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Abstract: Silver nanoparticles (AgNPs) are widely used in numerous industries and areas of daily life, mainly
as antimicrobial agents. The particles size is very important, but still not sufficiently recognized parameter
influencing the toxicity of nanosilver. The aim of this study was to investigate the cytotoxic effects of AgNPs
with different particle size (~ 10, 40 and 100 nm). The study was conducted on both reproductive and pulmonary
cells (CHO-9, 15P-1 and RAW264.7). We tested the effects of AgNPs on cell viability, cell membrane integrity,
mitochondrial metabolic activity, lipid peroxidation, total oxidative and antioxidative status of cells and oxidative
DNA damage. All kinds of AgNPs showed strong cytotoxic activity at low concentrations (2+13 pg/ml), and
caused an overproduction of reactive oxygen species (ROS) at concentrations lower than cytotoxic ones. The
ROS being formed in the cells induced oxidative damage of DNA in alkaline comet assay. The most toxic was
AgNPs<10 nm. The results indicate that the silver nanoparticles, especially less than 10 nm, may be harmful to
the organisms. Therefore, risk should be considered when using nanosilver preparations and provide appropriate

protective measures when they are applied.

Introduction

Nanosilver, mainly due to the antimicrobial properties, is
widely used in numerous industries and areas of daily life.
Silver nanoparticles (AgNPs) are used in biomedicine (as
antibacterial agents, antibacterial coatings, disinfectants for
medical devices); in chemical industry (paints, varnishes,
adhesives, polymers); in cosmetics and care products (soaps,
toothpaste); in food product packaging; in home appliances
(refrigerators, washing machines, air-conditioners with
nanosilver-containing coatings); in items of clothing (socks),
and many others (Luoma 2008, Senjen et al. 2009, SCENIHR
2014, EPA 2015). Hundreds of nanosilver products are
currently on the market, and their number is growing rapidly.
It is estimated, that annual quantities of AgNPs introduced to
the global market are around 20 tonnes (SCENIHR 2014).
A significant quantity of nanosilver released from professional
use and consumer products gets into the natural ecosystems (EPA
2015). Silver nanoparticles may be released to the environment
from discharges at the point of production, from erosion of
engineered materials in household products, and from washing
or disposal of silver-containing products (Marambio-Jones
and Hoek 2010). Release into the surrounding environment
results in changes to AgNPs properties via oxidation and
sulfidation. More recent studies of the pathway of chemical
transformations of nanosilver in different environmental

compartments demonstrated that AgNPs are bound strongly to
sulfur (both organic and inorganic) in natural systems (fresh
and sea waters) as well as in wastewater treatment plants
and biosolids, where most Ag-NPs are concentrated as Ag,S
(Kim 2010, Kaegi 2011, 2013, Levard 2011, Impellitteri 2013,
Schlich et al. 2013). Sulfidation of Ag-NPs on the one hand
results in a significant decrease in their toxicity due to the lower
solubility of Ag,S (Levard 2013), but on the other hand, Ag,S
can be deposited in environment (for example in sediments or
soil) for a long time, being the source of very toxic silver ions
(Kim 2010, Kaegi 2011, 2013).

Most of AgNPs are expected to be concentrated and
released in wastewater treatment plants and finally in sewage
sludge where they could pose a risk for the aquatic ecosystems.
Biosolids recycled from sewage are incinerated or applied as
an agricultural fertilizer, and represent an important route of
exposure of ecosystems to AgNPs (Colman et al. 2013, Schlich
et al. 2013). It has been shown that AgNPs can cause adverse
effects to both aerobic and anaerobic bacteria in wastewater
treatment plants (Choi and Hu 2008). Numerous studies also
confirm that Ag originating from the NPs is bioavailable to
aquatic and terrestrial organisms (algae, fungi, crustacean, slugs,
insects, nematodes, gastropoda, fish and plants) resulting in
bioaccumulation and bio-magnification in food chains (Luoma
2008, Senjen et al. 2009, Marambio-Jones and Hoek 2010 and
references therein, SCENHIR 2014, Sohn et al. 2015).
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Another environment in which AgNPs could pose
a significant risk is the work environment (SCENIHR 2014).
Workplace exposure can occur at production, use, when
machining materials and from waste, and depends on the
work procedure and applied risk management measures. In
particular, exposure to aerosols may be important for health. It
was shown that even during a short-term spraying of nanosilver
preparation (for 10 s) at the distance of 52 cm from the place
of preparation spraying — particles of 10 nm — 10 pm can be
emitted into the air (Jankowska and Lukaszewska 2013).

