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ABSTRACT

The antibacterial potential of silver nanoparticles (AgNPs) resulted in their increasing
incorporation into consumer, industrial and biomedical products. Therefore, human and
environmental exposure to AgNPs (either as an engineered product or a contaminant)
supports the emergent research on the features conferring them different toxicity profiles.
In this study, 30 nm AgNPs coated with citrate or poly(ethylene glycol) (PEG) were used to
assess the influence of coating on the effects produced on a human hepatoma cell line
(HepG2), namely in terms of viability, apoptosis, apoptotic related genes, cell cycle and
cyclins gene expression. Both types of coated AgNPs decreased cell proliferation and
viability with a similar toxicity profile. At the concentrations used (11 and 5 pg/mL
corresponding to IC50 and ~IC10 levels, respectively) the amount of cells undergoing
apoptosis was not significant and the apoptotic related genes BCL2 (anti-apoptotic gene)

Cytotoxicity and BAX (pro-apoptotic gene) were both downregulated. Moreover, both AgNPs affected
Nanotoxicology HepG2 cell cycle progression at the higher concentration (11 pg/mL) by increasing the
percentage of cells in S (synthesis phase) and G2 (Gap 2 phase) phases. Considering the
cell-cycle related genes, the expression of cyclin B1 and cyclin E1 genes were decreased.
Thus, this work has shown that citrate- and PEG-coated AgNPs impact on HepG2 apoptotic
gene expression, cell cycle dynamics and cyclin regulation in a similar way. More research
is needed to determine the properties that confer AgNPs at lower toxicity, since their use

has proved helpful in several industrial and biomedical contexts.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.
Introduction into the environment and human exposure has also in-
creased. Indeed, while researchers have stressed the need
AgNPs (silver nanoparticles) are being extensively used in a to establish whether the presence of nanosilver in those
wide range of applications, from medicine and industry to products is essential (Nowack and Bucheli, 2007), and several
the most common consumer products (Behra et al., 2013; studies showed the toxic potential of AgNPs, their usage
Eckhardt et al., 2013; Franci et al, 2015; Rai et al., 2015). remains widespread (Chen et al., 2015; Dusinska et al., 2013;

Consequently, the possible risks associated with their release McShan et al., 2014).
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Previous studies have shown that the physico-chemical
characteristics of AgNPs will influence cellular uptake,
intracellular fate and, consequently, the toxicity of these NPs
(Caballero-Diaz et al., 2013; Gliga et al., 2014; Wang et al., 2014;
Zhang et al., 2014, 2015). In particular, the size (Gliga et al.,
2014; Kim et al., 2012; Park et al., 2011) and surface chemistry
(Lu et al., 2010), as well as the type of formulation (Boonkaew
et al., 2014), period of exposure (Comfort et al., 2014) and
storage conditions (Ahlberg et al., 2014) have all been shown
to play a determinant role in AgNPs toxicity.

AgNPs are often coated to promote stability and avoid
aggregation. Citrate is the most common reducing agent used to
stabilize AgNPs, providing the particles a negative surface charge
(Gutierrez et al., 2015; Pillai and Kamat, 2004; Sharma et al., 2009).
Polyethylene glycol (PEG) is another popular coating, especially
concerning biomedical applications, due to its biocompatible
nature and the high stability conferred to the particles (Ryan et al.,
2008; Fernandez-Lépez et al., 2009). Ginn et al. (2014) refer that in
the years to come we will see an increase in the number of novel
site-directed PEGylation chemistries and a shift in its application
to a wider range of therapeutic molecules, including NPs for
therapeutic and diagnostic purposes, becoming essential more
studies with this coating. PEG coating improved the biopharma-
ceutical properties of drugs, increased stability and resistance to
proteolytic inactivation, increased circulatory lives, and showed
low toxicity (Ginn et al., 2014; Jain and Jain, 2008; Ryan et al., 2008).
Moreover, it has been argued that PEG coating decreases AgNPs
toxicity by reducing their cellular uptake (Brandenberger et al.,
2010; Caballero-Diaz et al., 2013; Pang et al., 2016).

As liver is the most important organ for xenobiotic metabo-
lism (Roberts et al., 2014), liver cell lines have been amply used in
biomedical research involving the testing of drugs or other
toxicants. The cytotoxicity of AgNPs towards liver cells has also
been demonstrated in a few previous studies. Faedmaleki et al.
(2014) showed that 2040 nm AgNPs decreased HepG2 viability in
a concentration-dependent manner. Also, Nowrouzi et al. (2010)
studied the cytotoxicity of AgNPs on HepG2 and obtained IC50
value of 2.75-3.0 pg/mL for HepG2 after exposure to 5-10 nm
AgNPs. Moreover, by determining changes in the activity of
lactate dehydrogenase, alanine aminotransferase, aspartate
aminotransferase, glutathione peroxidase, superoxide dismut-
ase, lipid peroxidation and cytochrome c content, that same
work provided evidence for the involvement of oxidative
alterations upon exposure to low doses of AgNPs. Recently, Xin
et al. (2015) also found dose-dependent cytotoxicity of AgNPs in
HepG2 cells, which was attributed to the interplay of oxidative
stress, DNA damage and mitochondrial injury. Consistently, Xue
et al. (2016), suggested the cellular toxicological mechanism
of AgNPs to be related with oxidative stress induced by
the generation of reactive oxygen species (ROS), leading
to mitochondria injury and induction of apoptosis. However,
there are few studies comparing the coating influence on AgNPs
cytotoxicity to liver cells. Kennedy et al. (2014) studied
the cytotoxicity potential of carbohydrate functionalization of
~54 nm AgNPs to HepG2 and neuronal-line Neuro 2A cells and
found that particles functionalized with ethylene glycol, glucose
and citrate coated nanoparticles show a similar toxicity, while
galactose and mannose functionalized AgNPs were significantly
less toxic to HepG2 cell line. Other studies comparing the
influence of coating on AgNPs cytotoxicity have been addressed

