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In this paper, we explored how ZnO nanoparticles cross-interact with a critical tumor suppressive
pathway centered around p53, which is one of the most important known tumor suppressors that
protects cells from developing cancer phenotypes through its control over major pathways like
apoptosis, senescence and cell cycle progression. We showed that the p53 pathway was activated in BJ
cells (skin fibroblasts) upon ZnO nanoparticles treatment with a concomitant decrease in cell numbers.
This suggests that cellular responses like apoptosis in the presence of ZnO nanoparticles require p53 as
the molecular master switch towards programmed cell death. This also suggests that in cells without
robust p53, protective response can be tipped towards carcinogenesis when stimulated by DNA damage
inducing agents like ZnO nanoparticles. We observed this precarious tendency in the same BJ cells with
p53 knocked down using endogeneous expressing shRNA. These p53 knocked down BJ cells became
more resistant to ZnO nanoparticles induced cell death and increased cell progression. Collectively, our
results suggest that cellular response towards specific nanoparticle induced cell toxicity and carcino-
genesis is not only dependent on specific nanoparticle properties but also (perhaps more importantly)
the endogenous genetic, transcriptomic and proteomic landscape of the target cells.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Nanotoxicology, or the study of potential ill-effects of nano-
materials on the human body, has grown in significance over recent
years [1e3] fueled by the surge in the number of nanomaterial-
based consumer products in the market. The nanotechnology
consumer products inventory maintained by the Project on
Emerging Nanotechnologies (PEN) contained 1015 nanomaterial-
based consumer products as of August 2009, representing
a massive increase of 379% since March 2006 [4]. Although it is
important to understand and highlight the potential ill-effects of
nanomaterials, it is equally important that nanotoxicology does not
become a stumbling block in the development of nanotechnologies
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that can benefit mankind in areas such as healthcare. The key is
therefore to accelerate our scientific understanding of nano-
material interactions with biological systems in order for regula-
tory bodies to map out the guidelines governing the use of
nanomaterials in consumer products e a point that has been
repeatedly highlighted by professional groups such as the Scientific
Committee on Emerging and Newly Identified Health Risks (SCE-
NIHR, European Commission) [5]. Zinc oxide (ZnO) nanoparticles
are amongst the most commonly utilized nanomaterials in
consumer products, most notably in sunscreens because of their
superior efficiency in absorbing UV [6,7]. It has also been suggested
that ZnO nanoparticles can be developed as an alternative anti-
cancer therapeutic agent because of their cancer cell targeting
potential [8], and potential for multimodal cancer treatment [9].
More recently, ZnO nanoparticles are also being developed as bio-
imaging probes [10e12] and drug delivery vehicles [10,13].
However, there are ample reports in the literature documenting the
cytotoxic effects of ZnO nanoparticles in vitro [14e17]. Concerns are
also rising with respect to the possible genotoxic effects of these
particles [18,19], due to their potential devastating long term
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damage caused to humans. To this end, we examined the genotoxic
influence exerted by ZnO nanoparticles on mammalian cells.

A typical cell is constantly bombarded by many possible events
that damage its DNA. Events include ionizing radiation, ultraviolet
light, chemical agents like methyl methanesulfonate, cisplatin and
mitomycin C. Cigarette smoking derived adducts and oxidizing
agents [20] account for the astonishing level of 105 DNA lesions
experienced in a cell per day [21]. The cell responds to DNA damage
by first attempting to repair the damage. If the DNA damage is
irreparable, it either undergoes apoptosis (programmed cell death)
or senescence (aging). This is to prevent any damaged DNA pro-
gressing to deleterious mutations that would be passed down to its
progeny. Any dysfunction in all these defensive mechanisms can
lead to uncontrollable proliferationwhich ultimately presents itself
as cancer. Tumor suppressors are key sentinel genes that ensure
correct functioning of the defensive mechanisms. p53 is one such
tumor suppressor that has been extensively studied in cancer
biology due to its importance in regulating cellular responses to
genotoxic and cytotoxic effects. It is considered to be the central
sentinel transcription factor that controls the apoptotic and
senescence pathways arising from cells experiencing irreparable
DNA damage and has been found to be non-functional in almost all
cancer types [22,23]. p53 is endogenously expressed but is quickly
degraded upon MDM2 binding [23]. However, when activated, p53
gets phosphorylated and that prevents its degradation. Phosphor-
ylated p53 then transcribes a long list of important apoptotic and
senescence genes. Another key tumor suppressor, retinoblastoma
protein (Rb) exerts its role in inhibiting G1-S cell cycle progression.
Rb binds and inhibits E2F, a class of transcription factors whose
targets are largely involved in promoting cell cycle progression.
Phosphorylated Rb decouples from E2F, resulting essentially in
removing its inhibitory effects on E2F. The net outcome is cell cycle
progression.

