitochondrial
membrane potential observed in differentiated cells,
the hormetic response in the nuclear area observed in
undifferentiated cells is absent in differentiated cells
and is replaced by marginal reduction. While the mito-
chondrial membrane potential of undifferentiated cells
follows an inverse decay, the same parameter appears
to decay exponentially in differentiated cells and could
possibly explain their vulnerability to QD-induced apo-
ptosis. We suspect these differences in cellular response
arise from changes in biological machinery as cells dif-
ferentiate.*® Changes involving mitochondria, mem-
brane structures, and protein modifications may ac-
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Figure 6. Cytotoxic effects of TGA-QDs (white bars) and Gelatin-QDs (gray bars) in NG108-15 cells. Undifferentiated (left half) and differen-
tiated (right half) cells were treated with QDs for 24 h and assayed for cell number (Hoechst 33342; top), nuclear area (Hoechst 33342; sec-
ond from top), mitochondrial membrane potential (TMRM; third from top), and intracellular ionized Ca (Fluo-4; bottom). At each concentra-

tion, five independent fields were imaged and analyzed. Data is expressed as average of three independent runs.

count for the higher sensitivity of differentiated
neurons to cytotoxic substances.*®

Gold Nanoparticles. As a final demonstration, we em-
ployed the multiplexed cytotoxicity assay to study the
effect of gold NPs (Au NPs) on HepG2 human hepato-
cellular carcinoma cells. We have recently demon-
strated the use of gold NPs for early detection of can-
cerous tumors and inflammatory responses by
photoacoustic imaging.?>*” Considering the numerous
functionalization strategies available for Au NPs, the

TABLE 1. A Summary of the Onset of Change in Each of the
Four Fluorescence Parameters

onset of change

undifferentiated differentiated
fluorescence parameters Gelatin-QD TGA-QD Gelatin-QD TGA-QD
cell count (below 30%) 12.5nM 1.56 nM 1.56 nM 0.39nM
nuclear area (below 90%) 200 nM 200 nM 100 nM 50 nM
TMRM (below 70%) 50 nM 6.26nM  6.25nM 0.39nM
Fluo-4 (above 30%) 25nM 6.25nM 126 nM 3.12nM

) VOL.2 = NO.5 = JAN ET AL.

ability to characterize toxicity using a HCS platform will
be immensely valuable for the development of bio-
medical applications. We chose the HepG2 cells be-
cause they are one of the most commonly used cell
types for HCS studies and have implications for metal
poisoning associated with hepatic toxicities.

Our study with Au NPs differs from those with CdTe
QDs in a couple ways. In addition to the use of a differ-
ent cell line, the Au NP study aims to determine the ef-
fect of exposure duration to the NPs, as well as postex-
posure changes in cell physiology, while the previous
studies focus on the concentration-dependent effect of
NPs. To investigate these effects, we treated HepG2
cells with Au NPs for various lengths of time (0, 1, 2, 4,
and 6 h). Following the Au NP treatment, cells were
washed with PBS and allowed to grow in fresh me-
dium for an additional period of time (1, 2, and 4 days).
Similar to the previous studies on NG108-15 cells,
HepG2 cells were analyzed for nuclei count, nuclear
area, mitochondrial membrane potential, and intracel-
lular free calcium concentration by incubating with a
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Figure 7. Cytotoxic effects of gold NPs in HepG2 cells. HepG2
cells were treated with gold NPs for 0, 1, 2, 4, and 6 h and as-
sayed for cell number (Hoechst 33342; top), nuclear area
(Hoechst 33342; second from top), mitochondrial membrane
potential (TMRM; third from top), and intracellular ionized
Ca (Fluo-4; bottom) 1, 2, and 4 days after treatment. Data is
expressed as average of four independent runs.

cocktail of dye solutions and imaging with the IN Cell
Analyzer 1000 HCS system to achieve complete finger-
printing of cellular response.

Our data suggest that Au NPs inhibited the prolifera-
tion of HepG2 cells. Figure 7 shows that although cell
number appears to be relatively constant across differ-
ent treatment times on day 1 and day 2 following Au NP
treatment, it becomes inversely proportional to treat-
ment time on day 4. Stronger inhibitory effect was ob-
served with increasing exposure time to Au NPs. The in-
hibition of proliferation by Au NPs has been reported
in other cells including endothelial cells and multiple
myeloma cells.**~>° Au NPs have been found to bind to
and block the function of proteins that are essential
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for cell proliferation. In addition, Au NPs can also block
and disrupt certain cellular signaling pathways that are
required for growth and survival. In our study, this in-
hibitory effect was also accompanied by enlargement
in the nuclear area. Cells having the longest exposure to
Au NPs had an average nuclear area that was 13% larger
than the untreated cells on day 4 after treatment. The
concentration and exposure times of Au NPs employed
in this study were shown to be only mildly cytotoxic to
the HepG2 cells. Changes in the cellular mitochondrial
membrane potential and intracellular free calcium con-
centration never deviated more than 10% from the un-
treated control. Treatment with Au NP reduced the mi-
tochondrial membrane potential, which is a typical
cellular response to cytotoxic material. The reduction
was only apparent after 4 days following treatment and
increased slightly with increasing exposure time. While
cytotoxic stimulation typically leads to an increase in in-
tracellular free calcium concentration, we unexpect-
edly observed a decrease in intracellular free calcium
concentration 1 day following the Au NP treatment. The
decrease appeared to be proportional to the exposure
time, reaching approximately 10% for the longest ex-
posed cells (6 h). Interestingly, the drop in intracellular
free calcium concentration recovered by itself to the
normal level as the culture time increased. The rate of
recovery was inversely proportional to the exposure
time, with the cells having the shortest exposure to Au
NPs (1 h) making the quickest recovery. These findings
indicate that the Au NPs inhibited intracellular calcium
release in the HepG2 cells. Similar findings have also
been reported for endothelial cells.*® In our study, we
also found this inhibitory effect by Au NPs to be revers-
ible once the Au NPs are removed and the cells are al-
lowed to recuperate in fresh medium.

