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Abstract: Silver nanoparticles (AgNPs) have many biologi-
cal applications in biomedicine, biotechnology and other
life sciences. Depending on the size, shape and the type of
carrier, AgNPsdemonstratedifferent physicaland chemical
properties. AgNPs have strong antimicrobial, antiviral and
antifungal activity, thus they are used extensively in arange
of medical settings, particularly in wound dressings but
also in cosmetics. This study was undertaken to examine
the potential toxic effects of 15 nm polyvinylpyrrolidone-
coated AgNPs on primary normal human epidermal
keratinocytes (NHEK). Cells were treated with different
concentrations of AgNPs and then cell viability, metabolic
activity and other biological and biochemical aspects of
keratinocytes functioning were studied. We observed
that AgNPs decrease keratinocyte viability, metabolism
and also proliferatory and migratory potential of these
cells. Moreover, longer exposure resulted in activation of
caspase 3/7 and DNA damage. Our studies show for the
first time, that AgNPs may present possible danger for
primary keratinocytes, concerning activation of genotoxic
and cytotoxic processes depending on the concentration.
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Introduction

Nanoparticles are of great scientific interest because of the
wide variety of potential applications. There is a growing
list of reports concerning applications of nanoparticles
in biomedicine, biotechnology and cosmetology. Because
of strong antimicrobial, antiviral and antifungal activity
(Edwards-Jones, 2009), silver nanoparticles (AgNPs) have
been used extensively in medical and healthcare sectors
(Benn and Westerhoff, 2008; Li et al., 2011; Teow et al.,
2011). They are used as anti-pathogenic additives in prod-
ucts such as wound dressings, surgical instruments, clean-
ing products, cosmetics and cloths. Nanoparticles incorpo-
rated to these products come in a direct contact with skin
and may affect the biology of epidermal cells (Chen and
Schluesener, 2008; Ahamed et al., 2010; Teow et al., 2011).

Although the data on the effect of AgNPs on various
cell types are often not consistent, it is now clear that dif-
ferent surface chemistry and size of nanoparticles are some
of the most important parameters, which must be included
when considering their unique properties. For example, Liu
and co-workers (2010) tested the impact of 5, 20 and 50 nm
AgNPs on cell lines derived from different human organs
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(lung adenocarcinoma epithelial cells, stomach cancer cells,
hepatocellular carcinoma cells, and breast adenocarcinoma
cells). They observed that smaller nanoparticles enter the
cells more easily than the larger ones and have a more sig-
nificant effect on membrane integrity, the level of reactive
oxygen species (ROS) and induction of apoptosis and cell
cycle arrest. Generally, it seems that silver nanoparticles of
<50 nm diameter are more deleterious for cells, decreas-
ing cell metabolism and inducing cytotoxic and genotoxic
effects (Liu et al., 2010; Park et al., 2011; Kim et al., 2012).

Differences in the level of toxicity of AgNPs also depend
on the type of polymer surfactants, which are used to stabi-
lize nanoparticles. In the work of Lin et al. (2012), three types
of polymer stabilizers were tested: poly(oxyethylene)-seg-
mented imide (POEM); poly(styrene-co-maleic anhydride)-
grafting poly(oxyalkylene) (SMA); and poly(vinyl alcohol)
(PVA). Each of them displayed a different level of toxicity.
Another protective agent frequently used in medicine is
polyvinylpyrrolidone (PVP). It would appear not to be toxic
and does not irritate or induce sensitization when applied
to the skin (Das et al., 2008). Despite that, it is obvious now
that more detailed studies are necessary to determine all
potential side-effects of AgNPs.

This study was undertaken to examine the potential
toxic effects of 15 nm polyvinylpyrrolidone-coated (PVP)
silver nanoparticles on human primary keratinocytes. We
decided to use 15 nm AgNPs, because it is one of the small-
est sizes on the market and is commonly used in typical
dressings prepared by various companies (Chaloupka et
al., 2010). The data on the impact of silver nanoparticles on
primary keratinocytes is limited in the literature, although
these cells should be tested more carefully and intensively.
This is because wound dressings, clothes, disinfecting
sprays and creams containing AgNPs are now commonly
used in skin care. As keratinocytes constitute 90% of the
epidermis, they are probably the most frequently exposed
to the mentioned forms of commercially available AgNPs.

In our study, cells were treated with different concen-
trations of 15 nm PVP-coated AgNPs and then cell mor-
phology, viability and metabolic activity were studied.
Furthermore we analysed the effect of AgNPs on integrity
of keratinocytes genome, cellular stress as well as activa-
tion of apoptotic processes.