to other cell lines. Gliga et al. (2014) compared the cytotoxicity of
uncoated, PVP- and citrate-coated AgNPs in bronchial BEAS-2B
cells and found no coating-dependent differences in cytotoxic-
ity. Caballero-Diaz et al. (2013) reported that pegylation of AgNPs
reduced cellular uptake and reduced the toxicity in NIH/3T3
(mouse embryonic fibroblasts), compared to AgNPs coated with
other polymers. The conflicting existing information addressed
the need to deeply study surface coating AgNPs cytotoxicity, in
order to be aware if or which nanoparticles (NPs) are more
cytotoxic to the different cell lines.

In this study we aimed to compare the influence of coating
(citrate vs. PEG) on the cytotoxicity of AgNPs in liver cells,
using the human hepatoma cell line HepG2 as an in vitro
model. HepG2 cells were exposed to citrate- and PEG-coated
AgNPs of 30 nm diameter and the effects on cell viability,
apoptosis induction, apoptotic expression genes, cell cycle
profile and cyclins gene expression were assessed.

1. Material and methods
1.1. Chemicals

Sterile, purified and endotoxin-free AgNPs (Biopure AgNPs
1.0 mg/mL), with 30-nm diameter and a citrate or PEG surface,
designated from now on as Cit30 and PEG30 NPs, were
purchased from Nanocomposix Europe (Prague, Czech Repub-
lic). Citric acid (CgHgO7-H,0) was purchased from Sigma Aldrich
(St. Louis, Missouri, USA); PEG (MW 5 kDa) from Laysan Bio®
(Arab, Alabama, USA) and silver nitrate reagent (AgNO3) from
Sigma Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), antibiotics and
phosphate buffer saline (PBS, pH 7.4) were purchased from Life
Technologies (Carlsbad, CA, USA). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and dimethyl sulfoxide
(DMSO) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
RNase and propidium iodide (PI) were both from Sigma-Aldrich,
St. Louis, MO-USA.

1.2. Physicochemical characterization of AgNPs

The morphology and size of AgNPs was assessed by scanning
transmission electron microscopy (STEM) using a scanning
electron microscope Hitachi SU-70 (Hitachi High-Technologies
Europe GmbH, Germany) operating at 30 kV. Samples for STEM
analysis were prepared by evaporating dilute suspensions of the
nanoparticles on a copper grid coated with an amorphous
carbon film. The hydrodynamic diameter and polydispersity
index (PDI) of the nanoparticles were measured by dynamic light
scattering (DLS) and the zeta potential was assessed by
electrophoretic mobility, both measurements using a Zetasizer
Nano ZS (Malvern Instruments, UK).

Silver quantification measurements were performed by
inductively coupled plasma optical emission spectrometry
(ICP-OES) in an Activa M Radial spectrometer (Horiba Jobin
Yvon), employing a charge coupled device (CCD) array
detector, with a wavelength range of 166-847 nm and radial
plasma view. Samples were introduced into the ICP plasma
using an HF resistant sample introduction system including a
Burgener nebulizer, a cyclonic spray chamber and a quartz
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torch with aluminum injector. Samples for ICP-OES were
prepared by addition of 10 uL AgNPs (1.0 mg/mL) to 990 pL of
either ultrapure water or complete culture medium, incuba-
tion for variable periods (0, 4, 24 or 48 hr), followed by
centrifugation at 40,000 xg for 120 min at 4°C (in accordance
with the manufacturer’'s recommendations) to deposit the
nanoparticles and separate the supernatant (with dissolved
ionic silver). Acid digestion of the supernatant was then
performed by mixing 500 pL with 100 pL of acids (HCl:HNOs,
2:1, V/V) and 400 pL of ultrapure water. The % dissolution of
AgNPs to ionic silver was calculated as 100 x F x Cag4/C;,
where F is the dilution factor, C; the initial concentration of
AgNPs and Ca, the concentration of silver determined by
ICP-OES.

1.3. Cell culture

The HepG2 cell line, a liver hepatocellular carcinoma cell line,
was obtained from European Collection of Authenticated Cell
Cultures (ECACC) and supplied by Sigma. Cell culture reagents
were purchased from Life Technologies (Carlsbad, CA, USA). The
cells were grown in complete medium, i.e., Dulbecco’s modified
Eagle’s medium, supplemented with 10% fetal bovine serum
(FBS), 2 mmol/L r-glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, 250 pg/mL fungizone and 1 mmol/L sodium
pyruvate at 37°C in 5% CO, humidified atmosphere. Cells were
daily observed under an inverted phase-contrast Eclipse TS100
microscope (Nikon, Tokyo, Japan). For each experiment, cells
were allowed to adhere for 24 hr and then medium was
replaced with fresh medium containing Cit30 or PEG30 AgNPs.
The effects were measured after 24 and 48 hr. Throughout the
experiments, cultures were routinely visualized for confluence
and cell morphology.