To deeper understand the toxicity effects exerted by ZnO
nanoparticles, we therefore asked a fundamental and biologically
significant question of whether the cellular DNA damage pathway,
through tumor suppressor p53, is activated by ZnO nanoparticles.
Ahamed et al. [24] demonstrated recently that there was upregu-
lation of p53 when A549 cells were treated with ZnO nanorods.
However, upregulation of p53 could be a side effect of ZnO nano-
rods treatment that may not be linked to cell death. To prove that
cell death caused by ZnO treatment does go through p53, one needs
to remove p53 function and show that the effect caused by ZnO
nanoparticles is curtailed. Nonetheless, it is difficult to do this in
leukemia cancer derived or SV-40 large T-antigen transformed cells
like RAW264.7 [25] and BEAS-2B [26] respectively due to their
dysfunctional p53 pathway [27]. In order to study the role of p53
withmore certainty, we therefore turned to a human skin fibroblast
cell line (BJ) that has more defined genotypes versus the typical use
of cancer cell lines [28]. The BJ cell line is also amenable to intro-
duction of specific genetic changes for more controlled experi-
mental setup [29]. Wild type BJ cells (WT p53) retain a functional
p53 pathway and is responsive to DNA damage response through
p53 [30]. In this study, we knocked down p53 in BJ cells (shp53) in
order to evaluate the role that p53 plays in ZnO nanoparticles
induced DNA damage.
2. Materials and methods

2.1. Characterization of ZnO nanoparticles

ZnO nanoparticles were purchased from Meliorium Technologies Inc. (Roches-
ter, NY, USA). To evaluate particle size and morphology, ZnO nanoparticles were
observed under transmission electron microscopy (TEM; Jeol 2010) at an acceler-
ating voltage of 200 kV with a LaB6 cathode. Samples were prepared by mixing
a small quantity of nanoparticles in methanol followed by 30 min of ultrasonic
treatment, and then dropped on carbon coated copper grids. Nanoparticle samples
were measured for size from their TEM micrographs using the ImageJ software.
Dynamic light scattering (DLS) (Malvern Co., UK) was utilized to test the hydrody-
namic size, polydispersity index (PDI) and zeta potential of the particles. Prior to test,
the nanoparticle samples were dispersed and ultrasonicated in Milli-Q water
(pH ¼ 6) for 5 min to form colloidal suspensions. Each sample was tested in tripli-
cates and the mean values were reported.

2.2. Cell culture

Human bronchial epithelial cells (BEAS-2B), human neonatal foreskin fibroblasts
(BJ) and murine macrophages (RAW264.7) were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). All 3 cell types were cultured in
complete DMEM (high glucose Dulbecco’s Modified Eagle’s Media; PAA Laboratories
Inc., MA, USA) supplemented with 10% FBS, 1% L-glutamine and 1% Antibiotics/
Antimycotics (PAA Laboratories Inc.) at standard culture conditions (37 �C, 5% CO2)
and sub-cultured in the ratio of 1:2 to 1:4 at 90% confluency.