Results

Effect of AgNPs on cell viability

The cytotoxic effects of AgNPs were examined by a com-
bination of two assays — ATP content assay and MTT
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assay. This allowed us to monitor cell metabolic activ-
ity and growth effects. Experiments were carried out
using four concentrations of AgNPs: 6.25, 12.5, 25 and 50
ug/ml. Untreated cells served as a control. As shown in
Figure 1A in the ATP content assay we observed a dose-
and time-dependent decrease in luminescence intensity
in NHEKs. Around a 40% decrease in ATP content was
observed for cells exposed to a 6.25 ug/ml concentration
of AgNPs, but in the case of 50 ug/ml concentration the
content of ATP decreased by almost 80%. The changes
were even more pronounced after 48 h of AgNPs treat-
ment (Figure 1A).

The MTT assay showed a concentration-dependent
decrease in cell viability only after 24 h of exposure to
AgNPs. We did not observe significant changes in cell via-
bility for the lowest concentration (6.25 ug/ml), whereas
cell viability decreased by more than 30% in case of cells
treated with the highest concentration (50 pug/ml; Figure.
1B). No concentration-dependent changes in cell viability
were observed after 48 h of exposure, however all AgNP
concentrations caused around a 50% decrease in cell via-
bility in comparison to the control (Figure 1B).

In order to further analyse the influence of AgNPs
on NHEKs, a BrdU incorporation assay was performed
to investigate the rate of cell proliferation. Cells treated
with AgNPs showed a concentration-dependent decrease
in the proliferation rate after 24 h of exposure (Figure 1C).
The proliferation rate decreased to almost 50% in cells
treated with the 50 pug/ml concentration of nanoparti-
cles. After 48 h we observed a further decrease in prolif-
eration rate (by up to 70%) but reaching the same level
for all used concentrations of AgPNs, similarly to the
MTT assay (Figure 1A). Performing these tests we noticed
that the use of the 50 pug/ml concentration causes aggre-
gation of nanoparticles thus, we did not use it in further
experiments.

Activation of apoptosis by AgNPs

The effect of AgNPs on activation of apoptosis in keratino-
cytes was verified by the determination of caspases 3 and
7 activity. No changes were observed after 24 h exposure
(data not presented). However, concentration-dependent
increase in caspases 3 and 7 activity was observed after
48 h. In comparison to the control sample, we observed
a 1.7-fold increase for the 12.5 pg/ml concentration of
AgNPs and a 2.5-fold increase for the 25 ug/ml concentra-
tion (Figure 1D). We did not observe significant changes in
caspase 3/7 activity when the lowest concentration (6.25
ug/ml) was used (data not shown).
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Figure1 Effects of AgNPs on the biology of primary keratinocytes.

(A) Metabolic activity of NHEKs exposed to AgNPs. Intracellular ATP content was measured to determine metabolic cell condition. NHEKs
(plated at the density of 4x10° per well of 96-well plates) were treated with different concentrations of AgNPs for 24 h and 48 h. Untreated
cells served as a control. For statistics, a Student’s t-test was performed (*p<0.05; **p<0.01; ***p<0.001). This graph represents the
mean+SD of three independent experiments, each performed in triplicate (number of wells=9). (B) Viability of NHEKs exposed to AgNPs.
Cell viability was analysed using MTT assay. NHEKs (plated at the density of 4x10° per well of 96-well plates) were treated with different
concentrations of AgNPs for 24 h and 48 h. Untreated cells served as a control. For statistics, a Student’s t-test was performed (*p<0.05;

**p<0.01; ***p<0.001). This graph represents the mean+SD of four independent experiments, each performed in quintuplicate (number of
wells=20). (C) Proliferation rate (BrdU assay) of NHEKs exposed to AgNPs. NHEKs (plated at the density of 3x10 per well of 96-well plates)
were treated with indicated concentrations of AgNPs for 24 h and 48 h. Cells were incubated with BrdU labeling solution for 12 h. Untreated

cells served as a control. For statistics, a Student’s t-test was performed (*p<0.05; **p<0.01; ***p<0.001). This graph represents the
mean+SD of three independent experiments, each performed in triplicate (number of wells=9). (D) Apoptotic cell death measured by the
determination of caspase 3/7 activity. The luminescent assay for caspase 3/7 activity was performed using 3 ug of total protein isolated
from NHEKs after incubation with 12.5 and 25 pug/ml AgNPs for 48 h. For statistics, a Student’s t-test was performed (*p<0.05; **p<0.01;
***p<0.001). This graph represents the mean+SD from three independent experiments, each performed in duplicate (number of wells=6).