Nanosilver has for years been of interest to toxicologists.
However, despite the results of numerous studies, the issue of
nanosilver toxicity is still unresolved (Senjen et al. 2009, Luoma
2008). The main knowledge gaps are related to toxicokinetics
data. There is a lack of consensus on the underlying mechanisms
that drive the toxicity of AgNPs — the particles per se, the
released Ag ionic species, or their combination (Wijnhoven et
al. 2009, Marambio-Jones and Hoek 2010, Beer et al. 2012,
Cronholm 2013, Gliga et al. 2014).

Scientific research indicates that AgNPs are able to
interfere with cellular functions and cause toxic effects,
including DNA damage and apoptosis in mammalian cells.
In vitro assays demonstrated toxic effects on macrophages,
lung epithelial cells, stem cells, liver cells, neuronal cells,
osteoblasts and many others (Arora et al. 2008, 2009, Asare
et al. 2012, AshaRani et al. 2009, Hussain et al. 2005, Kim
et al. 2010, Moaddab et al. 2011, Mukherjee et al. 2012). As
regards the mechanisms of toxic effects of silver nanoparticles,
the influence on the formation of free radicals is primarily
mentioned. The participation of reactive oxygen species in the
mechanism of nanosilver activity is indicated by the results
of the in vivo and in vitro studies (Wijnhoven et al. 2009,
Marambio-Jones and Hoek 2010). According to numerous
reports, the overproduction of free radicals, which leads to
oxidative stress, is caused by ions being released from silver
nanoparticles, including by a Trojan horse — type mechanism
(Carlson et al. 2008, Manke et al. 2013, Park et al. 2010,
Singh and Ramaro 2012). On the other hand, some studies
demonstrated that AgNPs toxicity is primarily the result of
oxidative damage and is independent of the toxicity of Ag+
ions (Kim et al. 2009, Verano-Braga 2014).

The size of nanoparticles is, generally, one of the most
important factors influencing their toxicity. Silver nanoparticles
being most widely used in the industry are those with a size
of 1-50 nm (Senjen 2009). Studies on toxic effects of metal
nanoparticles indicate that small particles, especially those
below 10 nm in size, may circulate freely within the body and
reach particular internal organs such as liver, spleen, kidneys,
lungs, and even reproductive system (Commission... 2012).
However, nanoparticles in culture media used in the in vitro
assays form aggregates and agglomerates, especially those
nanoparticles which are supplied in a form of powders. This
property of nanoparticles impedes the assessment of their
toxicity (Lankoff et al. 2012, Vippola et al. 2009). Despite
numerous in vitro assays confirming toxicity of nanosilver to
mammalian cells, the data on toxicity of AgNPs depending on
the particle size are rather scarce and often inconclusive. In
most of studies, the size-dependent relations were tested with
AgNPs with large differences between diameters e.g. 10 and
100 nm or 20 and 200 nm (Kruszewski et al. 2013, Wang et al.
2012, Jiao et al. 2014). The results of some studies indicate that

smaller AgNPs have a stronger effect (Kim et al. 2012, Park
et al. 2010, 2011, Gliga et al. 2014, Liu et al. 2010). This is in
disagreement with the results of Hussain et al. (2005) obtained
from rat liver cells (BRL 3A) which demonstrated a substantial
difference as regards the toxic effects of nanosilver particles of
15 and 100 nm, with the bigger particles (100 nm) exhibited
greater toxicity. In turn, Jiao et al. (2014) reported that 10 nm
and 100 nm AgNPs at the same mass did not exhibit dramatic
differences in cell proliferation or p38 activation in HepG2
cells.