2.3. Packaging shp53 retrovirus and transduction of BJ cells

EcoPackTm 2-293 (Clontech, CA, USA) cells at 70% confluency were transfected
by calcium phosphate method with retroviral plasmids encoding either shp53 [31]
or empty vector control. Cells were washed with sterile PBS after 12 h of trans-
fection. Virus containing media was collected and clarified 48 h after transfection
and stored at �80 �C. BJ cells expressing the ecotropic receptor were plated at 70%
confluence the evening before transduction. Equal volumes of viral media were
mixed with growth media containing polybrene (8 mg/ml final concentration) and
added directly to cells. Cells were selected with 2 mg/ml blasticidine for positively
transduced cells for one week.

2.4. Exposure of cells to nanoparticles

Stock solutions of ZnO nanoparticles were prepared in sterile PBS (PAA Labo-
ratories Inc.), sterilized by UV exposure for 15 min and bath sonicated for 10 min.
These were added to complete DMEM (10% nanoparticles in PBS in 90% complete
DMEM) and further bath sonicated for 10 min tomake up the final concentrations of
nanoparticles required: 5, 10, 15, 20, 25 mg/ml. For cytotoxic analysis, BEAS-2B and
RAW264.7 cells were cultured at 50,000 cells/cm2 in 24-well plate format (Corning
Inc., NY, USA) for 24 h prior to nanoparticle exposure. For studying genotoxic effects
of nanoparticles, BJ cells were first cultured at 13,000 cells/cm2 in 6-well plate
format (Corning Inc.) overnight and then serum-starved for 24 h before exposure to
the nanoparticles. Themediawere then replacedwith freshly prepared nanoparticle
suspensions at the appropriate concentrations in standard culture conditions. The
suspensions were replaced every two days. Untreated cells cultured in complete
DMEM containing 10% PBS as vehicle control served as the negative controls.

2.5. Cell proliferation and metabolic profile

To measure cell proliferation by quantifying DNA amounts, nanoparticle-treated
cells were washed thrice in PBS at the appropriate time points and lysed with 0.5 ml
per well of 0.1% (v/v) Triton X-100 in deionized water for 30 min with agitation at
80 rpm. The PicoGreen� working solution (Invitrogen, CA, USA) was prepared
according to the manufacturer’s instructions and mixed with the cell lysates in 1:1
ratio in 96-well plate formats. Samples were incubated for 5 min at room temper-
ature in the dark before fluorescence was recorded using a microplate reader
(Infinite 200, Tecan Inc., Maennedorf, Switzerland) at an excitation wavelength of
480 nm and emission wavelength of 520 nm. The relative percentage of viable cells
was obtained by normalizing the fluorescence values of the nanoparticles-treated
cells to the negative controls (untreated cells). For the analysis of cell metabolic
profiles, nanoparticles-treated cells were washed thrice in PBS and administered
0.5 ml per well of serum-free DMEM without phenol red, containing 10% WST-8
reagent (Dojindo Molecular Laboratories Inc., Japan). Cells were incubated at stan-
dard culture conditions for 2 h and 100 ml of the reactionmixture from eachwell was
then transferred onto fresh 96-well plates (Corning Inc.). Absorbance readings were
recorded at 450 nm using a Tecan Infinite 200 microplate reader (Tecan Inc.,
Maennedorf, Switzerland). The relative metabolic profiles of cultures were obtained
by normalizing the WST-8 absorbance values to DNA amount quantified with the
PicoGreen� assay.

2.6. Comet assay

Comet assay was carried out as described previously [32], with slight modifi-
cations. BEAS-2B cells were seeded at 5000 cells/cm2 and incubated for 16 h.
Nanoparticles were then added as described earlier and incubated for 4 h. Subse-
quently, cells were rinsed with PBS, trypsinized and mixed with 1% low gelling
temperature agarose (Bio-rad, CA, USA) at a ratio of 1:3. The cell-agarose suspension
was spread evenly across an agarose pre-coated glass slide and allowed to gel for
5 min at 4 �C. This was then placed in a lysis solution (1.2 M NaCl, 100 mM EDTA, 1%
Triton X, 0.26 M NaOH) for 16 h in the dark at 4 �C before carrying out the
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electrophoresis at 10V, 18 mA for 25 min in the dark. The slides were then washed
with distilled water, stained with 1:2500 dilution from stock SYBR Green (Sigma-
eAldrich, MO, USA) for 20 min in the dark at 4 �C and viewed under a fluorescence
microscope (Nikon Eclipse 80i, Japan). For each slide, 50 cells were scored using
TriTek CometScore� (www.autocomet.com).

