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Impact of silver nanoparticles on human cells: Effect of particle size
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Abstract

This work investigated the cyrotoxicities of three silver nanoparticles (SNPs) SNP-5, SNP-20 and SNP-50 with different sizes
(~ 5 nm, ~ 20 nm and ~ 50 nm) using four humian cell models {(A549, SGC-7901, HepG2 and MCF-7}. Endpoints included
cell morphology, cell viability, cellutar membrane integrity, oxidative stress and cell cycle progression. Observable deleterious
effects on the cell morphologies and membrane integrity were induced by SNP-5 and SNP-20. SNPs clevated the ROS levels in
cells and arrested the cells at S phase. Apoptosis occuwrred for 4-9% of the exposed cells. All these ceflular responses as well as
EC50 vaiues were found to be size-dependent for the tested SNPs. Ultrastructural observations confirmed the presence of
SNPs inside cells. Elemental analysis of silver in cells by ICP-MS showed that smaller nanopartictes enter cells more easily than
larger ones, which may be the cause of higher toxic effects. The findings may assist in the design of SNP applications and
provide insights into their toxicity.

Keywords: Silver nanoparticles, cytotoxicity, size-dependent

Introduction

Materials at nanometer scale exhibit remarkable char-
acteristics such as ecxtraordinary electric, light-
emitting, and catalytic properties, and hold great
promises in both industrial and biomedical applica-
tions {Service 2003). More and more products
containing nanomaterials emerge in the commer-
cial market and are present in our daily life. Of
these various nanotechnology products, those con-
taining silver nanoparticles (SNPs) belong to some of
the fastest growing products, especially within the
medical and healthcare sector. They are used as
-antimicrobial agents in wound dressings, surgical
instruments, bone prostheses, room sprays, laundry
detergents and wall paint. They can also be incorpo-
rated into textiles for the manufactrure of clothing such
as underwear and socks (Benn and Westerhoff 2008).
All of these products usually come in direct contact
with humans, which may increase the possibility
of SNPs to enter human bodies, tissues and cells
(Susan et al. 2009). Therefore, studies on the

potental toxicities of SNPs are urgent for their bio-
safety evaluation due 1o their widespread application
in various fields.

Bulk silver used to be considered as a non-
hazardous element. Most of investigatons about
toxicities of silver focused on the elemental silver
and silver ions (Ag"). Based on available rosicological
research, long-term exposure to siver ions could
cause argyria, a permanent bluish gray pigmentation
of the skin (Greene and Su 1987). Other toxic effects
such as incidences of ventricular hypertrophy, hepatic
necrosis and ultrastructural changes of the liver were
also observed from exposure of 0.1% silver ions at a
dose of 89 mg/kg/day in rats for 218 days (Olcott
1950}. The release of free silver ions was demon-
strated to be one mechanism of silver toxicities.
The size of silver particles can influence the rate of
release of silver ions. As preceding works revealed
(Hussain et al. 2005; Hsin et al. 2008), the cytotox-
icity of silver particles increases dramatically as their
size reduced to nanoscale. It was reported that the
toxic effects induced by SNPs (15 nm) were about
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50-fold more pronounced than those by silver car-
bonate (Braydich et al. 2005). Cytotoxicity of SNPs is
likely attributed to the size of the particles because
larger silver particles (250 pm) show no notable
effects even at higher doses (Msin et al. 2008). Com-
pared to other metallic nanoparticles and micro-par-
ticles such as Fes Oy, Al, MnO,, MoQO3 and W, SNPs
at the sizes of 15 nm and 100 nm induce more
significant toxicities to BRL 3A rat liver cells
(Hussain et al, 2003). When used as a topical anti-
microbial agent, SNPs with the diameter of 10 nm
could destabilize the outer membrane, collapse the
plasma membrane potential and deplete the levels of
intracellular ATP in Escherichia coli cells. The anti-

microbial action mode was similar to that of Ag” ions

(Lok et al. 2006). While in algae celis, when compared
as the function of the Ag® concentration, the toxicity
induced by SNPs is much higher than that by AgNO;
(Navarro et al. 2008). Although the use of SNPs is
growing, there are still a number of important knowl-
edge gaps about the safety of SNPs (Susan et al

2009). Few studies discuss in detail the size~-depen- -

dent cellular impscts, which may greatly limit the
accurate biosafety assessment, as nanoparticles at
various sizes possibly induce rather different effects
on the organisms (Nel et al. 2006),

The present study investigated the multiple 10xi-
cities of SNPs on human celis and compared the
impacts caused by SNPs at three different sizes.
Associating with reports about the effect of silver
jons and surface chemical modification, this work
discussed the effect of particle size on the cytotoxicity
of SNPs.