Cell migration

The analysis of AgNPs influence on two-dimensional
keratinocytes migration was performed by the time-lapse
monitoring of cell movement. We observed significant
inhibition of cell migration only in the samples treated
for 24 h with 25 ug/ml concentration of AgNPs. The value
of velocity of cell movement decreased about 30% com-
pared to the control conditions. Lower concentration of
nanoparticles (12.5 ug/ml) used in the experiment for
the same time did not significantly affect cell movement
(2.4 vs. 2.2 um/min). However, more significant changes
were observed for both concentrations when samples
were incubated with AgNPs for 48 h. The lower concen-
tration (12.5 ug/ml) resulted in around 40% cell motility
inhibition and a higher concentration further decreased

cell movement by up to 60% in comparison to the control
(Figure 2). Similarly as per the caspase 3/7 activity assay,
we did not observe significant changes in cell migration
when the lowest concentration (6.25 pug/ml) was used
(data not shown).

Genomic instability

Quantitation of DNA strand breaks was performed using
single cell gel electrophoresis (comet assay) and the
breaks presence was assessed by the evaluation of DNA in
a tail of a comet. As we did not see the effect of the lowest
concentration of AgNPs (6.25 j1g/ml) on cells in this exper-
iment, NHEKs were exposed only to a concentration of
AgNPs at 12.5 and 25 pg/ml for 24 h and 48 h. Untreated
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Figure 2 Effect of AgPNs on cell migration.
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Cell migration was examined with a Leica DMI6000B microscope equipped with LAS AF software. NHEKs were plated in 6-well culture plates
at the density of 4x10* per well and treated with 12.5 and 25 ug/ml AgNPs. Cell movements were recorded 24 h and 48 h after AgNPs addi-
tion for 90 min with a time-lapse of 1.5 min. (A) The tracks of individual cells were determined from the series of changes in the cell central
positions, pooled and analysed to determinate the total length of the cell trajectory (TLCT). (B) All analyses were performed using Hiro soft-
ware v.1.0.0.4. Presented data are meanzSD from cell speed values for 150 cells, measured in three independent experiments. A Student’s

t-test was carried out for statistics (*p<0.05; **p<0.01; ***p<0.001).

cells served as a control. As shown in Figure 3 the use of 25
ug/ml of AgNPs resulted in a significant increase in DNA
damage both at 24 and 48 h of treatment. After 24 h, 25%
of DNA was present in the comet tail, while 48-h incuba-
tion resulted in the augmentation of the DNA comet for-
mation reaching a level of 33%.

Signaling pathways

The influence of AgNPs on signal-transduction pathways
was investigated by determining the phosphorylation of
p38, ERK and JNK MAP kinases, as well as AKT kinase
and p53 protein. Our results demonstrated that p38,
ERK1/2 and p53 phosphorylation level was increased. Up-
regulation of p38 was observed for both concentrations
(12.5 pg/ml and 25 ug/ml) but was significantly stronger
for higher concentrations. The activation was visible after
30 min of AgNPs treatment and subsequently reduced to
the basal level after 4 h regardless of the AgNPs concentra-
tion (Figure 4). Considerably weaker was phosporylation
of ERK1/2 and p53. Moreover, we did not see any differ-
ences in the case of JNK and AKT phosphorylation level.

Gene expression analysis

To explore possible molecular mechanisms of AgNPs-
mediated cell death, we measured changes in the level

of transcripts encoding selected proteins involved in the
apoptosis pathway. From activators of apoptosis we ana-
lysed Bak1, Bax, Bbc (PUMA), and p53. We decided also
to measure the mRNA level of the Bcl-2 protein, as it is a
key inhibitor of apoptosis. We assessed mRNA isolated
from NHEKs stimulated with AgNPs in concentrations of
12.5 and 25 pg/ml. Expression of selected transcripts was
measured at 4, 12, and 24 h after AgNPs addition.

Levels of transcripts coding for Bakl, p53 and Bcl-2
were not disturbed by AgNPs treatment at any time. In
contrast, mRNAs coding for Bax and PUMA were up-
regulated by AgNPs. In the case of Bax, up-regulation was
observed only for the 25 pug/ml concentration of AgNPs
and reached 1.5-fold increase compared to the control.
The level of PUMA mRNA was also increased 1.5 fold and
peaked at 12 h of stimulation with a lower concentration
of AgNPs. However, stimulation with a higher concentra-
tion (25 ug/ml) resulted in almost the same up-regulation
but after only 4 h of stimulation. Then, after longer stimu-
lation the transcript level was decreased, subsequently to
the level comparable with the control (Figure 5).

Discussion

Nanoparticles are defined as structures, that have at
least one dimension in the 1-100 nm range. Their ultra-
small size in comparison to enormous surface area makes
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Figure 3 DNA damage in NHEKs verified by comet assay.