2.7. Western blotting

Cells were washed thrice with PBS and lysed with 50 ml of sample buffer
(31.25mM TriseHCl, pH 6.8,12.5% glycerol, 0.05% b-mercaptoethanol, 1% SDS, 0.005%
bromophenol blue) supplemented with protease inhibitors and phosphatase
inhibitor cocktail (SigmaeAldrich). Cell lysates were harvested on ice, sonicated
briefly and centrifuged at 10,000 g for 10 min at 4 �C to remove cell debris. Protein
concentrations of the collected supernatants were measured using the 660 nm
protein assay kit with the proprietary Ionic Detergent Compatibility Reagent (IDCR)
(Thermo Scientific, IL, USA). Samples of 7 mg total protein were boiled for 10 min
prior to SDS- polyacrylamide gel electrophoresis (PAGE) using 4e12% gradient gels
(NuPAGE�, Invitrogen) at 120 V for 90 min. Thereafter, gels were electrotransferred
using the iBlot� dry blotting system onto nitrocellulose membranes (Invitrogen).
Immunoblotting of the membranes was done by first blocking unspecific sites with
5% (w/v) filtered non-fat dry milk in TBS-T (50 mM TriseHCl pH 7.2, 150 mM NaCl,
0.03% (v/v) Tween-20), for 30 min at room temperature. Membranes were probed
with primary antibodies diluted in wash buffer containing 3% (w/v) BSA or 3% (w/v)
milk and incubated overnight at 4 �Cwith gentle agitation. After washing thricewith
wash buffer, blots were incubated with HRP-conjugated secondary antibodies
diluted 1:4000 in the respective blocking solutions, for 30 min at room temperature.
Protein bands were visualized with SuperSignal West Pico Chemiluminescent
substrate (Thermo Scientific) using gel documentation system (LAS-4000, GE
Healthcare, UK). The primary antibodies used were rabbit anti-phosphorylated Rb
(Ser 807/811 - #9301; Cell Signalling Technology, USA), mouse anti-phosphorylated
p53 (Ser15 - #9286; Cell Signalling Technology), mouse anti-Rb (sc-74562; Santa
Cruz, USA), rabbit anti-p53 (sc-6243; Santa Cruz, USA) and mouse anti-b-actin (sc-
47778; Santa Cruz, USA). The secondary antibodies used were HRP-conjugated goat
anti-mouse IgG antibody (P0447, Dako, Denmark) and HRP-conjugated goat anti-
rabbit IgG antibody (P0448, Dako, Denmark).

2.8. Statistical analysis

All quantitative data was presented as mean � standard deviation (SD). Two-
sample comparisons of means were carried out using the Student’s t-test. Group
means testing was performed using analysis of variance (ANOVA) with Tukey’s
method for multiple comparisons. Statistical significance was ascertained when p
value was less than 0.05.