CONCLUSION

In summary, we have demonstrated the use of
various HCS assays to study the cytotoxicity of CdTe
QDs and Au NPs in NG108-15 neuroblastoma cells
and HepG2 human hepatocellular carcinoma cells.
We found the neurite outgrowth assay, which as-
sesses the functionality of differentiated neural cells,
to be particularly important and the multiplexed cy-
totoxicity assay as a sensitive and informative assess-
ment of toxicological mechanisms. The versatility of
the multiplexed cytotoxicity assay was demon-
strated across the different NPs tested in this study.
The assays were capable of distinguishing the subtle
differences in the cytotoxicity generated by TGA-
QDs and Gelatin-QDs. The Gelatin-NPs, which are
synthesized in the presence of gelatin, provide in-
sight for surface modification and biofunctionaliza-
tion of NPs. Most importantly, we demonstrated that
undifferentiated and differentiated NG108-15 neuro-
blastoma cells respond differently to CdTe QD-
induced cytotoxicity. Specifically, the differentiated

VOL.2 = NO.5 = 928-938 = 2008 A@Mw()

935



cells are more sensitive and vulnerable to QD treat-
ment, which can be understood as the demonstra-
tion of adaptability of cells in undifferentiated state.
This difference should be taken into account in the
establishment of treatment dosage for any NP-based
biological studies or therapies. Using the multi-
plexed cytotoxicity assay, we were able to uncover
the inhibitory effect of Au NPs on cell growth and re-
lease of intracellular free calcium in HepG2 cells.
The cytotoxicity profiles generated from the multi-
plexed cytotoxicity assay can be regarded as the “fin-
gerprints” of the corresponding nanomaterials. The
multiparametric nature of these profiles will allow cyto-
toxicity analyses to be conducted at much higher
throughput and accuracy in the future. The application
of HCS technology in the study of nanomaterials is not
limited to colloidal NPs and cytotoxicity studies, as we
are in the progress of demonstrating its novel use on
biocompatibility assessment of multilayer thin films
produced from the LBL assembly. We are also explor-
ing the use of HCS technology to study the transport
and localization of engineered NPs in living cells. We be-

METHODS

Synthesis of (dTe Quantum Dots. Thioglycolic acid (TGA)-capped
CdTe QDs have been prepared according to published
procedure.>>*® Briefly, Millipore water (120 mL) was degassed
by bubbling argon for approximately 1 h. Cd(ClO,), - 6H,0 (3.22
g, 7.68 mmol) and TGA stabilizer (1.24 g, 13.46 mmol, 1.75 mol
equiv) were added, and the pH was adjusted to 11.2—11.3 by the
addition of NaOH solution (2 M). For gelatin-containing samples,
gelatin (0.3 g) was dissolved in water (10 mL) by heating gently
and added to the reaction mixture. Gaseous H2Te, generated
from Al,Te; (0.56 g, 0.128 mmol) by dropwise addition of H,SO,
solution (0.5m) was bubbled through the cadmium/thiol/gela-
tin solution under a slow argon flow for approximately 10 min.
The resultant nonluminescent solution was then heated to re-
flux. Fractions were precipitated by the addition of isopropanol
and were stored at 4 °C.

Synthesis of Gold Nanoparticles. Gold chloride solution (0.01 g
HAuCl, in 100 mL of water) was first brought to boil, followed
by addition of 2 mL of 1% sodium citrate solution (0.02 g of tri-
sodium citrate in 2 mL of water). The gold nanoparticle solution
was stirred for 10 min and allowed to cool to room temperature.
Stabilizer was introduced by adding 102 L of cysteine solution
(0.01 g of L-cysteine in 1T mL of water) to the gold nanoparticle so-
lution with stirring. The final gold nanoparticle solution was fil-
tered through a 0.22 pum filter for sterility and stored at room
temperature.