NHEKs were plated at the density of 2.1x10° cells/cm?. After 24 h,
cells were treated with 12.5 and 25 pg/ml AgNPs for 24 h and 48 h.
Untreated cells served as a control (A). DNA damage presented as
the mean value of the percentage of DNA in the comet tail (%DNA).
Images were made using the computer program Comet Plus (Theta
System GmbH, Germany). (B). The graph represents the mean+SD
of three independent experiments. In each experiment, total

DNA damage was measured in 100 cells. Statistically significant
differences were calculated using an RIR Tukey test (*p<0.05;
***p<0.001).

AgNPs very reactive forms. The small size also confers
greater mobility of particles and has an impact on their
cellular distribution. Depending on the size, shape and
the type of a carrier, AgNPs demonstrate different physical
and chemical properties. Despite the rapid development
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and common usage of AgNPs, relatively few researches
have been executed to determine their biological impact
on the cellular level.

In our study we decided to use PVP-coated AgPNs, as
this type of polymer is generally considered to be safe and
is increasingly widespread in medicine and foodstuffs.
PVP is used as a binder in many pharmaceutical tablets.
It is also used as a stabilizer in different foods (E1201) and
in the wine industry as a fining agent for white wine. This
chemical is approved for many uses (Inactive Ingredi-
ents in FDA Approved Drugs), thus we believe that when
using PVP as a coating agent the observed toxic effects
are limited to the toxicity of silver nonmaterial, not its
envelope.

As AgNPs are present in many products used in skin
care, keratinocytes are probably the cells most frequently
exposed to these nanoparticles. AgNPs are incorporated
not only in health care products, like cosmetics or textiles,
but they also are commonly used in medical products, like
wound dressings used in the treatment of wounds and
burns (Chen and Schluesener, 2008). One of the impor-
tant phases of wound healing is re-epithelialization.
This phase involves multiple processes, one of which is
the migration of epidermal keratinocytes from around
the wound. Depending on the depth of the wound, the
process starts within a few hours to 2 days after wound-
ing (Hackam and Ford, 2002; Bartkova et al., 2003; Henry
et al., 2003). Besides migration, the proliferation phase
starting soon after wounding, is also important in the effi-
cient restoration of skin integrity.

As we have shown in our in vitro study, both processes
essential for proper functioning of epidermal cells —
migration and proliferation — are impaired following the
exposure of human primary keratinocytes to 15 nm PVP-
coated AgNPs. We observed that, depending on their con-
centration, AgNPs significantly decreased keratinocytes
viability. Importantly, impaired condition resulted in the
decrease of both migratory and proliferative properties of
these cells. Loss of these properties was dose-dependent
after 24 h incubation. Prolonged incubation with AgNPs
gave a very significant decrease of cell survival but at the
same level for all concentrations used in the experiment.

Moreover, we found that AgNPs toxicity was accom-
panied by the increase in caspase 3/7 activity. It was not
visible after 24 h but we observed significant and dose-
dependent up-regulation after 48 h of the experiment.
Several reports show that AgNPs trigger dose-dependent
cytotoxicity of other type of cells through activation of
the caspase 3 enzyme, leading to induction of apopto-
sis (Arora et al., 2009; Kalishwaralal et al., 2009; Sriram
et al., 2010). One of the effects of activation of apoptosis,
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Figure 4 The activation of ERK, p38, JNK, AKT and p53 verified by Western blot analysis.
NHEKs were cultured in 60-mm tissue culture dishes at density of 9.5x103 cells/cm?2. The cells were exposed to 12.5 ug/ml (lines 2, 4 and 6)
or 25 ug/ml (lines 3, 5 and 7) AgNPs for the indicated periods of time. Untreated cells were used as a control (line 1). Tubulin was used as an

internal control to monitor for equal loading. These blots are representative of three independent experiments.

but also the marker of this process, is DNA fragmentation.
We showed dose-dependent increase in the rate of DNA
breaks. There are reports that AgNPs activate ROS produc-
tion, which results in the initiation of DNA breaks but also
in the damage of other cellular organelles and compo-
nents (Piao et al., 2010; Asare et al., 2011; Ma et al., 2011).

One of the signals of cellular response to toxins or
physical stresses is activation of selected protein kinases,
essential in signal transduction towards appropriate tran-
scription factors. We analysed the activity of p38, ERK, JNK
and AKT kinases, as well as the activity of p53, a protein
directly engaged in the regulation of DNA repair processes/
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Figure 5 Expression of selected pro-apoptotic and anti-apoptotic genes in NHEKs.