Materials and methods
Silver marerials

The tested materials included three sizes of SNPs:
SNP-5 (~ 5 nm), SNP-20 (- 20 nm) and SNP-50
(~ 50 nm). SNP-5 and SNP-20 were purchased from
Huzheng Nano Technology Limited Company
(Shanghai, China). The protective agent of these
commercial SNPs is the low toxic polyvinylpyrroli-
done (PVP). SNP-50 was synthesized by reducing
silver nitrate (AgNQO3) following a previously reported
method with minor moedification (Gu et al. 2002),
Total 100 ml AgNO, solution (1 M) was dripped into
500 ml reducer agueous sclution which included
0.1 M sodium hypophosphite (NaF,PO;}, 0.02 M
H,S0, 0.01 M sodium hexametaphosphate as
disperser and 4.0 g PVP as protective agent. This
reaction processed in 40-42°C bath water under
constant magnetic stirting. The obtained silver colloid

was centrifuged at 10,000 rpm for 15 min to remove
the soluble chemicals involved in manoparticle syn-
thesis. Then 3 mil 1% passivant (1, 2, 3-benzitriazole)
was added into the nanoparticles and removed after
20 min by centrifugation. Finally, the nanoparticles
were rinsed with acetone and absolute ethanol and
dried at 45°C for 24 hin a vacuum oven, The SNIP-50
after dried was suspended in deionized water using
sonication for 30 min in ice bath, The SNP-5 and
SNP-20 were purified by the same wash process of
SNP-50 before cell experiments. The final centrifugal
supernatant of nanoparticle suspensions was used as
solvent control.

The morphologies of SNPs were observed by trans-
mission electron microscopy (TEM, Hitachi H-7500,
Japan) and the particle sizes were identified by the
nano particle size analyzer (N5, Backman, USA).
Free Ag' in SNPs suspensions and cell culture
medium was measured using a Silver Ion-Selective
Elecirode (Ag-ISE; JENCO, Shanghai, China}.

All SNPs were suspended in deionized water to 1 g/l
as stock suspensions by sonication. The stock suspen-
sions of SNPs were maintained at 4°C in the dark and
they can maintain monodispersed for several months.
The exposure suspensions were prepared by series of
dilution with cell culture medium by stirring for about
2 min just before each experiment. The silver nirrate
solution was prepared in the same way as described
above,

Destgn of the exposure experiments

The changes in cell viability and cell mmorphology were
first studied in this smady. AgNQO;, SNP-5, SNP-20
and SNP-50 were diluted to a series of concentrations
(0.01, 0.1, 0.5, 1, 2.5, 5, 10, 25, 50 and 100 ug/ml) in
cell culture medium to study the dose-related toxi-
cities. Considering the discrepancy between different
cell lines, four cell lines derived from different
tissues (A549, Hep(2, SGC7901 and MCF-7)
were used to assure the universality of the toxicity
effect. In the subseguent experiments, we chose
HepG2 cells as the cell model. According to the
EC50 values, series concentrations of AgNO; -
(0.01, 0.1, 1 pg/ml), SNP-5 (0.01, 0.1, 1 ug/ml),
SNP-20 (0.1, 1, 10 ug/ml) and SNP-50 (0.1, 1,
10 pg/mi) were tested for their potential influences
on membrane damage and oxidative stress of the
cells, The cell cycle progression, apoptosis and necro-
sis in the cells treated with different doses (0.1, 0.5,
2.5 pg/ml) of AgNOs, SNP-5, SNP-20 and SNP-50
were also investigated at time points of 6, 12 and 24 h.
Negative control was performed in each experiment
to confirm the feasibility of the cell lines.




Cell culture

The four fypes of commercial available cell lines
used in this study were human lung adenocarcinoma
ephithelial cells (A549), human stomach cancer
cells (SGC-7901}, human hepatocellular carcinoma
cells (Hep(G2) and human breast adenocarcinoma cells
(MCE-7). A549 and SGC-7901 were maintained in
RPMI1640 medium (Hyclone, Logan, UT, USA).
HepG2 and MCF-7 were culured in Dulbecco’s
Modified Bagle’s Medium (DMEM; Hyclone). All
medium was suppiemented with 10% fetal bovine
serum (FBS; Gibco, Grand Isiand, NY, USA) and
100 U/l penicilli/streptomycin (Gibeo). All cell lines
were grown at 37°C in a 5% CO; humidified envi-
ronment. The cells at a logarithmic phase of growith
were used for the exposure tests.