1.4. Exposure and viability assay

Cell viability was determined by the colorimetric 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay,
which measures the formation of purple formazan in viable
cells (Twentyman and Luscombe, 1987). Cells were seeded in
96-well plates and after 24 hr, medium was replaced with fresh
medium containing coated AgNPs.

Cells were exposed to Cit30 or PEG30 AgNPs at0, 1, 5, 10, 15,
25 and 50 pg/mL AgNPs, and to Ag* at 0, 0.5, 0.75, 1, 1.25, 1.5
and 2 pg/mL. Cell viability was measured after 24 hr and
48 hr. Fifty microliters of MTT reagent (1 mg/mL) in phos-
phate buffered saline (PBS) were added to each well, and
incubated for 4 hr at 37°C, 5% CO,. Medium was then
removed, and 150 puL. of DMSO were added to each well for
crystal solubilization. The optical density of reduced MTT was
measured at 570 nm in a microtiter plate reader (Synergy HT
Multi-Mode, BioTeK, Winooski, VT), and the cell metabolic
activity (MA, a usual marker for cell viability) was calculated
as: MA = ((Sample Abs — DMSO Abs) / (Control Abs - DMSO
Abs)) x 100. Three independent assays were performed with
at least 2 technical replicates each and the results were
compared with the control (no exposure). From the MTT
results, the IC50 values were similar for Cit30 and for PEG30
around 11 pg/mL at 24 hr. Therefore, 11 pg/mL was selected as
the higher dose, and a lower dose corresponding to minimal

loss of viability (~IC10, 5 pg/mL) was also selected. The
following studies were then performed with cell exposure
during24 hrto5 pg/mLand 11 pg/mL of Cit30 and PEG30 AgNPs.

1.5. Uptake potential by flow cytometry

Uptake potential of Cit30 and PEG30 AgNPs by HepG2 cells was
assessed by flow cytometry (FCM), as previously described by
Suzuki et al. (2007). Briefly, cells were seeded in 6-well plates
and after AgNPs exposure they were trypsinized, collected to
FCM tubes and analyzed by FCM. Both parameters, forward
scatter (FS), which give information on the particle’s size, and
side scatter (SS), information on complexity of particles, were
measured in a Coulter XL Flow Cytometer (Beckman Coulter,
Hialeah, FL, USA) equipped with an argon laser (15 mW, 488 nm).
Acquisitions were made using SYSTEM II software v. 3.0
(Beckman Coulter, Hialeah, FL). For each sample, 5000-20,000
cells were analyzed at a flow rate of about 1000 cells/sec.

1.6. Annexin V

Apoptosis and cell viability were measured by FCM in a
Coulter XL Flow Cytometer (Beckman Coulter, Hialeah, FL,
USA), with the FITC Annexin V Apoptosis Detection Kit (BD
Pharmingen, San Diego, CA, USA) according to manufacturer.
Briefly, cells were detached and washed with PBS, then cells
were resuspended in diluted binding buffer provided with the
kit (1:10 in distilled water) at 1 x 10° cells/mL. To stain cell
suspension, 5 pL of FITC-Annexin V and 5 pL of propidium
iodide. For each sample, 10,000 events were analyzed using
the SYSTEMII (v. 2.5) software (Beckman Coulter, Hialeah, FL,
USA). The cytogram of FITC fluorescence versus PI fluores-
cence allows the identification of live intact cells (Annexin
V-FITC negative, PI negative), exclusively early apoptotic cells
(Annexin V-FITC positive, PI negative), predominantly late
apoptotic cells (Annexin V-FITC positive, PI positive), and
predominantly necrotic or dead cells (Annexin V-FITC nega-
tive, PI positive). FCM data were analyzed by FlowJo software
(Tree Star Inc., Ashland, OR).

1.7. Cell cycle and clastogenicity analysis

Cell cycle and putative clastogenic effects were analyzed by
flow cytometry according to the method previously described
(Oliveira et al., 2014). Briefly, cells were seeded in 6-well plates
and after exposure they were washed with PBS, harvested
using Trypsin-EDTA and centrifuged twice at 300 xg for
5 min. Cells were then fixed with 85% cold ethanol and kept
at —20°C until analysis. At the time of analysis cells were
centrifuged at 300 xg for 5 min, resuspended in PBS and
filtered through a 35-um nylon mesh to separate aggregates.
Then, 50 L RNase (1 mg/mL) and 50 pL PI (1 mg/mL) were
added to each sample which was then incubated for 20 min in
darkness at room temperature until analysis. The relative
fluorescence intensity of the stained nuclei was measured in a
Coulter XL Flow Cytometer (Beckman Coulter, Hialeah, FL,
USA) equipped with an argon laser (15 mW, 488 nm). Acqui-
sitions were made using SYSTEM II software v. 3.0 (Beckman
Coulter, Hialeah, FL, USA). For each sample, the number of
nuclei analyzed was approximately 5000. The percentage of
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nuclei in each phase of the cell cycle (GO/G1 — quiescent
phase/Gap 1 phase; S — synthesis phase and G2 — Gap 2
phase) was analyzed using the FlowJo software (Tree Star Inc.,
Ashland, Oregon, USA). In order to assess the putative
clastogenic effects of the two coated AgNPs and the silver
ion, as described by (Misra and Easton, 1999), the coefficient of
variation of the GO/G1 peak was determined.