Graphs show expression of Bak1, Bax, Bbc (PUMA), p53 and Bcl2 mRNAs in NHEKSs treated with various concentrations of AgNPs (0, 12.5 and
25 ug/ml) for different times (4, 12 and 24 h). Specific mRNAs were normalized to B2M level and presented as relative units compared to the
control. Data represent mean+SEM (n=3). The asterisk indicates significant difference between the treated sample and untreated control
(p<0.05).
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apoptosis. We observed only a temporary activation of p38
MAPK, weak activation of ERK1/2 and p53. Activation of
P38 MAPK was also observed in a previous study (Eom and
Choi, 2010), where the authors reported that AgNPs may
induce toxic effects via Nrf-2 and NF-xB pathways. Besides,
Lim and co-workers suggested that oxidative stress is an
important mechanism in AgNPs-induced toxicity in Caeno-
rhabditis elegans and PMK-1 p38 MAPK is involved in this
phenomenon (Lim et al., 2012). There are also other reports
that AKT (Kang et al., 2011) and JNK (Piao et al., 2010)
kinases are activated by AgPNs. We did not see up-regu-
lation of these kinases. It is possible that the level of stress
triggered by nanoparticles depends on the type of cells and
their abilities to defend against stressful conditions.

To find possible molecular mechanisms of AgNPs-
mediated cell death, we measured changes in the tran-
script levels of selected proteins involved in the apoptosis
pathway. We observed no increase in p53 expression for any
AgNPs concentration used. This observation is consistent
with studies of Choi et al. (2006), where despite obvious
cytotoxic effects of AgNPs on liver tissue no significant
change in p53 mRNA level has been observed. Although
another group (Gopinath et al., 2010) showed a slight
increase in p53 expression, it is more likely that AgNPs
treatment triggers protein activation rather than tran-
scription of p53. Activation of p53 includes p53 phospho-
rylation followed by cofactor-mediated conformational
change. Indeed, we observed weak phosphorylation of
p53 in response to AgNPs treatment. Considering quick
and transient phosphorylation of p38 after AgNPs addi-
tion, we imply that observed p53 phosphorylation might
be mediated by activated p38 MAP kinase. This conclu-
sion is supported by the finding that p38 kinase can acti-
vate p53 through the phosphorylation of an NH2-terminal
regulatory residue, serine 33 (Sanchez-Prieto et al., 2000).

Within known targets of p53 are pro-apoptotic
members of Bcl2 family, including Bcl2-associated X
protein (Bax), p53-upregulated modulator of apoptosis
(PUMA) and Bcl2-antagonist/killer protein (Bak) (Ghiotto
et al., 2010). We observed elevation in the content of
mRNAs coding for Bax and PUMA after addition of AgNPs.
Choi and co-workers (2010) also showed a statistically rel-
evant increase in mRNA levels of Bax upon AgNPs admin-
istration to zebrafish. However, compared to their results,
induction of Bax mRNA in our configuration was much
weaker. This is probably due to a varying AgNPs concen-
tration used and/or different type of cells analysed.

Analysis of Bakl expression shows no statistically rele-
vant change in mRNA level. However, neither low increase in
Bax expression nor constant Bak expression exclude apop-
tosis. According to the present state of knowledge, induction
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of cell death by p53 may occur in a transcription-independ-
ent way. This process is initialized by the direct binding to
and activation of Bax (Chipuk et al., 2004; Wolff et al., 2008)
and Bak (Leu et al., 2004; Pietsch et al., 2008; Wolff et al.,
2008), and/or the liberation of Bax/Bak molecules from pre-
existing inhibitory complexes with anti-apoptotic proteins,
i.e., Mcl-1 (Leu et al., 2004), Bcl-2 and Bcl-xL (Mihara et al.,
2003; Chipuk et al., 2004; Tomita et al., 2006).

The studies of Hsin et al. (2008) on NIH3T3 fibroblast
treated with 50 and 100 ug/ml of nanosilver powder show
that mitochondria-mediated apoptosis was related to a
decrease in Bcl2 at both the protein and mRNA level. In
our case, however, Bcl-2 transcript level remains stable.
This suggests that in the NHEK cells, AgNPs- driven apo-
ptosis is a result of the action of the apoptotic modulator
(i.e., PUMA) rather than the imbalance in the synthesis
of anti-apoptotic factors. PUMA is a pro-apoptotic protein
and can bind to a wide range of anti-apoptotic Bcl-2 family
proteins, which results in the signal transduction towards
the initiation of apoptotic processes (Gallenne et al., 2009).