For assay of cell viability, cell morphology and
intracefiular ROS generation, cells were cultured in
96-well plates (Cormning, Costar, NY, USA) at a density
of 5000 cells per well with 150 ul culture medium. The
measurement of membrane damage, SOD and GSH
levels were performed in 35 % 10 mm dishes (Corn-
ing), and the density was 1 x 10° cells per dish with
2 ml cuiture medium. For analysis of internalization of
silver nanoparticles, cell cycle progression, apoptosis
and necrosis, cells were cultured in 100 x 20 mm
dishes (Corning) at a density of 1 x 10° ceils per dish
with 10 ml culture medium. All cells were cultured for
24 h to achieve approximately 80% confluence before
treated with various silver solutions.

Cell viabiliry

The cell viability was examined using MTT assay
{Mosmann 1983). Cells were exposed to AgNO,,
SNP-5, SNP-20 and SNP-50 for 24 h. At the end
of exposure, 150 ul methyl- thiszoletetrazolivm
(MTT; Amresco, Solon, OH, USA) solurions
(0.5 mg/mi in cell culture medium) were added to
each well and the cells were incubated at 37°C for 4 h.
After incubation, MT'T solution was aspirated and the
cells were treated with 150 pl dimethyl suifoxide
(DMSO; Amresco). The plates were slightly shaken
at room temperature until the crystals dissolved,
Absorbance was measured at 490 nm using a multi-
mode microplate spectrophotometer (Thermo Elec-
tron, Varioskan Flash, USA).

Cell morphology

Changes of the cell morphology were observed using
an optical microscope (Zeiss Axiovert 200, Jena,
Germany). Hoechst 33342 staining was used to study
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alterations in the nuclear morphology. The exposed
celis were washed with ice-cold phosphate-buffered
saline (PBS, 0.1M) and treated with Hoechst 33342
(5 pug/ml; Amresco) in the dark at room temperature
for 20 min, then observed by the fluorescent micros-
copy {Zeiss Axiovert 200) at the excitation wavelength
of 365 nm.

Cellular uptake of silver nanoparticles

The tested chemicals AgNQO,, SINP-5, SNP-20 and
SNP-50 were added at the exposure dose of 1 pg/ml.
After 6 h, cells were collected and washed three times
with PBS. An aliquot of the collected cells was
digested with 300 pi HNQO; and 100 ul 30% H,0,
for 12 h, then total silver concentration inside cells
was measured in 5% HNO; solutions by ICP-MS
(Agilent 7500, USA).

Another aliguot of the treated cells was used for
TEM observation to further confirm the presence of
silver nanoparticles inside the cells, The cells were
washed three tmes with cold PBS, fixed in 2.5%
glutaraldehyde for 12 h, then washed three times
with PBS and post-fixed in 1% osmium tetroxide
for 4 h. After fixation, specimens were washed three
times with PBS, and dehydrated in a graded series of
50, 70 and 80% acetone and twice in 90%, for 10 min
each, and twice in 100% acetone, for 15 min each.
Samples were embedded in a mixture of EPON resin
and polymerized at 60°C for 36 h. Ultra thin sectdons
for TEM were prepared with a diamond knife, col-
lected on copper grids, and contrasted with aranyl
acetate and lead citrate. Samples were finally anatyzed
using TEM (Hitachi H-7500, Japan).

Cellidar membrane integrivy

The cellular membrane integrity was evaluated by
lactate dehydrogenase (ILDH) activity. 1% TWEEN
80 was used as the positive control and 0.1% PVP30
was used as solvent control. After 24 h exposure, the
cell medium was collected and T.DH activity in
medilun was determined using a commercial Kit
(Jiancheng Bioengineering Institute, Nanjing, China).