1.8. Apoptosis and cyclin gene expression

Gene-specific primer pairs (Table 1) were designed using the
program Primer3 (Rozen and Skaletsky, 2000) and confirmed
for specificity by the UCSC In-Silico PCR Genome Browser
(http://genome.ucsc.edu/cgi-bin/hgPcr).

Total RNA of control and exposed cells was extracted using
the TRIzol method. Organic phase separation was achieved in
Phase-Lock Gel Heavy tubes (5 Prime 3 Prime, Inc., Boulder,
CO). The aqueous phase was mixed with 70% ethanol and
RNA was purified using RNeasy Mini Kit columns (Qiagen,
Hilden, Germany). Synthesis of cDNAs was performed by a
reverse transcriptase (RT) reaction: 2 ug total RNA were
pre-incubated with DNase I (Sigma Aldrich, St. Louis, MO)
and reverse-transcribed with 1 pmol/L Oligo dT18, using the
Omniscript RT Kit (Qiagen, Hilden, Germany). The cDNA
samples were prediluted in ultrapure MilliQ water (1:20). The
final individual gPCR reactions contained iQ SYBR Green
Supermix (BioRad, Hercules, CA, USA), 0.15 umol/L each
gene-specific primer and 1:4 (V/V) prediluted cDNA (1:20).
The gPCR program included 1 min denaturation at 95°C,
followed by 40 cycles at 94°C for 5 sec, 58°C for 15 sec, and
72°C for 15 sec. After qPCR, a melting temperature program
was performed. At least two technical replicates per sample of
qPCR were performed from each of three independent
biological replicates. Average PCR and cycle thresholds were
determined from the fluorescence data using the algorithm
Real-Time PCR Miner (Zhao and Fernald, 2005). Gene expres-
sion of BAX (pro-apoptotic gene) and BCL2 (anti-apoptotic
gene) and cyclins B1 (CCNB1), and E1 (CCNE1) were normalized
with the GAPDH (glyceraldehyde-3-phosphate dehydrogenase
gene) reference gene and expressed relative to control cells,
calculated from the average efficiencies and cycle thresholds
using the Pfaffl method (Pfaffl, 2001).

1.9. Statistical analysis

The results are reported as mean + standard deviation (SD) of 2
technical replicates in each of the 3 independent experiments.

For MTT assay, the statistical significance between control and
exposed cells was performed by one way ANOVA, followed by
Dunnet method, a parametric test used when the normality test
passed and Dunn’s method, a non-parametric test used when
the data tested did not pass the normality test. The statistical
analysis was performed using Sigma Plot 12.5 software (Systat
Software Inc.). For the other assays, the results were compared
using two-way ANOVA, followed by Holm-Sidak method as a
multiple comparison test, using also Sigma Plot 12.5 software
(Systat Software Inc.). The differences were considered statisti-
cally significant for p < 0.05.

2. Results

2.1. Physicochemical characterization of AgNPs dispersed in
water and in cell culture medium

The characteristics of Cit30 and PEG30 AgNPs dispersed in
water or in culture medium are summarized in Table 2,
including hydrodynamic diameter; polydispersity index (PdI);
zeta potential (¢); and ionic silver dissolution in ultrapure
water and DMEM. The hydrodynamic diameter (Z-average
size) in water was above the primary particle size. The values
of polydispersity indexes (PdI) were below 0.3, thus indicating
monodisperse distributions. The zeta potential shows that
citrate-stabilized NPs carried a strong negative surface charge
(¢ =42.7 + 2.7 mV), while the surface of the PEG-stabilized
NPs was less negative (§ = 12.1 + 0.5 mV). The release of ionic
silver (Ag") in DMEM increased to 7.6% + 0.1% at 48 hr of
citrate-AgNPs and 7.2% + 0.06% at 48 hr of PEG-AgNPs, which
corresponds to an absolute concentration of =0.836 and
~0.792 pg/mL Ag + for the highest concentration used of
AgNPs (11 pg/mL).

2.2. Effects on cell growth, morphology and viability

In control conditions, HepG2 cells showed typical morphology
(Fig. 1a and d). When they were exposed to Cit30 and PEG30
AgNPs, their confluence decreased, especially for the higher
concentration (11 pg/mlL) (Fig. 1c and f). No morphological
alterations were observed in AgNP-exposed cells, indepen-
dently of the coating and concentration. The viability of
exposed cells was significantly reduced (p <0.05) upon
exposure to Cit30 and PEG30 at concentrations higher than
5 ng/mL after 48 hr and 10 pg/mL after 24 hr for Cit30; and

Table 1 - Oligonucleotide primer sequences used for qPCR.