Data suggest that even concentrations of 6.25 ug/ml
of AgNPs influence keratinocytes viability. Higher concen-
trations trigger even more deleterious effects on cell func-
tions. The concentration of AgNPs in commercially avail-
able products vary depending on the supplier. According
to Lorenz et al. (2012), depending on the origin, socks may
contain 18-2925 mg/kg of Ag particles. Assuming that the
weight of a sock is around 20 g, this would result in 0.72—
117 mg of AgNPs per pair of socks. There are also commer-
cially available skin creams containing concentrations
of AgNps as high as 27 pug/ml. The concentration in such
products is close to the concentrations used in our study
and therefore may result in some toxic effects on treated
skin. Nevertheless, we have to mention here that experi-
mental data obtained in vitro cannot be compared directly
with those done in vivo. Keratinocytes present in the skin
are surrounded by other type of cells that support their
viability and resistance to harmful stimuli.

In summary, we demonstrated that 15 nm PVP-coated
AgNPs decreased cell viability and deteriorated prolifera-
tive and migratory potential of keratinocytes. We observed
significant activation of p38 kinase and weak activation
of ERK1/2 and p53 within the first hours of treatment.
Furthermore, AgNPs increase caspase 3/7 activity and
generate DNA damage. We also observed changes in the
expression level of selected transcripts coding for proteins
involved in regulation of apoptosis. Our study, for the first
time, shows that (depending on the concentration) AgNPs
may present possible dangers for primary keratinocytes,
concerning the activation of genotoxic and cytotoxic pro-
cesses. Further detailed experiments are necessary and
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should be done directly on the skin to finally clarify the
advantages and disadvantages of the use of AgNPs in dif-
ferent products applicable for skin care.

Materials and methods

Silver nanoparticles (AgNPs)

In this study 15 nm silver nanoparticles were used. AgNPs were
bought from NANOAMOR (Nanostructured & Amorphous Materials,
Inc., Houston, TX, USA). The AgPNs were polyvinylpyrrolidone-
coated (PVP) with 25% silver and 75% polymer. The nanopowder was
dissolved in a milliQ of water. The concentration was confirmed by
means of Inductively Coupled Plasma Atomic Emission Spectroscoy
(ICP-AES) as described by Zanette et al. (2011). A lymulus test was
used to confirm that the AgNPs solution was free of bacterial endo-
toxins and endotoxin-like substances.

Cell culture and AgNPs treatment

Proliferating normal human epidermal keratinocytes from adult
donors (NHEK) derived from three individuals (Lonza, Basel,
Switzerland) were cultured on 75 cm? cell culture flasks at 37°C in 5%
CO, atmosphere in keratinocyte growth medium (Lonza). The culture
medium was supplemented with Bovine Pitutary Extract (BPE), hu-
man endothelial growth factor (hEGF), insulin (bovine), hydrocorti-
sone, gentamicin- amphotericin-B (GA-1000), epinephrine and trans-
ferrin. Twenty-four hours after seeding on multi-well plates, different
concentrations of AgNPs (6.25, 12.5, 25 and 50 ug/ml) were added to
the cultures and cells were incubated for appropriate time periods.

ATP content assay

Cell viability was analysed by the quantification of intracellular ATP
content. NHEKs were plated on 96-wells plates (4x10° per well). After
24 h, the cells were treated with different concentrations of AgNPs, pre-
viously diluted in a culturing medium to the total volume of 100 pl.
ATP content assay was carried out according to the manufacturer’s
instructions (ATPlite, Luminescence ATP Detection Assay System;
PerkinElmer) after 24 h and 48 h of exposure. The luminescence was
measured using Infinite M200 microplate reader (Tecan Group Ltd.,
Minnedorf, Switzerland) in three independent experiments, each
performed in triplicate. The mean luminescence value for each AgNPs
concentration was divided by the mean value for the control cells was
thus presented as a percentage of the control (control treated as 100%).

BrdU assay

Cell proliferation was measured with BrdU incorporation assay
(Roche). NHEKs were seeded on 96-well plates (3x10? per well) and
after 24 h cells were treated with different concentrations of AgNPs,
previously diluted in a culturing medium to the total volume of 100
ul. BrdU assay was carried out after 24 h and 48 h of culturing with
nanoparticles. Cells were incubated with BrdU labeling solution for
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12 h (Chemiluminescent Cell Proliferation ELISA, BrdU; Lonza, Basel,
Switzerland). Subsequent steps were performed as described earlier
(Wegrzyn et al., 2009). Chemiluminescence was measured using
an Infinite M200 microplate reader (Tecan Group Ltd., Madnnedorf,
Switzerland) in three independent experiments, each performed in
triplicate. The mean luminescence value for each AgNPs concentra-
tion was divided by the mean value for the control cells and was thus
presented as a percentage of the control (control treated as 100%).