Cell Culture. NG108-15 murine neuroblastoma X glioma hy-
brid cells and HepG2 Human hepatocyte carcinoma cells were
obtained from the European Collection of Cell Cultures.
NG108-15 cells were grown in high-glucose Dulbecco’s modi-
fied Eagle’s medium, supplemented with 10% (v/v) of fetal calf
serum, 0.1 mM hypoxanthine, 1 uM aminopterin, and 16 wM thy-
midine. To induce differentiation, the amount of serum was low-
ered to 1% (v/v). HepG2 cells were cultured in Eagel minimum es-
sential medium supplemented with 10% (v/v) fetal bovine
serum.

Apoptosis/Necrosis Assay. Cells were seeded in a 96-well tissue
culture plate (Nunc) and allowed to adhere overnight. At the in-
dicated time point (1.5, 6, 24 h) following treatment with TGA-
QDs or Gelatin-QDs, cells were stained with propidium iodide (1
wg/ml) and Hoechst 33342 (2 wg/ml) for 10 min at room temper-
ature and imaged using the IN Cell Analyzer 1000 HCS system

lieve this endeavor will help to shed light on the devel-
opment of new drugs and drug delivery strategies
based on nanomaterials.

We also consider it essential to mention here that
the presented modality of the technique also has a sig-
nificant limitation that needs to be addressed. It is re-
lated to the two-dimensional nature of cell cultures cur-
rently used in HCA most often. Cellular response in 2D
cell cultures was shown to be different than cells in the
natural tissue environment. More adequate 3D cell cul-
tures techniques need to be developed. HCA does af-
ford analysis of 3D images in a similar way as we pre-
sented here, however, the 3D approach will indeed
require development of appropriate 3D matrixes (scaf-
folds), cell culture techniques, and refinement of soft-
ware algorithms for image analysis. A suitable matrix
must be transparent, mechanically robust, very biocom-
patible, and exceptionally standardized. Hydrogel ma-
trixes made with geometry of inverted colloidal
crystals®2 and potentially some others sharing the
properties>>>* mentioned above can be successfully
used for this task.

(GE Healthcare). The HCS system scans through the bottom of
the plate, focuses on individual fields of cells, and acquires im-
ages at each selected fluorescence channel. Hoechst was visual-
ized in the blue channel and propidium iodide in the red chan-
nel. The experiment was conducted in three independent runs.
For each run, five independent fields from each well were im-
aged using a 20X objective. Cells were classified as either
healthy, apopotic, or necrotic using the supervised classification
function of the IN Cell Investigator image analysis software (GE
Healthcare).

Neurite Outgrowth Assay. Cells were seeded in 96-well tissue cul-
ture plate and allowed to adhere overnight. After treatment with
TGA-QDs or Gelatin-QDs for 6 h, cells were gently washed with
fresh medium and cultured with reduced serum supplementa-
tion to induce neuronal differentiation. No supplementary
growth factor was added. After 4 days of differentiation, cells
were fixed in 2% paraformaldehyde, permeabilized in 0.1% Tri-
ton X-100 in 1% BSA, and stained using mouse anti-B-tubulin Il
(1:800 in 1% BSA; overnight at 4 °C) followed by Alexa Fluor 488
conjugated goat antimouse IgG (1:200; 1 h at 37 °C). The experi-
ment was carried out in triplicate. For each well, four indepen-
dent fields were imaged using a 10X objective and analyzed us-
ing the neurite outgrowth analysis module of the IN Cell
Investigator software. The analysis module reports population-
averaged measurements for a range of cell parameters, includ-
ing neurite length and neurite count.

Multiplexed Cytotoxicity Assay. Cells were seeded in 96-well plate
and allowed to adhere overnight. Following treatment with ei-
ther CdTe QDs or Au NPs, cells were very gently washed with pre-
warmed fresh medium and simultaneously loaded with 1 pM
Hoechst 33342, 20 nM TMRM (tetramethyl rhodamine methyl es-
ter perchlorate), and 1 .M Fluo-4 (fluo-4 acetoxymethyl ester).
Cells were loaded in the corresponding culture media for 30 min
at 37 °C and then imaged using the IN Cell Analyzer 1000 HCS
system. Hoechst was visualized in the blue channel while TMRM
and Fluo-4 were visualized in the red and green channels, re-
spectively. The following data were collected and analyzed us-
ing the dual area object analysis module of the IN Cell Investiga-
tor software. The module allows simultaneous quantification of
subcellular inclusions that are marked by different fluorescent
probes and measures fluorescence intensity associated with pre-
defined nuclear and cytoplasmic compartments. The following
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data were collected. Cell count was generated from the num-
ber of Hoechst 33342 stained nuclei. Nuclear size was defined
as the mean object area of Hoechst 33342. Cellular mitochon-
drial membrane potential was measured by the TMRM fluores-
cence intensity in punctuate cytosolic regions (cellular inclu-
sions) around the nucleus. Intracellular free calcium
concentration was measured by the fluorescence intensity of
Fluo-4 in an intracellular circular region (cellular compartment)
centered at the nucleus.
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