Gene Forward primer (5'-3’) Reverse primer (5'-3)
BAX*® GACGGCCTCCTCTCCTACTT CAGCCCATCTTCTTCCAGAT
BCL2® GGAGGATTGTGGCCTTCTTT GCCGGTTCAGGTACTCAGTC
CCNB1°© GCTGAAAATAAGGCGAAGATCAA ACCAATGTCCCCAAGAGCTG
CCNE14 CAGCCTTGGGACAATAATGC GAGGCTTGCACGTTGAGTTT
GAPDH® ACACCCACTCCTCCACCTTT TACTCCTTGGAGGCCATGTG

# Pro-apoptotic gene.
b Anti-apoptotic gene.
¢ Cyclin B1 gene.
4 Cyclin E1 gene.
Glyceraldehyde-3-phosphate dehydrogenase gene.
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Table 2 - Physicochemical properties of AgNPs.

Citrate-AgNPs PEG-AgNPs

D (nm)? 327 +48 31.8 £3.2
D (nm)® 29.1 + 3.9 26.8 + 5.3
Dy, (nm)© 433+ 0.5 62.1+0.5
PdI® 0.25-0.26 0.15-0.16

¢ (mv)¢ 427 + 2.7 -12.1+0.5
Nmax© (D) 408 411

%Ag + in water 0 hrf 3.3 +0.04 0.63 + 0.01
%Ag + in DMEM O hrf 3.8 + 0.04 3.2 +0.03
%Ag + in DMEM 4 hr 5.5 + 0.07 6.0 + 0.06
%Ag + in DMEM 24 hrf 5.7 + 0.03 7.0 + 0.07
%Ag + in DMEM 48 hrf 7.6 +0.1 7.2 +0.06

Standard deviations calculated for Dy, { and %Ag + correspond to 3
replicate measurements.

@ Diameter indicated by the manufacturer.

 Diameter measured by TEM.

¢ Hydrodynamic diameter and polydispersity index (PdI) measured
by DLS.

4 Zeta potential assessed by electrophoretic mobility (in cell culture
medium).

¢ Wavelength of maximum absorbance peak in the UV-Vis spectrum.
f Percentage of ionic silver in the AgNP suspension (10 pg/mL).

concentrations higher than 5 pug/mL after 24 and 48 hr for
PEG30 (Fig. 2a-b). Ag* caused a significant decrease in viability
at concentrations higher than 0.75 ug/mL and 0.5 pg/mL after
24 and 48 hr, respectively (Fig. 2c).

2.3. Nanoparticle uptake measured by flow cytometry

The uptake of both Cit30 and PEG30 AgNPs by HepG2 cells is
shown in Fig. 3. Both concentrations (5 and 11 pg/mL) of both
AgNPs induce an increase in side scatter intensity without
change of forward scatter intensity of HepG2 cells, which
means particles taken up by cells. The uptake potential was
significant only for the highest concentration (11 pg/mL) and

no significant difference was observed when comparing cells
exposed to Cit30 vs. PEG30 AgNPs.

2.4. Apoptotic markers

The Annexin V assay was performed in order to evaluate
the potential of AgNPs to induce apoptosis in HepG2 cells.
Although exposure to Cit30 NPs at the IC50 concentration
caused a small non-significant increase in the % late apoptotic
cells (Fig. 4), there were no statistically significant differences
in relation to controls. Both concentration of Cit30 and PEG30
AgNPs decreased the expression levels of selected genes
involved in the apoptotic cascade, BCL2 and BAX, after 24 hr
(Fig. 5). Cit30 induced a significant decrease of anti-apoptotic
BCL2 expression levels for the higher concentration tested and of
BAX expression levels for 5 pg/mL. PEG30 induced a significant
decrease of BCL2 expression levels for both concentrations used.

2.5. Cell cycle analysis

Fig. 6 shows the effect of Cit30 and PEG30 AgNPs on the cell cycle
of HepG2 cells. Cit30 in both doses decreased the percentage of
cells in GO/G1 (significant at the higher concentration) and
increased the percentage of cells in G2, this effect being visible
for both concentrations, but more pronounced for 11 pg/mL
(p < 0.01) (Fig. 6a). An increase in the percentage of cells in the S
phase was also observed for the higher concentration.

PEG30 showed a similar trend, but decreased the percentage
of cells at GO/G1 only at the higher concentration (11 pg/mL). The
increase of the percentage of cells at G2 and S phases was
pronounced at the higher concentration; for the lower concen-
tration, only the populations at G2 increased. The coefficient of
variation of the GO/G1 peak did not change significantly with
exposure to AgNPs (6 + 0.3 for 11 pg/mL of citrate-AgNPs and 5 +
0.54 for 11 pg/mL of PEG-AgNPs), comparatively to their coun-
terparts in the control (5.2 + 0.98) (Fig. 7). When comparing cell
cycle profiles upon exposure to both types of AgNPs, significant

Fig. 1 - Light microscopy images (100X) of HepG2. Cells 24 hr exposed to: (a) 0, (b) 5 pg/mL and (c) 11 pg/mL of citrate-AgNPs;
and (d) 0, (e) 5 pg/mL and (f) 11 pg/mL of PEG-AgNPs. Bar corresponds to 100 pm.
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Fig. 2 - Relative cell viability (%) of HepG2. Viability measured by MTT assay, for 24 hr and 48 hr. (a) 30 nm citrate-coated AgNPs;
(b) 30 nm PEG coated AgNPs; (c) Ag*. Data expressed as mean and standard deviation. * indicate significant differences between
control atp < 0.05 and ** atp < 0.01 for 24 hr; and # indicate significant differences between control at p < 0.05 and ## atp < 0.01

for 48 hr.

differences were found for the lowest concentration (5 pg/mL) at
GO/G1 and S phases: the percentage of cells in GO/G1 phase was
higher for PEG-AgNPs exposed cells; and the percentage of cells
in S phase was higher for the Cit30 AgNPs.