MTT assay

Cell viability was measured using the colorimetric MTT (3-[4,5-dimet
hylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assay, by monitor-
ing the activity of mitochondrial dehydrogenase. NHEKs were seeded
on 96-well plates (4x10° per well) and after 24 h cells were treated
with AgNPs (as described above). Following 24 h and 48 h stimula-
tion with nanoparticles of Thiazolyl Blue Tetrazolium Bromide (MTT,
Sigma Aldrich, St Louis, MO, USA) was added for an additional 3.5 h
to the final concentration of 500 ng/ml. The plates were centrifuged
at 300 g for 5 min at room temperature, the medium was removed
and the MTT crystals were dissolved in acidic (40 mm HCI) isopro-
panol. Absorbance was measured in an Infinite M200 microplate
reader (Tecan Group Ltd.) at 570 nm with the reference wavelength
of 650 nm. Absorbance of silver nanoparticles in cell culture medium
measured in the absence of cells (nanoparticle background) was sub-
tracted from the total absorbance of the nanoparticle-treated cells.
Four independent experiments were done, each performed in quin-
tuplicate. The mean absorbance value for each AgNPs concentration
was divided by the mean value for the control cells and was thus pre-
sented as a percentage of the control (control treated as 100%).

Cell migration

Cell migration was examined with a Leica DMI6000B microscope
(Leica Microsystem CMS Wetzlar, Germany) equipped with LAS
AF software. NHEKs were seeded on 6-well plates (4x10* per well).
Twenty four hours and 48 h after the AgNPs addition, the cell move-
ment was recorded for 90 min with a time-lapse of 1.5 min. All
experiments were carried out in a humidified atmosphere with 5%
CO, at 37°C. The tracks of individual cells were determined from the
series of changes in the cell central positions, pooled and analysed to
determine velocity of cell movement (VCM). All analyses were done
using Hiro software v.1.0.0.4 (Miekus and Madeja, 2007). The experi-
ment was performed twice. In each experiment, data was collected
for 50 cells. The mean value for 100 cells in each condition was cal-
culated and presented in Figure 2B.

Caspase 3/7 assay

Activity of caspases 3 and 7 was measured using Caspase- Glo 3/7 As-
say (Promega, Madison, WI, USA) as described before (Wegrzyn et al.,
2009). NHEKs (8x10° per well) were seeded on 12-well plates and ex-
posed to 12.5 and 25 ug/ml AgNPs for 24 and 48 h. Protein extracts
were isolated with RIPA buffer (Sigma Aldrich) and 3 pg of protein
was mixed with 40 pl of Caspase-Glo 3/7 Reagent on a white 96-well
plate. After 120 min of incubation, luminescence was measured with
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an Infinite M200 microplate reader (Tecan Group Ltd.) in three inde-
pendent experiments, each performed in duplicate. Mean lumines-
cence value for each AgNPs concentration was divided by the mean
value for the control cells and was thus presented as a percentage of
the control (control treated as 100%).

Comet assay

The level of DNA damage was tested by electrophoresis of single
cells in agarose gel (Singh et al., 1988; Singh et al., 1994; Tice et al.,
2000). For the experiment, the cells were plated at the density of
2.1x10° cells/cm? and treated with 12.5 and 25 ug/ml AgNPs for 24 h
and 48 h. Cells were then harvested and washed twice with PBS. In
the next step, 10 pl of cell suspension was mixed with 75 ul of 0.5%
low melting point agarose (LMPA) preheated to 37°C, dissolved be-
forehand in PBS without Ca? and Mg?*. Then cells were deposited on
slides and incubated on ice for 5 min. Afterward that, the slides were
immersed in cold lysis solution containing 2.5 M NaCl, 0.1 M EDTA,
10 mM Tris, 10% DMSO and 1% Triton X-100, pH 10 and incubated
overnight at 4°C. After lysis, the slides were neutralized by rinsing
twice in 0.4 M Tris buffer, pH 7.5 and then placed into a horizontal
electrophoresis apparatus filled with buffer (1 mm EDTA, 300 mMm
NaOH, pH>13). After 40 min preincubation (unwinding DNA) elec-
trophoresis was run for 30 min at a fixed voltage of 23 V (0.74 V/
cm, 300 mA). After gel electrophoresis the slides were rinsed three
times with neutralization buffer (0.4 m Tris pH 7.5; 4°C), fixed with
cold 100% methanol for 5 min and then dried at room temperature.
Before fluorescent microscope analysis, the slides were washed with
distilled water for 5 min and then stained with propidium iodide (2.5
ug/ml). All the steps described above were carried out under only
red light to prevent any additional damage. The cells were analysed
with a fluorescence microscope (Olympus IX-50) at 400x magnifi-
cation. Analysis of DNA damages was carried out with the COMET
PLUS 2.9 software (Comet Plus, Theta System Gmbh, Germany). For
the determination of DNA damage the percentage content of DNA
in the comet’s tail (%DNA) was used. The data were collected for
50 randomly selected comets from each slide. Three independent
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experiments were done in two replicates (noumber of cells per each
condition=300).