The differences in the results of the cited research
prompted us to assess the size-dependent toxicity of silver
nanoparticles. Particularly interesting for us was whether
or not the most extensively used silver nanoparticles (size
of 1-50 nm) had stronger toxic effects than those of bigger
particles. For this purpose, we selected AgNPs with a nominal
size of 10,40 and 100 nm. Given the methodological difficulties
in ensuring homogeneity of nanoparticle dispersions (due
to agglomeration and aggregation), silver nanoparticles in
aqueous buffer, containing sodium citrate as a stabilizer were
used. This citrate-based agent was selected because, according
to the manufacturer, it provides long term stability, minimizes
the release ionic by-product in the supernatant, and is readily
displaced by various other molecules including thiols, amines,
polymers, antibodies, and proteins (www.sigmaaldrich.com).
Additionally, the recent studies indicate a negligible role
of citrate buffer in the toxicity of AgNPs (Gliga et al. 2014,
Miethling-Graff et al. 2014, Sheehy et al. 2015).

The studies were performed on both pulmonary and
reproductive system model cells, i.e. on murine lung
macrophages (RAW264.7) originating from the BALB/c
strain, and on Chinese hamster ovary cells (CHO-9) and
Sertoli cells (15P-1) originating from the testes of transgenic
mice. The studies on the effects of AgNPson reproductive
system may be of particular significance in the assessment
of health risks, in particular for the assessment of long-term
consequences of exposure. Sertoli cells belong the category of
so-called barrier cells — they are involved in the formation of
the blood-testis barrier which isolates the postmeiotic gametes
from the environment of the body (also from the impact of
mutagenic agents), and are capable of phagocytosis. Chinese
hamster ovary cells are a proven line with high sensitivity
to xenobiotics, including metals. Macrophages perform
protective functions in the body, being fulfilled through, inter
alia, the phenomenon of phagocytosis. Macrophages are also
involved in the initiation and sustaining of inflammatory
processes and in immunological reactions, and are considered
to be particularly suitable to nanoparticle testing (Hussain et
al. 2005).

Prior to testing, nanoparticles were characterized in terms
of particle size and particle size distribution using Dynamic
Light Scattering (DLS) and Nanoparticle Tracking Analysis
(NTA) methods. The following end-points were tested:
effects of AgNPs on cell viability, cell membrane integrity,
and cellular lysosomal activity (NRU assay); mitochondrial
metabolic activity (MTT assay); lipid peroxidation process
by measurements of thiobarbituric acid reactive substances
(TBARS assay); total oxidative status (TOS assay) and total
antioxidative status (TAS assay); DNA breakage estimated
by the comet assay and oxidative base damage recognized by
formamido-pyrimidine glycosylase (FPG).
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Materials and methods

Chemicals and reagents

For cell cultures were used: Dulbecco’s modified Eagle’s
medium (DMEM), F-10 (Ham) medium with L-glutamate, fetal
bovine serum (FBS) and Antibiotic-Antimycotic from Gibco
BRL (Life Technologies Ltd. Paisley, UK). Trypsin-0.02%
EDTA solution (0.25%) and 0.4% trypan blue stain were
purchased from Sigma Chemical Co. (St Louis, MO, USA).

For cytotoxicity assays were used: 3-(4,5 dimethylthiazol-
-2-yl)-2,5 diphenyltetrazolium bromide (MTT), Neutral Red
Solution (NRU); Hank’s Balanced Salt Solution, Dulbeco’s
Phosphate Buffered Saline, dimethylsulphoxide (DMSO) from
Sigma; glacial acetic acid (100%) from Merck (Darmstadt,
Germany); ethanol (96%) from POCH (Poland).

Oxidative/antioxidative potential in cells was determined
with the PerOx (TOS/TOC) and ImAnOx (TAS/TAC) Test Kits,
manufactured by Immundiagnostic AG (Immundiagnostic AG,
Stubenwald-Allee 8a, D 64625 Bensheim). Lipid peroxidation
was determined by measurements of thiobarbituric acid
— reactive substances (TBARS Test) from Cell Biolabs, Inc.
Protein concentration in samples was determined by Bradford’s
method with a test kit manufactured by Sigma.

All reagents for alkaline comet assay were purchased
from Sigma. Formamido-pyrimidine glycosylase (FPG) was
supplied by New England BioLabs.