Finally, it should also be stressed that both exposures
increased the percentage of subpopulations at channel >600 and
channel >800 corresponding to superG2 subpopulations (Fig. 7).

In addition to changing the cell cycle distribution, exposure to
AgNPs downregulated the expression of genes involved in G1/S
(cyclin E1) and G2/M (cyclin B1) phase transitions (Fig. 8). Both
concentrations of Cit30 AgNPs downregulated the expression of
cyclin B1 gene (CCNB1), though only significantly for 11 pg/mL
(p < 0.01). HepG2 cells exposed to PEG30 AgNPs showed a similar
profile of CCNBI1, where the expression was significantly
decreased for 11 pg/mL (p < 0.01). In HepG2 exposed to Cit30
the expression of CCNE1 gene was decreased for both concen-
trations, while cells exposed to PEG30 did not show differences
for the higher concentration, showing a significant decrease of
CCNE1 expression levels after exposure to 5 ung/mL (p < 0.05).

180 "
m Citrate- AgNPs e
160
PEG- AgNPs b

140 - I

120 -
100 -
80
60 -
40 -
20 -

% of Mean SS

5 1
Concentration (ng/mL)

Fig. 3 - Uptake of AgNP by HepG2 cells. The uptake was
assessed by the side scattered light through flow cytometry
after 24 hr exposure to 5 and 11 pg/mL of citrate-AgNPs and
PEG-AgNPs. The results were expressed as the mean + SD
versus control. ** indicate significant differences between
control at p < 0.01.

3. Discussion

Citrate-AgNPs are widely used, e.g. as antimicrobial agents in
industry (Tolaymat et al., 2010), while the use of PEG-coated
AgNPs is still emerging, particularly in e.g. nanomedical
applications (Ginn et al., 2014; Ryan et al., 2008; Thorley and
Tetley, 2013). Despite data supporting some cytotoxic effects
of AgNPs on different cell lines have been reported, these
effects are dependent on multiple aspects such as external
factors (e.g. storage conditions, dispersion medium) and NP
characteristics (e.g. size and coating). In particular, research
on the coating properties that may confer AgNPs less toxicity
is essential, namely the evaluation of cyto- and genotoxic
potential.

This study focused on the comparison between citrate-
and PEG-coated AgNPs cytotoxicity to human liver cells. As
discussed elsewhere (Bastos et al, 2016) coating deeply
influences AgNPs physicochemical properties, with citrate
coating providing a more negative and, hence, potentially
more reactive surface. It has been reported that nanoparticle
coating, media composition and ionic strength influences the
surface chemistry, shape, aggregation state and dissolution,
which can impact toxicological determinations by altering
concentration, dissolved ionic silver, aggregation and shape,
consequently affecting NP uptake (Tejamaya et al.,, 2012).
The same authors reported that charge-stabilized particles
(e.g. by citrate) were more unstable and aggregated more than
sterically stabilized particles (e.g. by PEG); which could induce
different levels of cytotoxicity (Wang et al., 2014).

In this study, citrate-coated AgNPs and PEG-coated AgNPs
(both 30 nm nanospheres) yielded approximately the same
viability profile, up to IC50 concentrations, indicating that particle
coating did not greatly influence the AgNPs cytotoxicity potential
on HepG2 cell line. We previously evaluated the dissolution rate
of Cit30 and PEG30 AgNPs in DMEM medium and found a similar
profile of Ag" dissolution after 24 and 48 hr (Bastos et al., 2016).
Then, we estimated the amount of free Ag* dissolved from Cit30
and PEG30 in the culture medium at 10 pg/mL and compared
with the toxicity of equivalent Ag* form AgNOs;. For HepG2 the
toxicity of Ag* from AgNO5 was lower than the toxicity of AgNPs if
we consider only the amount of dissolved Ag". Therefore, we may
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Fig. 4 - Citrate- and PEG-AgNPs apoptotic effects on HepG2. The effects were measured by annexin V assay after 24 hr of
exposure to 5 and 11 pg/mL. Intact cells are represented by “A-P-", dead cells “A-P+”, early apoptotic cells “A+P-" and late
apoptotic cells “A+P+”. The results were expressed as the mean * SD versus control.

postulate that the toxicity of AgNPs is not only due to the
dissolved Ag'. Accordingly, Gliga et al. (2014) have shown that
AgNPs supernatants, containing ionic silver, did not affect cells.
Furthermore, the intracellular release of Ag" following cellular
uptake, reported as the Trojan horse effect (Hsiao et al., 2015; Park
et al,, 2010), could be responsible for AgNPs toxicity. Indeed,
Cronholm et al. (2013) also suggested that the toxicity mecha-
nisms of silver ion differ from the mechanisms of AgNPs toxicity
since this last one is driven by oxidative stress and released silver
ions after cellular uptake of the particles.