Western blotting

NHEKs were seeded on 60 mm Petri dish (2x10° per dish) and then
total cell lysates were prepared using RIPA buffer supplemented
with protease inhibitors (Sigma Aldrich). From each sample, 25 ug
of protein was separated on SDS-Page 10% polyacrylamide gel. Fol-
lowing electrotransfer to PVDF membrane (Merck Millipore, Billerica,
MA, USA) and blocking in 2% BSA (BioShop, Burlington, Canada)
dissolved in Tris-buffered saline (150 mm NaCl, 20 mm Tris pH 7.6)
containing 0.1% Nonidet, the membranes were incubated with pri-
mary antibodies at 4°C overnight. The following antibodies and di-
lutions were used: Akt (1:1000; Cell Signaling, Beverly, MA, USA),
Phospho-Akt (1:2000; Cell Signaling), SAPK/JNK (1:500; Cell Signal-
ing), Phospho-SAPK/JNK (1:500; Cell Signaling), p38 MAPK (1:1000;
Cell Signaling), Phospho-p38 MAPK (1:500; Cell Signaling), p44/42
MAPK (1:2000; Cell Signaling), Phospho-p44/p42 MAPK (1:1000; Cell
Signaling), p53 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), Phospho-p53 (1:1000; Cell Signaling) and o-tubulin (1:2000;
Calbiochem, Merck Group, Darmstadt, Germany). Tubulin was used
as a loading control. The following secondary antibodies were used:
peroxidase-conjugated anti-rabbit (1:3000-1:10,000; Cell Signaling)
and peroxidase-conjugated anti-mouse (1:20,000, BD Pharminogen,
Franklin Lakes, NJ, USA). After incubation with secondary antibod-
ies, the chemiluminescence detection was carried out using Luminata
Crescendo Western HRP Substrate (Merck Millipore). Membranes were
exposed to Kodak Medical X-ray Film (Kodak, New York, NY, USA).

Real-time PCR

Total RNA was isolated using the modified Chomczynski-Sacchi
method (Chomczynski and Sacchi, 2006). RNA concentration was
measured with a ND-1000 spectrophotometer (NanoDrop, Wilming-
ton, DE, USA) and RNA integrity was verified on a 1% agarose gel.

Number Gene name and NCBI accession Forward/reverse Sequence

number

1 BCL2 Forward primer TCCGCATCAGGAAGGCTAGA
NM_000633.2 Reverse primer AGGACCAGGCCTCCAAGCT

2 BCL2L1 Forward primer GCTTTGAACAGGATACTTTTGTG
NM_001191.2 Reverse primer CCACAGTCATGCCCGTCAG

3 BCL2L1 Forward primer CTGTGCGTGGAAAGCGTAGA
NM_138578.1 Reverse primer ACAAAAGTATCCCAGCCGCC

4 BAX Forward primer GCTGTTGGGCTGGATCCAAG
NM_138764.4 Reverse primer TCAGCCCATCTTCTTCCAGA

5 BAK1 Forward primer CATCAACCGACGCTATGACTC
NM_001188.3 Reverse primer GTCAGGCCATGCTGGTAGAC

6 BBC3 Forward primer GACCTCAACGCACAGTACGAG

NM_001127240.1

Reverse primer

AGGAGTCCCATGATGAGATTGT

7 TP53 Forward primer AGTCTAGAGCCACCGTCCAG
NM_000546.4 Reverse primer AGTCTGGCTGCCAATCCAGG

8 BECN1 Forward primer TAGACCGGACTTGGGTGACG
NM_003766.3 Reverse primer TTAGACCCTTCCATCCCTCAGC

Table1 List of primers used in real-time PCR.
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For the real-time PCR experiment, 1 ug of total RNA was
reverse-transcribed using oligo(dT) primer and M-MLV reverse
transcriptase (Promega). Following synthesis, cDNA was diluted
five times and real-time PCR was carried out using Rotor-Gene 3000
(Corbett, Cambridge, UK) system and Sybr Green-based master mix
(Finnzymes, Espoo, Finland). After an initial denaturation step for
10 min at 95°C, conditions for cycling were: 40 cycles of 15 s at 95°C,
15 s at 58°C and 20 s at 72°C. The fluorescence signal was measured
right after the extension step. To verify specificity of the PCR prod-
uct a melting curve was generated. As an internal reference, gene f3,
microglobulin (B2M) was used. All samples were run in duplicate.
A list of the primers used in the real-time PCR is presented in Table 1.

Statistical analysis

All results are the means of at least three independent experi-
mentststandard deviation (SD). The data were analysed using a
Student’s t-test and only in the case of comet assay data were cal-
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