Silver nanoparticles (AgNPs) in trisodium citrate-
-stabilized suspension with nominal particle size below 10,
40, and 100 nm (marked in the text: AgNPs<10, AgNPs<40,
AgNPs<100), were purchased from Sigma-Aldrich (Cat.
No.: 730785; 730807 and 730777 respectively). The mass
concentration of AgNPs was 0.02 mg/ml in 2 mM citrate
buffer. The particles were characterized by the manufacturer
in terms of diameter and size distribution, spectral properties
and TEM analysis.

Preparation and characterization of AGNPs
suspensions

The particle size distribution (AgNPs<10, AgNPs<40,
AgNPs<100) was carried out using the Dynamic Light
Scattering (DLS) method (Zetasizer Nano-ZS, Malvern,
UK) and by Nanoparticle Tracking Analysis (NTA) (NS500,
Nanosight Ltd., UK). All these measurements were carried out
at the Institute of High Pressure Physics of the Polish Academy
of Sciences (Warsaw).

A solution of a given concentration was prepared
immediately before toxicity testing in culture medium
appropriate to the serum-free cell line. The solution (slurry)
was stirred and sonicated at high energy level of 420 J/cm?® for
5 min. to ensure homogeneity (Bandelin, Sonorex RK225H).

Cell culture and treatment

The line of Chinese hamster’s ovary cells CHO-9 was kindly
provided by the Institute of Biochemistry and Biophysics
of the Polish Academy of Science in Warsaw, the mouse
macrophage-like cell line RAW264.7 (No. Cat. TIB-71) and
Sertoli cell line 15P-1 (No. Cat. CRL-2618) were purchased
from American Type Culture Collection (LGC Standards Sp.
z 0.0.). The cells were cultured as a monolayer in a complete
DMEM (RAW264.7 and 15P-1) or F-10 (CHO-9) medium
supplemented with 10% FBS and with 1% antibiotic-

-antimycotic in sterile tissue culture flasks (Nunc, USA) and
maintained at 37°C in a humidified atmosphere with 95% air:
5% CO, and pH 7.2-7.4. For subculturing, the cultures were
trypsinised with 0.25% trypsin-0.02% EDTA. They were
subcultured twice a week when 90% confluence was reached.
For the experiments the cells were used between passages 20
and 45. The cells were screened for Mycoplasma sp. infection
using MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza,
Walkersville, Inc.). Before starting the experiment, the cells were
removed from the flask by trypsinisation and cell suspension
was prepared. Cell number and cell viability were determined
in a Biirker chamber by the trypan blue exclusion method.
Cells whose viability was over 90% were used in experiments.
Before performing the toxicity tests of AgNPs, the toxic effect
of sodium citrate [2mM] for all tested parameters was assessed.

Cell cytotoxicity assays

To assess cytotoxicity of AgNPs the neutral red uptake (NRU)
and MTT reduction assays were performed according to
INVITTOX Protocol No. 64 and No. 17, respectively. Cells were
plated at a density of 1 x 10°/well in a 96-well culture plate and
cultured overnight to allow adherence and recovery. After this
period, non-attached cells were aspirated and test compounds in
different concentrations were added, than incubated for 24 h. For
all AgNPs the concentration ranges of 0.5+15 ng/ml were used
0.5, 1.0,2.0,4.0, 6.0, 8.0, 10.0, 12.0, 15.0 pg/ml).

For NRU assay the medium with tested chemicals was
removed, cells were washed with PBS to avoid any interference
in light absorption due to the particles and medium-containing
neutral red dye (50 pg/cm?) was added to each well (100 pl).
After incubation for 3 hours, supernatants were removed and
cells were fixed with 100 pl of 1% glacial acetic acid-50%
ethanol-49% distillate water. The plates were left at room
temperature for 10 min and shaken. Then absorption was
measured using SYNERGY 2 (BioTek Instruments, Inc.)
microplates reader (at 540 nm against a 450 nm filter).