Cellular oxidative stress

ROS generation, SOD and GSH levels were mea-
sured to indicate the cellular oxidative stress after
exposure of silver nanoparticles. The ROS generation
was determined by a fluorometric assay using intra-
cellular oxidation of 27, 7'-Dichlorofluorescin diace-
tate (DCFH-DA) after 2 and 24 h exposure. 10 uM
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H,0, was used as positive control (exposed for 0.5 h).
“The cells were washed with PBS and then incubated
with 20 UM DCFH-DA for 30 min. At the end of
DCFH-DA incubation, the cells were washed with
PBS and lysed with DMSO. The aliquots were trans-
ferred to a biack well plate (Corning). Then, the
fluorescence of dichlorofluoroscein {(DCF), as the
oxidized product of DCFH-DA, was measured using
the microplate spectrofluorometer (Thermo Elec-
tron) with excitation and emission wavelengths at
485 nm and 530 nm, respectively, For the visual
image of ROS generation, the flucrescence in cells
was visualized using the fluorescence microscope
(Zeiss Axiovert 200) with an excitation wavelength
of 485 nm.

TFor detection of SOD and GSH levels, the exposed
cells were collected and lysed by cell iysates (Pro-
mega, Madison, W1, USA). SO and GSH activities
were measured by commercial kits {Jiancheng Bioen-
gineering Institute, Nanjing, China). The measure-
ments were carried out following the operation
procedures in the specifications. An aliquot of the
above cell lyses’ samples was used to measure total
protein concentration. The total protein was mea-
sured by the Bradford method (Bradford 1976) and
bovine serum atbumin (BSA) was used as standard.

Analvsis of cell cvele progression

Cell cycle progression was analyzed using a flow
cytometer (FACSCalibur, Becton Dickenson, CA,
USA). After 24 h of exposure, the collected cells
were washed by PBS and fixed using 70% ethanol
for 2 h or longer. Ethanol was removed by centrifu-
gation (1500 rpm, 5 min) and the cells were washed
twice with PBS. Cells were then resuspended in PBS
containing RNase (1 mg/ml; Sigma, St Louls, MO,
TUSA) and propidium iodide (PI, 30 pug/ml; Sigma)
and kept at 37°C in the dark for 30 min. The cell cycle
was analyzed by measuring the amount of Pl-labeled
DNA in fixed cells by the flow cytometer,

Analysis of apoptosis and necrosis

Apoptotic and necrotic cell death were analyzed by
double staining with Annexin V-FITC and PI, in
which annexin V bound to the apoptotic and necrotic
cells with exposed phosphatdylserine, while PI
labeled the necrotfic cells with membrane damage.
100 U/ml TNE-o (Calbiochemn, San Diego, CA,
TUSA) was used as positive control. After 24 h of
exposure, the cells were collected and stained using
Annexin V-FITC Apoptosis Detection Kit (Bender,

Austria). Then, the samples were detected by the flow
cytometer.

Statistics analysis

Results were expressed as the mean value & standard
deviation obtained from at least three independent
experiments. Data were tested for statistical differ-
ences (o = 0.05) using SAS system (SAS Institute
Inc., Cary, NC, USA) by one-way analysis of variarnice
(ANOVA) and Tukey-HSD method.

Results

Characterization of silver nanoparticles and their size-
dependent cyrotoxicity

The morpheologies of SNPs observed by TEM are
shown in Figure 1A-C. The particle sizes were 5.9 %
3.3,23.8+ 6,7 and 47.5+ 22.1 nm for SNP-5, SNP-20
and SNP-50, respectively (Figure 1D--F).

The free Ag” released by SNPs in cell culture
medium was less than 1% under the conditions we
used in the cytotosicology experiments (see Supple-
mentary Figure S1 B, online version only).

Based on MTT assay, ihe dose-dependent toxicity
of SNPs was measured in A549, HepG2, MCF-7 and
SGC-7901 cells. Comparison of EC50 values based
on both mass concentration (Table I) and surface area
(Table II) showed that the SNP with the smallest size
{S§NP-5) was the most toxic material to cells.
In Table I, the order of toxicity was as follows:
SNP-5 > Ag" > SNP-20 > SNP-50 for all four cell
lines, indicating that the toxicity was negatively cor-
related with the nanoparticle sizes.

Cell morphological changes

Morphological observations indicated dose-related
alterations in the exposed Hep(2 cells. Cells in the
negative control group showed normal shurtle shapes
and they grew by adhering 1o the wall of culture plate.
After 24 h of exposure to 1 pg/mt AgNQO,, the cells
became round and detached from the culture plate.
The cells in the 1 pg/ml SNP-5 exposure group
became swolien. For SNP-20 and SNP-50 (both at
10 pg/mi) exposure groups, some of cells maintained
normal structures, while the others appeared collapse.