3. Results and discussion

3.1. Characterization of ZnO nanoparticles

In this study, we evaluated the genotoxic influence of ZnO
nanoparticles in relation to the tumor suppressor, p53. Particles
Fig. 1. Physical characterization of nanoparticles. A) TEM micrograph of commercial ZnO
nanoparticles in DI water and DMEM containing 10% fetal bovine serum (FBS).
were mostly spherical from TEM images (Fig. 1A). These nano-
particles were characterized for their size, shape and surface
charges (Fig. 1B). The mean diameter of ZnO nanoparticles was
22.5 � 4.9 nm, obtained from measurements of 50 nanoparticles
using an imaging software (ImageJ). The mean hydrodynamic size
of ZnO aggregates in Milli-Q water was found to be about 7.4 times
larger than that in complete cell culture medium (DMEM supple-
mented with 10% FBS, 1% L-glutamine and 1% Antibiotics/Anti-
mycotics) (Fig. 1B). Similar drop in the hydrodynamic size of ZnO
nanoparticles in complete medium was reported by Xia et al. [16],
suggesting that salts and proteins could help in nanoparticle
dispersion in an aqueous environment. The pristine ZnO nano-
particles registered zeta potentials of þ14.4 mV. Nanoparticles of
differing physicochemical properties such as size, shape and
surface charge can exert different cytotoxic effects on cells [2]. From
our earlier published work, 13.9% of BEAS-2B cells were found to
have internalized the same spherical ZnO nanoparticles used here,
introduced at 15 mg/ml, after 4 h incubation [33]. This suggests that
these ZnO nanoparticles were able to engage in bioactive interac-
tions with cells and in so doing, could exert both cytotoxic and
genotoxic effects.

3.2. Cytotoxicity and genotoxicity of ZnO nanoparticles in
RAW264.7 and BEAS-2B

ZnOnanoparticles are being used in a broad rangeof applications
including sunscreens, biosensors, food additives, pigments, rubber
additives, and electronic materials [34]. Such extensive use of ZnO
nanoparticles does raise safety concerns in the light of growing
evidences of their cytotoxic effects [14e17]. This is especially so
when our understanding of the biological effects of these ZnO
nanoparticles cannot keep up with our ability to manufacture more
sophisticated designs in increasing quantities. Here, we show that
exposure to increasing concentrations of ZnO nanoparticles
decreased the metabolic activity of a mouse macrophage cell line,
RAW264.7 (Fig. 2A) in a dose dependent manner after just 24 h of
exposure. This is suggestive of a strong cytotoxic effect of ZnO
nanoparticles. This trend also held true for ZnO nanoparticles in
BEAS-2B, a human bronchial epithelial cell line (Fig. 2B). Estimated
LC50 concentration of ZnO nanoparticles was about 12.5 mg/ml and
15 mg/ml for RAW264.7 and BEAS-2B, respectively. This significant
level of cytotoxicity was in agreement with others who have shown
ZnO nanoparticles to be more toxic than other metal oxide based
nanoparticles. Scale bar: 20 nm. B) Size and surface charge characterization of ZnO
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Fig. 2. Cytotoxic and genotoxic effects of ZnO nanoparticles. WST-8 assay performed on A) RAW264.7 and B) BEAS-2B cells showed cytotoxic effects of ZnO nanoparticles in a dose
dependent manner after 24 h exposure. Data represent mean � SD (n ¼ 3). *p < 0.05 compared to untreated controls. C) DNA damage in BEAS-2B cells was observed using the
comet assay. Fluorescent images of encapsulated DNA showed absence of DNA migration in BEAS-2B cultured without nanoparticles (top panel) while cells cultured with 20 mg/ml
ZnO nanoparticles for 4 h showed clear migrating DNA tails (bottom panel, arrowhead). Scale bars: 30 mm. D) Plot of tail moments indicated that there was increasing DNA damage in
BEAS-2B cells with increasing ZnO nanoparticle concentration. Data represent mean � SD (n ¼ 50) **p < 0.01 compared to untreated control (ANOVA and Tukey’s test).
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nanoparticles [35]. However, there is another more “sinister”
outcome to cytotoxicity of nanoparticles in that DNA damage
induced cytotoxicity may also occur due to extended exposure to
nanoparticles. Focus was therefore placed on ZnO nanoparticles
induced genotoxicity because that poses a more dangerous long
term effect of passing mutations to progeny cells that may develop
into cancer. Indeed, with the comet assay, ZnO nanoparticles were
found to induce an increase inDNAbreaks in BEAS-2B cells, in a dose
dependent manner (Fig. 2C and D). DNA migration in samples
treated with ZnO nanoparticles (10 and 20 mg/ml) was significantly
higher than untreated controls (p < 0.01, ANOVA and Tukey’s test).
3.3. p53 dependent toxicity effects of ZnO nanoparticles