For MTT assay, after removing the medium with tested
chemicals, the cells were washed with PBS and medium-
-containing MTT (5 mg/cm® in Hank’s buffered saline) was
added to each well (100 pl). After incubation for 3 hours,
supernatants were removed and the violet formazan product
obtained (by reduction of the MTT) was dissolved in 100 pl
of pure DMSO. The plates were then shaken and absorption
was measured using SYNERGY 2 (BioTek Instruments,
Inc.) microplates reader (at 570 nm against a 620 nm filter).
Cytotoxicity tests were performed in at least three independent
experiments (6 replications of each concentration in the
experiment). Based on the absorbance measurement values
obtained in MTT and NRU tests, the viability ratio of cells
exposed to the tested compounds, i.e. the percentage of viable
cells compared to control (100%), was calculated, followed
by calculation of concentrations of the tested substances that
reduced cell viability by 50% compared to control (IC,)).

Lipid peroxidation assessment

Lipid peroxidation was assessed by determining the quantities
of products identified as thiobarbituric acid-reactive substances
(TBARS), in line with the manufacturer-supplied protocol. To
assess lipid peroxidation we used the following concentrations of
AgNPs: 3, 6 or 10 pg/ml for RAW264.7 and 5, 10 or 12 pg/ml
for CHO-9 and 15P-1. In order to carry out the determination
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of TBARS in cells exposed to AgNPs and non-exposed cells
(control group), a suspension of 1-2 x 107 cells/ml was prepared
in PBS and placed in a deep freezer (-70°C). Following three
thaw/freeze cycles to in order to lyse the product, the entire lysate
was used for determinations: 250 ul of thiobarbituric acid was
added to 200 pl of the test sample and incubated for 60 minutes
at 95°C. Next, the cells were cooled down to room temperature
in an ice bath for 5 minutes, centrifuged at 3,000 rpm for 15
minutes and 200 pl aliquots of the supernatant were transferred
onto a 96-well plate used for determination of light absorbance at
A = 532 nm relative to the blank sample. The TBARS
concentrations in the tested sample were determined from the
reference curve prepared according to manufacturer protocol and
normalized for the total protein content (Bradford’s method).

Assessment of total oxidative/antioxidative status
(TOS/TAS) of cells exposed to AgNPs.

To assess total oxidative/antioxidative potential of AgNPs
the same concentrations as in TBARS test we used. After
a 24-h exposure to the test compounds, the cells were lysed
by freezing at -80°C (in the three thaw/freeze cycles). Before
determinations of the oxidative/antioxidative status, cells were
thawed, sonicated (30 min.) and then centrifuged (13,000 rpm).
Measurements were performed by colorimetric method in 96-
-well microplates. The absorbance of the dye was measured at the
wavelength of 450 nm using SYNERGY 2 microplates reader.
Each experiment was performed in at least three replications.

The total oxidative status (TOS) of cells exposed to the
tested compounds was determined by means of measuring the
total levels of lipid peroxides in cells according to the PerOx
(TOS/TOC) Kit protocol supplied by the manufacturer. The
levels of peroxides in the tested samples were determined by the
reaction of horseradish peroxidase with tetramethylbenzidine
(TMB) dichloride in the presence of hydrogen peroxide. The
reaction with the enzyme yields a soluble, blue-coloured
product. The enzymatic reaction is quenched by adding 2 M
H,SO,, which leads to the solution changing its colour to
yellow. Using the measured absorbance values, total levels
of peroxides in tested samples [mmol H,O,] were determined
according to the formula provided by the manufacturer, and
then converted to milligrams of protein in individual samples.

The total antioxidative status (TAS) of cells was
determined in the reaction of antioxidants with a pre-defined
(known) amount of exogenous hydrogen peroxide (H,0,)
according to the ImAnOx (TAS/TAC) Kit protocol supplied by
the manufacturer. Antioxidants react with the peroxide, and the
amount of unreacted H,O, is measured spectrophotometrically
(similar as in the PerOx test). The difference between the
added and the measured amount of H,O, (relative to the
calibrator supplied by the manufacturer) is proportional to the
antioxidant activity.

Using the measured absorbance values, total antioxidative
status expressed in pmol/L was determined according to the
formula provided by the manufacturer. The obtained value was
converted to milligrams of protein in the sample.

Alkaline comet assay

The alkaline comet assay (Single Cell Gel Electrophoresis,
SCGE) was performed as described by Wojewodzka et al.
(1998). The measurements were carried out at the Institute of
Nuclear Chemistry and Technology in Warsaw.