The Hoechst 33342 staining is a common method
1o analyze the nuclear morphology of cells (Allen et al.
2001). Under fluorescent microscope, the negative
control cells were stained uniformly blue (Figure 2A).
In groups treated with AgNO5 and SNP-5 (both at
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Figure 1. Transmission electron microscopy {TEM) images of siiver nanoparticles. (A) SNP-5, inset shows a high resolution transmission
electron microscopy (HRTEM) image of SNP-5; (B) SNP-20; (C) SNP-50. The scale is 100 nm. {D-F) The size distribution of SNP-5 ),
SNP-20 (E) and SNP-50 (F) (see colour vession of this figure in the online version of this article).

Table I. Median effective concentrarion (EC50) for cell mortatity in four different cel lines after exposure 1o Ag*, SNP-5, SNP-20, SNP-50
for 24 hours,*

Cell lines AgNO, (ug/mi) SNP-5 (ug/ml) SNP-20 (gfenl) SNP-50 (ug/ml)
A549 3.62 + 0.96 1.02 £ 0.05 9.96 + 1.84 14.31 £ 2.08

HepG2 P11 £ 027 0.59 + 0.14 25.35 & 4.65 3357 & 10.52
MCE-7 1.81 £ 0.81 0.51 £ 0.02 14.33 + 5.61 47.64 + 14.67
SGC-7901 3.23 & 0.48 0.92 £ 0.07 50.94 + 3 85 112.03 + 41.80

*ECs; was regressed by the four paramerer logistic curve (Sigma Plot 10.0): y = min + [(max —min)/1 + GEC50) T8 Sandard deviation
was calculated by four replicadions.
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Table [F. Values of EC50 based on specific surface area of silver nancparticies.

Cell lines SNP-5 {m®/mi) SNP-20 (m?/ml) SNP-50 (m*/mh
A549 0.12 = 0.01 0.28 & 0.05 0.16 £ 0.02
HepG2 0.07 £ 0.02 0.72 £ 0.13 0.38 £ 0,12
MCE-7 0.06 + 0.00 0.41 % 0.16 0.54 + 0.17
SGC-7901 0.10 + 0.01 1.46 £ 0.09 108 £ 0.48

1 ug/mb), a majority of cell nucleus were condensed as
bright dots (Figure 2B and 2C, marked by open
arrows). There were also some nuclear fragments
{several small dots inside one single cell, marked by
arrowheads) and apoptotic bodies (small dots
alongside of big ones, marked by thick arrows).
In SNP-20 and SNP-50 treated groups (both at
50 pg/ml, Figure 2D and 2E), most cells were normal
and stained uniformly blue. Only a few cases of
nuclear condensation, nuclear fragments and apopto-
tic bodies were observed.

Cellular uptake of silver nanoparticles

The celiular uptake of different sizes of silver was
studied to elucidate the possible mechanism of the
cytotoxicity of SNPs. The cellular uptake was
detected after 6 h exposure. Washing the cells three
times can remove some of SNPs on the cellular
membrane, but membrane-bound SNPs may not
be completely excluded. Measurement of total silver
concentration in cells showed thar 0.004-0.031% of
silver entered into the cells. Relatively higher levels of
silver were present in cells exposed to SNP-5 than to
SNP-20 and SNP-50 (Figure 3), indicating the poten-
tial size-dependent cellular uptake of SNPs. In addi-
tion, the celiular silver levels in cells cultured in fetal
bovine serum (FBS)-free medium increased by
338 + B.78% as compared to those in 10% FBS-
containing medium (Figure 3). This observation
might be due to binding of SNPs with protens in
FBS, which decreases the amount of available SNPs
to enter the cells. TEM image was obtained to further
confirm the cell-uptake of SNPs. Compared with the
untreated cells (Figure 4A), there were many clumps
of SNPs in endosomes and cytoplasm in SNP-treated
cells (Figure 4B-D, indicated by black thick arrows).

Cell membrane integrity

As the released LI3H is proportional to the number of
cells with membrane damage (Haslam et al. 2000,
extracellular LIDH levels were investigated to evaluate

the cell membrane damage elicited by SNPs. The
solvent control showed no impact on the cell mem-
brane integrity, means the effect was caused by silver
materials alone. A dose-related increase in the exira-
cellular LDH levels was found in all exposure groups
after 24 h (Figure 5), which suggested that the
exposed cell membranes were damaged, leading to
the leakage of intracellular LDH, The ability of elicit-
ing LDH leakage was in the order of AgNQ; > SNP-
5 » SNP-20 > SNP-50, which was similar to the trend
for cell viabilities.