In order to study the role of p53, we compared the effects of ZnO
nanoparticle induced DNA damage in wild type and p53 knocked
down BJ cells. As expected, we observed a decrease in cell metabolic
activity with increasing concentrations of ZnO nanoparticles after
24 h exposure, in both BJ cells (Fig. 3A), especially at high concen-
trations beyond 15 mg/ml, compared to the control group without
any ZnO nanoparticle treatment. This was especially pronounced in
WT p53 compared to shp53 BJ cells, presumably a result of p53
induced response to DNAdamage caused by ZnOnanoparticles. This
showed that the BJ cell lineswere sensitive to the cytotoxic effects of
ZnO nanoparticle. Metabolic assays by themselves are not directly
correlated with cell numbers since the same number of cells of the
same cell type may have very different metabolic activities in
different environments [36]. To ascertain a firmer idea of cell
numbers, we performed DNAquantification (PicoGreen� assay) and
observed that there was also a similar trend of decreasing cell
numbers with increasing ZnO nanoparticle concentration (Fig. 3B),
after 24 h exposure. At 20 and 25 mg/ml ZnO nanoparticle concen-
trations, there was a significant plunge in total DNA content in the
cultures compared to that of lower ZnO nanoparticle concentra-
tions. This drop in cell numbers, especially in WT p53 BJ cells was
likely due to DNA damage induced apoptosis, initiated through an
intact p53 pathway. Phase contrast images at 20 mg/ml of ZnO
nanoparticles reflected the decrease in cell numbers (Fig. 3C)
compared to confluent cultures of non-treated controls.
3.4. Role of p53 in ZnO nanoparticles induced toxicity

We next explored the molecular downstream effects of ZnO
nanoparticles on p53 signaling pathways in these BJ cells. ZnO
nanoparticles at a relatively high concentration of 20 mg/ml resul-
ted in robust phospho-p53 and total p53 levels after 7 days of
treatment (Fig. 4A). This was also accompanied by almost negligible
levels of phospho-Rb expression at the two serine positions (807
and 811) in samples exposed to 20 mg/ml ZnO nanoparticles
(Fig. 4A), suggesting that there was very low cell cycle progression
compared to the control. ZnO nanoparticles might be sufficiently
genotoxic to stimulate the DNA damage machinery and it might
have caused DNA lesions because p53 was upregulated and phos-
phorylated with a concomitant decrease in cell cycle progression at
day 7. The fact that there was a drastic decrease in cell numbers
beyond 15 mg/ml ZnO nanoparticle (Fig. 3B) suggests that at lower
concentrations, BJ cells were able to accommodate and repair any
low abundance DNA damage caused by ZnO nanoparticles.
However, this repaired state was quickly overwhelmed at higher
ZnO nanoparticle concentrations, resulting in the transition to
a pro-apoptosis state.



Fig. 3. Differential cytotoxicity of ZnO nanoparticles in BJ cells after 24 h exposure. A)WST-8 assay performed on BJ cells with wild type p53 (WT p53) and knocked downp53 (shp53)
and normalized to total DNA amounts. Results showed dose dependent cytotoxic effects of ZnO nanoparticles. In particular, viability of BJ cells in the presence of ZnO nanoparticles
dropped drastically at concentrations above 15 mg/ml, which was more significant inWT p53 compared with shp53. Data represent mean � SD (n¼ 3). *p< 0.05. B) PicoGreen� DNA
quantification data after 24 h exposure to ZnO nanoparticles reflected increased resistance to DNA damage responses in cells with knocked downp53 levels. Data representmean� SD
(n¼ 3). *p< 0.05. C) Lightmicroscopy images confirmed the trend in cell proliferation shown byDNAquantification, after 24 h exposure to ZnO nanoparticles. Cells were either spindle
shaped or had multiple process extensions. In the presence of ZnO nanoparticles, a proportion of cells appeared rounded due to poor viability. Scale bar: 50 mm.
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Thereafter we asked whether ZnO nanoparticles induced DNA
damage response requires an intact p53 signaling pathway. To
answer that, we treated BJ shp53 cells, a p53 knockdown variant of
the same parental BJ cell line with ZnO nanoparticles in an
increasing dosage. As expected, p53 was not upregulated, proving
sufficient knockdown of p53 in that shp53 variant cell line. Inter-
estingly, we saw an upregulation of phosphorylated Rb at serines
807 and 811, at 20 mg/ml ZnO nanoparticle concentration (Fig. 4A),