Silver nanoparticles AgNPs< 100 nm, at concentrations of
2 and 4 pg/ml, were studied on CHO-9 cells. The cells were
incubated with AgNPs for 24 h. in a 6-well culture plate (3 ml
of medium in a well). Next, the cells were separated from the
medium, suspended in culture medium (approx. 1.5 ml of
medium, 0.5 million cells/ml), and mixed with 2% low melting
point agarose (Sigma Type VII) as dissolved 1:1 in PBS. The
cells in agarose were placed onto a microscope slide, covered
with a cover slip and located on a chilled metal plate. After
the agarose has solidified, the cover slip was removed, and the
microscope slides were immediately placed in a lysis buffer
(2.5 M NaCl, 100 mM EDTA, 10 mMTris, 1% Triton X-100,
pH = 10) for 1 h at a temperature of 4°C in the dark. Then,
the slides were placed in an electrophoresis apparatus in
electrophoresis buffer: 300 mMNaOH, 1 mM EDTA (Sigma),
and incubated for 40 min at a temperature of 5-6°C in order to
denature DNA. Electrophoresis was carried out for 30 min at
30 V at a temperature of 5-6°C. All stages of slide preparation
and electrophoresis were carried out under red light in order to
secure cells against damage. After the electrophoresis, the slides
were washed three times with a neutralizing buffer (0.4 M Tris,
pH = 7.5), and then the preparations were stained with a 1 mM
DAPI (Sigma) solution, and covered with a cover slip. The
preparations were left in a closed box as lined with moisture
filter paper, in a refrigerator, for approx. 24 hours. Thus prepared
slides were subjected to computerized image analysis.

As regards the determination of oxidative damage
recognized by FPG, the cells on slides, after having been
removed from the lysis buffer, were washed 3 times for 5 min
in an enzyme dilution buffer: 40 mM HEPES, 0.1 M KClI,
0.5 mM EDTA, 0.2 mg/ml BSA, pH = 8.0. After the last wash,
excess buffer was drained using filter paper. 60 pl of either
diluted enzyme (1:10,000) or the buffer alone in the control
were sprinkled over the slide, and covered with a cover slip.
The slide was incubated in a humid chamber for 30 min at
a temperature of 37°C.

An analysis of the computerized image was conducted
using the software Comet Assay IV Image Analysis System
from Perceptive Instruments Ltd.

For the assessment of the degree of DNA damage, two
parameters were applied: percentage of DNA in the tail, and
the tail moment, i.e. the product of the percentage of DNA in
the tail times the length of the comet tail.

Statistical Analysis

At least three independent experiments were conducted for
cytotoxicity endpoint and oxidative metabolism disturbance.
The IC, values were evaluated based on the analysis of a series
of dose-response curves, for each compound using nonlinear
regression analysis at 95% confidence interval (concentrations
reducing cell viability by 50% as compared with the control).
The results of all tests were presented as mean values, + standard
deviation (SD). Conformity of the distribution of the results
(log IC,,)) with the normal distribution was examined with the
Kolmogorov-Smirnov test. The significance of differences
between distributions of log IC, values was evaluated with the
Student’s t-test for the log IC, values which met the criteria of
normal distribution or by Wilcoxon’s test for those which did
not. TOS/TAS and TBARS data were analyzed by Student’s
test for comparison between two groups. Differences were
considered statistically significant when p<0.05. The results of



36

L. Zapér

comet assay were presented as mean values as obtained from
five experiments, + standard deviation (SD). The significance
of differences between the mean values was assessed using the
paired Student’s ¢-test. Differences were considered statistically
significant when p<0.05. The software employed for statistical
analysis was Statistica, version 7.1.

Results

Characterisation of silver nanoparticles based

on DLS and NTA methods

The silver particles used, have a nominal size of 10, 40, and
100 nm, defined by the manufacturer using transmission
electron microscopy (TEM) images, dynamic light scattering,
Zeta potential measurements, and UV/Visible spectral analysis
(SIGMA, www.sigmaaldrich.com).

An analysis of measurements of the particle size
distribution using the DLS and NTA methods conducted
before experiments, confirmed differences between the three
dispersions of AgNPs. The size histograms of the particles are
illustrated in Figures 1-3.