Cellular oxidative stress

Oxidative stress in cells can be evoked by the cellular
uptake behavior of extraneous particles or by the
redox and catalytic properties of the internalized
particles (Lynch et al. 2006; Limbach et al,
2007; Auffan et al. 2008). To investigate the cellular
ogidative stress induced by SNPs, we measured the
changes in intracellular reactive oxygen species (ROS)
generation, SOD activity and GSH levels. From the
fluorescence images (Figure 6B), the brighiest green
fluorescent cells were from the positive control group,
confirming the feasibility of the method for ROS
evaluation. After 2 h of exposure, the fuorescent
intensity was enhanced. This effect could still be
observed after 24 h. Compared 1o the negative control
group (Figure 6A), relatively strong Huorescent cells
were observed in those treated with AgNQO; (1 pg/ml)
and SNPs (1 pug/ml) (Figure 6C-F), indicating that
ROS were evoked by AgNO; and SNPs. Quantita-
dve analysis of intracellular ROS levels showed
that the relative fluorescent intensities increased
to 241.36 £ 61.01%, 238.18 = 12.00%, 165.43 +
19.35%, and 147.48 + 13.91% of the negative control
in AgNO; (1 pg/mb, SNP-5 (1 pg/ml), SNP-20
(10 pg/ml), snd SNP-50 (10 pg/ml) groups after
24 h exposure (Figure 6G). It is lower than that of
2 h of exposure (Figure 6H). SNPs also caused
depletion of SOD activity and disturbance of GSH
levels in a dose-dependent manner (Figure 7A, 7B).
Results suggested that internalization of SNPs dis-
turbed the cellular antioxidant defense system by
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Figure 2. Micrographs of Hoechst 33342 stained cellular nuclear of HepG2 cell tine. Images obtained ar x200 magnification. {A) Negative
control; (B) AgNOs 1 pug/ml; (C) SNP-5 1 pg/ml; D) SNP-20 50 pg/ml; (E) SNP-50 50 pg/ml. (Open arrows: nuclear condensaton;
Arrowheads: nuclear fragments; Thick arrows: apoptosis bodies) (see colour version of this figure in rhe online version of this article).

evoking ROS, exhausting the antioxidant ENZYINES,
and changing the levels of the antioxidant molecules.

Cell cycle progression

The cellular oxidative stress may affect the cell cycle
progression by producing early DNA damage. There
are four distinct phases in a population of proliferating
cells: growth and preparation of the chromosomes for
replication (G1 phase), synthesis of DNA and dupli-
cation of the centrosome (8 phase), preparation for
mitosis (G2 phase) and mitosis (M phase} (Nunez
2001). To smdy the influences of SNPs on the cell

cycle progression, the exposed cells were measured by
flow cytometry after propidium iodide {PI) staining. As
shown in Figure 8A, after 24 h exposure, the relative
amounts of G1 phase decreased from 75.53 £ 0.79% 1o
68.06 + 2.85%, 64.82 * 5.36%, 69.93 £ 2.30% and
73.77 + 1.22% for AgNQ;, SNP-5, SNP-20 and SNP-
50 (all at 0.5 pg/ml, 24 h), respectively, whereas those
in S phase increased from 17.85 + 0.21% to
24.15 + 2.23%, 27.54 = 4.85%, 22.27 + 1.85% and
19.88 + 1.20%. These changes in G1 and S phase
suggested that cell cycle events were disturbed by
SNPs. The order of the cell cycle arrest was SNP-
5 > Agt+ » SNP-20 > SNP-50,
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Apoptosis and necrosis

It is known that irreparable DNA damage will even-
weally lead to cellular apoptosis. During apoptosis, the

30
<001
25 [ | 1
I “020.01
—
20 P00
i
15 3

Total Ag {ng/10%cells)

Control  Ag* SNP-5 SNP-20 SNP-50 SNP-50
without FBS

Figure 3. Total sitver concentrations in HepG2 cells after exposure
10 AgNQ;, SNP-5, SNP-20 and SNP-50 (1 pg/ml) for 6 hours.