In our previous study with the keratinocyte cell line
HaCaT, Cit30 and PEG30 induced different toxicity profiles,
being Cit30 more cytotoxic than PEG30 (Bastos et al., 2016).
Also, considering the literature (Caballero-Diaz et al.,, 2013),
it was expected that citrate-AgNPs would induce higher
mortality compared to PEG-AgNPs. Lu et al. (2010) found that
citrate-coated silver nanopowder was cytotoxic, whereas
PVP-coated silver nanoprisms or NPs were not. The authors
also highlighted the importance of replacing, in daily life
applications, citrate-coating with other biocompatible and
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Fig. 5 - HepG2 gene expression of apoptotic genes after 24 hr
of AgNPs exposure. (a) Cells exposed to citrate-coated
AgNPs; and (b) cells exposed to PEG-coated AgNPs. The
results were expressed as mean relative to control cells
(normalized with the GAPDH reference gene) and standard
deviation. ** indicate significant differences between control
atp < 0.01.

functionalized formulations such as PVP. Pang et al. (2016)
demonstrated that the toxicity of AgNPs on murine hepatoma
cells (Hepalclc7) depended on the surface chemistry of NPs.
They suggested that PEG-AgNPs have better biocompatibility,
with an optimal biological inertia, and could effectively resist
opsonization or non-specific binding to protein in mice. Also,
Caballero-Diaz et al. (2013) reported that pegylation of AgNPs
reduced cellular uptake and their toxicity to NIH/3T3 (mouse
embryonic fibroblasts). Also, when evaluating the uptake
rates of gold NPs on human alveolar epithelial cells (A549),
Brandenberger et al. (2010) observed that significantly more
plain NPs (i.e., stabilized with citrate buffer) could enter the
cells than PEG-coated gold NPs. However, from our uptake
results there was not a statistical difference between cells
exposed to Cit30 AgNPs and cells exposed to PEG30 AgNPs.

We have previously tested these AgNPs in other cell lines
and demonstrated that the IC50 for keratinocytes (HaCaT) was
40 pg/mlL, above the values herein found for the HepG2 cells. The
cytotoxicity of these AgNPs is thus dependent on the cell type,
with keratinocytes demonstrating higher tolerance than liver
cells. PEG-coated AgNPs induced a similarly decrease on the
viability of liver cells (HL-7702) in a dose- and time-dependent
manner at doses from 6.25 ng/mL (Song et al., 2012). Faedmaleki
et al. (2014) obtained IC50 value of 2.764 ng/mL for HepG2 when
exposed to 2040 nm AgNPs. Similarly, Nowrouzi et al. (2010)
obtained IC50 value of 2.75-3 pg/mL for HepG2 after exposure to
5-10 nm AgNPs. However, Xin et al. (2015) observed lower
cytotoxicity of 20-50 nm AgNPs to HepG2 cells, where viability
decreased with concentrations ranging from 25 to 200 ug/mL. The
same authors found a viability decrease of A549 cells after
exposure to 20-50 nm AgNPs within concentrations ranging from
12.5 to 200 pg/mL.

Regarding apoptosis, our results did not show significant
differences between control and exposed cells after 24 hr.
Urbarska et al. (2015) determined the occurrence of apoptosis
on glioblastoma multiform (GBM) cells cultured in an in ovo
model (tumor cell implantation of GBM cells, line U-87, placed
on chicken embryo membrane on fertilized chicken eggs in
order to study tumors growth rate, angiogenic potential, and
metastatic capability) treated with colloidal 70 nm AgNPs
(40 pg/mL). Trough TUNEL assay, the authors observed no
induction of apoptosis as well, despite the increased level of
immunohistochemical caspase 3 and 9. The authors sug-
gested that malignant tumor cells, such as GBM, are
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extremely resistant to apoptosis and particularly resistant to
radiation and chemotherapy (Kuriyama et al., 2002). Also, Xue
et al. (2016) determined the apoptotic potential of 15 nm
AgNPs in HepG2 cells and did not find significant differences
between control and 40 ng/mL exposed cells. However, a
study using 1 and 50 pmol/L of PVA-AgNPs obtained signifi-
cant apoptotic effects on HepG2 after 24 hr (Paino and
Zucolotto, 2015). In terms of apoptotic gene expression, we
have found that both AgNPs downregulated BAX and BCL2
gene expression. Cit30 AgNPs significantly decreased BAX
(pro-apoptotic) gene expression for the lowest concentration
(5 pg/mL) and BCL2 (anti-apoptotic) gene expression for the
higher concentration (11 pg/mL). On the other hand, PEG30
decreased significantly BCL2 gene expression for both concen-
trations. BCL2 is an anti-apoptotic protein coding gene that
prevents the opening of the mitochondrial membrane pore,
while BAX — pro-apoptotic coding gene — accelerates it.
Mitochondrial membrane pore opening induces the release of
cytochrome c from mitochondria. Piao et al. (2011), observed that
AgNPs downregulated BCL2 expression and upregulated BAX
expression in Human Chang liver cells, resulting in the
disruption of mitochondrial membrane potential, followed by
cytochrome c release from the mitochondria, resulting in
mitochondria-dependent apoptotic pathway. Furthermore,
Jeyaraj et al. (2015) found an upregulation of BAX, caspases-6

and -9 and downregulation of BCL-2 on HeLa cells after exposure
to AgNPs.