Fig. 4. ZnO nanoparticles elicited a strong p53 dependent DNA damage response. At Day 7 of ZnO nanoparticles exposure at 20 mg/ml, high expression levels of phospho- and total
p53 protein was induced in A) BJ cells with wild type p53 (WT p53). As expected, B) BJ cells with knocked down p53 (shp53) did not express any detectable p53 protein. Phospho-Rb
was not significantly upregulated in WT p53 group. However, in the shp53 group, there was increased phosphorylation of Rb that might overcome the DNA damage response. MDA-
MB-231 (MDA) protein lysate was used as positive controls for immunoblot probing.
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which indicated increased cell cycle progression propensity. DNA
quantification data showed amoremodest decrease in BJ shp53 cell
numbers compared to theWT p53 parental line beyond 15 mg/ml of
ZnO nanoparticles (Fig. 3B), which could be due to less apoptosis in
the situation where p53 levels were drastically reduced. This trend
holds true for both higher concentrations of 20 mg/ml and 25 mg/ml
ZnO nanoparticles treated BJ shp53 cell line (Fig. 3B) and was also
qualitatively observed in the phase contrast light microscopy
images of both cell types treatedwith or without ZnO nanoparticles
(Fig. 3C). It was also observed that at the higher concentrations of
10e25 mg/ml ZnO nanoparticles, shp53 showed higher viability
than their WT p53 counterpart (Fig. 3A). These data therefore
consistently suggest that the degree of DNA damage response
towards ZnO nanoparticles depends significantly on an intact p53
pathway.

One of the main modes of how ZnO nanoparticles inflict cellular
DNA damage could be through the increased levels of reactive
oxygen species (ROS) [16,37] through acidic dissolution of ZnO
Fig. 5. Proposed cellular response mechanism involving p53 pathway. ZnO nanoparticles u
oxygen species (ROS) levels by an unknown mechanism. Increased ROS levels trigger p53
activated. In the event that p53 or its pathway is non-functional, apoptosis is not triggered
nanoparticles, possibly in an intra-endosomal reaction. This
increased Zn2þ ions within the cytoplasmic space trigger ROS
generation [16,37]. Interestingly, the molecular mechanism of how
Zn2þ triggers ROS generation remains unsolved. Nonetheless,
restricting Zn2þ formation by doping with iron decreases the
toxicity of ZnO nanoparticles in a cellular model as well as in
mouse, rat and zebrafish in vivo models [38]. Taken together, it is
suggestive that dissolution of ZnO nanoparticles into ions is an
important step in exerting its toxicity effects [39,40]. Whether ROS
is the definitive causative perpetrator of DNA damage or some
other currently unknown and potentially more sinister and stealthy
DNA damage agent remains to be further studied. Whichever the
case may be, DNA damage pathways still converge to p53 as the
main driver for DNA damage responses and that is what ultimately
determines cell fate, prompting us to suggest a hypothetical model
of ZnO nanoparticles induced cell death (Fig. 5). Nonetheless, it is
noteworthy that even with undetectable p53 expression, shp53 BJ
cells, when subjected to the higher concentrations of ZnO
nderwent extracellular and intracellular dissolution to form Zn2þ. Zn2þ raises reactive
pathway directly or indirectly through DNA damage and the apoptosis machinery is
. (Drawing credits: Tay CY and Leong DT).
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nanoparticles (15 and 20 mg/ml, Fig. 3A and B), still experienced
significant cell death. This suggested that there is a non-p53
mediated mechanism of cell death that is linked to ZnO nano-
particles. One possible explanation is that ROS generated due to
ZnO nanoparticles treatment [40] not only causes DNA damage but
also result in extensive cytotoxic membrane damage through lipid
peroxidation and protein denaturation. This further undergirded
the importance of evaluating the genotoxic effects of other nano-
particles (metal oxides or others) in light of its impingements on
the p53 pathway. Such efforts will grow in importance and rele-
vance in the face of the increasing popularity of using nanoparticles
in various commercial applications, perhaps using high throughput
systems [41] in order to bridge the gulf between the rate at which
nano-products are being produced and our understanding of
nanotoxicology. One such example, titanium oxide nanoparticles
inducing DNA damage inmice [42], also brings into stark focus their
potentially carcinogenic long term impact on human health.