Figure 4. TEM images of SNPs internalization in HepG2 cells after exposure at 1 pg/ml for 6 hours. {A) Untreated control; (B) SNP-5; <)
SNP-20; (D) SNP-50. Black thick arrows: silver nanoparticles. Arrow heads: membrane of nucleus. Open arrows: membrane of cells.
N: nuclear of cell; Mi: mitochondria; Ly: lysosome, The scale is 2 pm.

cellular chromosome DNA loses small DNA frag-
ments, which can be determined by flow cytometry
as the hyplo-diploid cell in subGl phase. In this
study, the ratio of subG1l cells in control cells was
1.27%, while it respectively increased to 8.08%,
12.85%, 5.42% and 3.26% in AgINO; (2.5 ug/mi, 6
h), SNP-5 (2.5 ug/ml, 6 h), SNP-20 (2.5 pg/ml, 24 h)
and SNP-50 (2.5 ug/ml, 24 h) exposure groups with-
out obvious subG1 peaks in the cellular DNA content
histograms (the data was shown in Supplementary
Table SI, online version only).

The relative amount of apoptosis cells (sum of the
early apoptosis cells and the late apoptosis cells) were
4.64 = 0.68%, 8.28 £ 1.88%, 6.53 + 1.16% and
4.58 + 2.44% for AgNQs;, SNP-5, SNP-20 and
SNP-50 (all at 0.5 pg/ml, 24 h), with the control
group at 2.39 = 0.33%. Despite the increased fraction
of apoptotic cells in the silver exposed groups, there
was no significant difference between the treated and
control groups for necrosis (Figure 8B), implying that
the SNP-induced cell death is mainly caused by
apoptosis.
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Figure 5. The LDH levels in cell medium after the HepG2 cells
were treated with AgNO,, SNP-5, SNP-20 and SNP-50 for 24
hours. *p < 0.03, *p < 0.01.
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Drscussion

There is a long history of using silver and silver
compounds in antibacterial products. Silver at nano-
scale was reported to possess stronger antibacterial
activities than silver ions and have similar mode of
action (Lok et al. 2006; Choi and Hu 2008). How-
ever, there is no comprehensive study currently which
compares the cytotoxicity of silver ions and SNPs in
human cells. Considering their potential appiications
in daily life, SNPs may enter human body through
various routes such as the respiratory tract, gastroin-
testinal tract, skin and blood (Takenaka et al. 2001;
Gan et al. 2004; Trop et al. 2006; Zhang and Sun
2007). Recent research has indicated that various
tissues such as lung and liver might be important

G. 350

300

250

200

EU.

150

100

50 4

Control H,0, Ag* SNP-5 SNP-20 SNP.50

H. 600

500

400

FU.

300

200 1+

100 -

Controt Hy0, Ag* SNP-5 SNP-20 SNP-50

Figure 6. Intracellular ROS levels in HepG2 cells, (A-F) Fluorescence images. Images obrained at x200 magnification. (A} Negative control;
(B} Positive control (10 pM H,05); (C) AgNO; (1 ug/mb); (D) SNP-5 (1 pg/ml); (E) SNP-20 (10 pgfmly; (F) SNP-30 (10 ug/ml), (G) The
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targets for SNPs (Susan et al. 2009). Four cell lines
which are derived from different human organs were
thus selected to evaluate the in vitro effects of SNPs in
the present study. SNPs at three different sizes exhib-
ited apparent togicity to all the tested cell lines. In
order to ensure the comparability of the two SNPs
bought from a commercial supplier with the third
SNT synthesized in-house, the same protective agent
was used and special washing, processing and purifi-
cation steps were carried out. Furthermore, the final
centrifugal supernatant was used as a solvent control
in the cell experiments. The cytotoxicity of SNPs is
presented in mass concentration (Table I) and surface
area (Table II). SNP-5 showed the highest toxicity
with even less surface areas indicating that other
behavior of SNP-5 such as cellular interactions might
make extra negative contributions.