Cell cycle dynamics was evaluated in HepG2 cells exposed
to Cit30 and PEG30 AgNPs. For both AgNPs, there were
changes on the cell cycle of HepG2 cells. Cit30 and PEG30
induced an increase in the percentage of cells in G2, indicating
an arrest at this phase, visible for both concentrations. Also,
both AgNPs significantly increased the percentage of cells at S
phase for the higher concentration used (11 ng/mL) pointing
to an S-phase delay. An S phase delay was also observed by
Liu et al. (2010) in HepG2 cells exposed to PVP-coated AgNPs.
However, Song et al. (2012) found an increase in the
percentage of cells at G2/M phase on HL-7702 cells (human
liver cell line) exposed to 100 png/mL mPEG-SH coated AgNPs
after 24 hr. Indeed, cell cycle arrest at G2 was also previously
observed as a result of AgNP exposure (AshaRani et al., 2009;
Kang et al., 2012; Lee et al., 2011; Wei et al., 2010). Xue et al.
(2016) found that no significant changes were observed on
HepG2 after exposure to 40 and 80 pg/mL AgNPs for 24 hr. In
our study, both exposures promoted the appearance of
superG2 subpopulations. This suggests that exposure to
AgNPs stimulates the proliferation of the hyperdiploid karyo-
type subpopulations (ATCC 2015; http://www.hepg2.com/)
over the typical diploid profile, meaning an increase of the
heterogeneity of this culture, and the consequences of this

400
a b c
1500 ]
“ 150 300
T i € -
3 1000 31007 3 200 - L
500 50 '[ 100
. \
X Wi -
J el | | l
0 T ‘T_'_' T |l T 0 T T 1 T T 0 T 1 1 1
0 200 400 600 800 1K 0 200 400 600 800 1K 0 200 400 600 800 1K
FL3 FL3 FL3

Fig. 7 - Examples of HepGz2 cell cycle histograms. The histograms were obtained after 24 hr of AgNPs exposure, measured by
flow cytometry. (a) Control; (b) 11 pg/mL of citrate-AgNPs; and (c) 11 pg/mL of PEG-AgNPs.
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Fig. 8 - HepG2 gene expression of cell cycle genes after 24 hr
of AgNPs exposure. (a) Cells exposed to citrate-coated
AgNPs; and (b) cells exposed to PEG-coated AgNPs. The
results were expressed as mean relative to control cells
(normalized with the GAPDH reference gene) and standard
deviation. ** indicate significant differences between control
atp < 0.01 and * p < 0.05.

increase remain unknown, as well as the behavior of each
subpopulation individually.

Expression of two selected cell cycle regulator genes was
also assessed in this study. Cyclin B1, encoded by the CCNB1
gene, is a regulatory protein which complexes with Cdk1 and
both play a determinant role in G2/M phase transition of the
cell cycle. Cyclin E1, encoded by the CCNE1 gene, forms a
complex with Cdk2, which accumulates at the G1-S phase and
is degraded as cells progress through the S phase. From our
results, both AgNPs decreased the CCNB1 and CCNEI gene
expression for both concentrations used. CCNE1 gene expres-
sion was decreased after exposure to both AgNPs, especially at
the lowest concentration (5 pg/mL), although it was signifi-
cantly decreased only for PEG-AgNPs. This agrees with the
increase in the percentage of cells in S-phase observed for
both AgNPs. There are other studies on AgNPs cytotoxicity
in agreement with our results: Foldbjerg et al. (2012) found a
downregulation of CCNB1 and Cdk1 for A549 cell line; and also
Asharani et al. (2012) reported a downregulation of CCNB1 and
also of CCNE1 in normal human lung cells IMR-90 and human
brain cancer cells.

4. Conclusions

In sum, our study demonstrates that citrate-coated and PEG-
coated AgNPs have similar profiles in decreasing the viability of
HepG2 cells. Thus, and contrarily to what we have found in other
cell lines such as keratinocytes where citrate coating was
generally more toxic, in HepG2 cells the cytotoxicity of AgNPs
was independent of the studied coatings. Despite leading to low
proliferation, AgNPs did not induced apoptosis for the studied
concentrations and the apoptotic related genes BCL2 and BAX
were downregulated, supporting that the decrease of prolifera-
tion may be due to both cytostatic effects and/or necrotic events.

HepG2 showed the same profile of cell cycle dynamics after
exposure to both AgNPs, where, for the higher concentration,
there was an increase of the percentage of cells at S and G2
phases. Cyclins gene expressions CCNB1 and CCNE1 were also
downregulated, which supports cytostatic effects of these coated
AgNPs on this cell line. Also, both type of nanoparticles induced
higher heterogeneity of the population (increase % of cells at
super G2).

This study supports the claim for more thorough studies
on different cell lines before a decision can be reached on the
toxicity of each type of nanoparticles on humans. For this
reason, more research is needed to complement the existing
information about the cell lines response to different physi-
cochemical features of AgNPs currently used in industrial,
consumer products and nanomedicines.
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