Cancers of the lung, esophageal-gastrointestinal tract and skin
are among the most common cancers and p53 non-functional
mutations are common in those cancers. It is perhaps intuitive
that this is so, given that those organs are our first line of defense
against the external environment and therefore bear the brunt of
external carcinogenic insults. It is worth noting that the anticipated
routes of human exposure to nanoparticles (inhalation, ingestion
and cutaneous contact) will directly subject these organs to even
more genotoxic pressure should the genotoxic effects of nano-
particles be proven significant. In the case of ZnO nanoparticles,
potential risks from skin penetration have been extensively dis-
cussed because of its widespread use in sunscreens and skin care
products [6,43]. Although most evidence available to date favor the
notion that the risks of ZnO nanoparticle penetrating across healthy
human skin and causing damage are low [44], it has also been
noted that the impact of such penetrations through compromised
skin had not been adequately addressed by existing studies [6].
Indeed, Mortensen et al. [45] recently demonstrated that penetra-
tion of nanoparticles across human skin can be escalatedwhen skin
is damaged by UV. This is especially noteworthy given that human
keratinocytes are known to have considerable capacity for phago-
cytosis [46] and that ZnO nanoparticles have been shown to disturb
the cell-cycle of keratinocytes [47]. Uptake of ZnO nanoparticles
may also occur via passive diffusion through the cell membrane
into the cytoplasm [48], independent of the metabolic state of the
cell since active transport is not involved. Considering the abundant
inclusion of ZnO nanoparticles in sunscreen, our study shows the
importance of p53 functional pathway status in skin cells in
determining whether ZnO nanoparticles ultimately protects
against or accelerates skin cancer.

4. Conclusion

In summary, we evaluated the cytotoxic influence exerted by
ZnO nanoparticles on mammalian cells by looking at cell prolifer-
ation and cell metabolic profiles after ZnO nanoparticles exposure.
We further investigated the genotoxic influence of these nano-
particles in terms of causing DNA damage. Finally, we studied the
role of one of the most important tumor suppressors in human
cancers, p53, in ZnO nanoparticle induced DNA damage. Our results
demonstrated that ZnO nanoparticles are cytotoxic at 10 mg/ml and
beyond. In addition, ZnO nanoparticles are capable of causing
double-stranded DNA damage. Most significantly, we showed that
the genotoxic influence of ZnO nanoparticles resulted in the acti-
vation of p53. Furthermore, when p53 function is lost, DNA damage
due to ZnO nanoparticles no longer robustly trigger cell death
although some cell death still occurred via anothermechanism that
is not stimulated by DNA damage. Taken collectively, we showed
that ZnO nanoparticles may initiate the carcinogenesis process or at
least exacerbate any pre-existing carcinogenic situation by failing
to trigger apoptosis. Cells lacking p53 may be resistant to ZnO
induced apoptosis and develop into cancer. Our study also
demonstrates how the genetic background of cells, beyond the
intrinsic properties of the nanoparticles, can determine the cyto-
toxic and genotoxic outcomes.
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