The internalization of SNPs at various sizes was
observed in the esposed cells. SNPs might firstly
disturb cellular membrane integrity in the process
of entering cells. In previous studies, cell membrane
damage was considered to be the mechanism for the
cytotoxicity of Ag* (Chen and Schiuesener 2008). It
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Figure 8. The cell cycle changes (A) and apoptosis/necrosis
(B) induced by SNPs treatment (0.5 pgiml, 24 hours} in HepG2
cells. *p < 0.05, **p < 0.0,

was attributed to the binding between Ag" and thiol
groups in proteins that on the celtular membrane. In
the cell culture medium, the Ag® released by SNPs
was Jower than 1% for three kinds of SNPs. The
released Ag’ may be one factor that contributes to
the toxicity of SNPs. On the other hand, Navarro et al.
(2008) observed Ag® on the surface of SNPs and
suggested that the SNPs might interact with proteins
and enzymes with thiol groups through the surface
silver jons. As earlier research reported, the descent
of a particle size allows a greater proportion of its
atoms to be displayed on the surface rather than the
interior of the particle (Oberdorster et al. 2005).
Hence we speculate that the SNP-5 in this study
possesses of the strongest activity to interact with
the cellular membrane. Our resuits confirmed that
SNP-5 led to the most serious damage to the cellular
membrane compared to SNP-20 and SNP-50 at the
same dose (1 ng/mi; Figure 3).

The potential toxicity mechanism of SNPs could
also be related to their catalytic properties (Shen et al.
2004; Limbach et al. 2007). At nanoscale, both the
surface atoms and structural defects Iincrease




exponentially as the particle size decrease, as well as
the active sites on the particle surface {Nel et al,
2006). In view of the large specific surface area,
various nanoparticles have been found to churn out
a plethora of ROS and provoke oxidative stress
{(Kaewamatawong et al. 2006). A boost of intracellular
ROS was also observed in this study, suggesting that
SNPs could lead to oxidative stress in cells, which was
further validated by the changes in SOD activities and
GSH levels. The ROS-generating capability of SNPs
was also inversely proportional to the particle size
{(Figure 6G). Under normal condition or mild stress,
ROS can be easily neutralized by antioxidant enzymes
(such as SOD or GSH). However, under violent
stress, ROS generation may be overwhelming and
antioxidant enzymes and molecules may be
exhausted. In this study, all of SNP-5, SNP-20 and
SNP-50 could induce a drop of SOD acuvity but only
SNP-5 depleted the GSH level. The stronger oxida-
tive activity of SNP-5 is probably dues to two facts;
The more catalytically active sites and the easier
internalization in cells {Figure 5). Both facts have a
direct relationship with the particle size.

Oxidative damage usually results in interference of
cell cycles. As observed herein, the exposure of SNPs
disturbed the cell cycle progression and caused a
decrease of cells in the G1 phase and cell cycle arrest
in 8 phase (Figure 8A). The G1 phase is important in
the cell cycle because cells grow and prepare chromo-
somes for replication during this stage. The S phase
arrest will allow cells to repair the DNA damage
prior to mitosis. If the damage is severe and irrepa-
rable or if the repair pathway fails, cells will undergo
apoptosis or necrosis. Previous studies showed con-
flicting resuits regarding to SNP-induced apoptosis
(Arora et al. 2008; Asharani et al. 2009). In this study,
apoptotic bodies in Hoechst stained cells and those in
sub(G1l phase were observed after SNPs treatments
(Figure 2), but the annexin V/PI staining data showed
that the proportion of apoptotic cells was lower than
10% (Figure 8B). The result was consistent with the
report in AshaRani’s work (AshaRani et al. 2009}, No
massive apoptosis could be artriburable to the result of
damage repair process during cell cycles. Further
studies are sull necessary to explain the mechanism
of cell death induced by SNPs.

In sum, the toxicological activities of SNPs were
found to be size-dependent based on the assessment
of the tested endpoints. SNP-5 exhibited the highest
activity in cell morphological changes, cell membrane
damage, ROS generation, and cell cycle arrest and
celi apoptosis, even more toxic than silver ions in cell
cycle arrest and cell apoptosis. Results also showed
that SNP-5 could enter into cells much easier com-
pared to SNP-20 and SNP-50. Similar results were
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also observed for other nanoparticles such as TiQ,
and gold nanoparticles (Chithrani and Chan
2007; Pan et al. 2007; Wang et al, 2007, Nan et al.
2008}, The corresponding biological reactivity of
smaller particles is expected to be higher, and may
lead to higher toxicity. The results from this study are
in line with previous studies on the size-dependent
toxicity of gold nanoparticles and SNPs 1o microor-
ganisms (Pan et al. 2007; Choi and Hu 2008). These
findings provided insights into the size-dependent
toxicities of SINPs in human cells, which implied
the risk of nanoparticles with smaller size. In wiwo
studies will be conducted to achieve more obiective
assesstnent on the risk of SNPs.
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