The size distribution of AgNPs<l10 indicates that
hydrodynamic diameters of particles were larger than their
nominal particle sizes. Three main peaks were visible:
6, 11 and 36 nm (bigger particles were also found). This
suggests that AgNPs<10 had strong tendency to form

A)

aggregates/agglomerates. The results obtained with NTA
analysis were confirmed by DLS method (Fig. 1A, 1B).

The most monodisperse suspension was AgNPs<40 nm
(the index of polydyspersity was equal to 0.124). The particles
had an average diameter 44 nm + 12 nm (Mode = 38 nm).
Approx. 50% of all particles were those with a diameter of
up to 40 nm, with 90% of particles not exceeding the level of
60 nm (Fig. 2A, 2B).

The suspension of AgNPs<100 was also characterized by
a low degree of dispersion (the index of polydispersity was
equal to 0.057), contained a small amount of particles of above
100 nm (up to approx. 9%), and only up to approx. 20% of
particles with a diameter of below 30 nm. The average size
of particles was 99 nm, with 50% of the suspension being
particles of up to 70 nm (Fig. 3A, 3B).

Cytotoxicity assessment
The cytotoxicity of AgNPs was examined by determining
their effects on cell membrane integrity and permeability
(NRU assay), and on the mitochondrial metabolic activity
(MTT assay) of the cells after 24 h exposure. The comparison
of cytotoxicity (expressed as IC, values) is presented
in Figure 4. The IC,  values are provided in labels above
histograms.

All kinds of AgNPs showed strong cytotoxic activity at
low doses (within the range of 2+13 pg/ml). The AgNPs<10
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had a stronger cytotoxic effect as compared to AgNPs<40 and
AgNPs<100. This effect was most evident in CHO cells. The
AgNPs<40 and AgNPs<100, caused a similar toxic effect on
all cell lines, which was assessed using both MTT and NRU
assay (with exception the results obtained for AgNPs<100 on
CHO cells in NRU test).

Lipid peroxidation assessments

The levels of thiobarbituric acid reactive substances
(TBARS) being formed in cells following exposure to
AgNPs are presented in Figure 5. All kind of sizes of AgNPs
caused an increase in the level of TBARS already at the
lowest of the concentrations applied (below the IC, values)
as compared to the control. The TBARS levels depended
on the type of cells. In tests on macrophages, AgNps<10
and AgNPs<40 caused a comparable increase in the TBARS
level, being dependent on the concentration, while following
exposure to AgNPs<100, the amount of TBARS was
maintained at a similar low level (Fig. 5A). In CHO-9 cells
being exposed to AgNPs<40 or AgNPs<100, an increase
was observed in the TBARS level, being small as compared
to the control, while following exposure to AgNPs<10, the
increase in the TBARS level was concentration dependent
and reached very high values (approx. 8 times higher than
in the control) (Fig. 5B). As regards 15P-1 cells, all AgNPs
caused the release of TBARS at a similar level (approx. 3

times higher in relation to the control, at concentrations
being close to IC, ) (Fig. 5C).

Total oxidative status assessment

A comparison of the total oxidative potential (TOS) of the
compounds under study, understood as a capacity to produce
reactive oxygen species, being assessed on the basis of the total
concentration of lipid peroxides in cells, is presented in Figure
6. The oxidative potential of AgNPs depended on the type of
cells. The highest TOS values were observed on RAW264.7
cells, while the lowest on 15-P cells. All kinds of AgNPs
caused dose-dependent increase in the total concentration
of lipid peroxides in cells as compared to the control. This
increase was already observed at low concentrations (below
IC,, values). In the studies on RAW264.7 and CHO-9 cells
the AgNPs<40 and AgNPs<100 at equivalent concentrations,
exhibited a comparable oxidant potential. The highest TOS
values were observed in both RAW264.7 and CHO-9 exposed
to AgNPs in the highest concentration. Such regularity did not
confirm the results obtained on 15.P cells.

Total antioxidative status assessment

In all cells being exposed to AgNPs, an increase in the total
antioxidative potential (TAS) as compared to the control
was observed, however, this increase was in the most cases
independent of the sizes of AgNPs and their concentrations
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Fig. 3. Size distribution by number (in %) of AgNPs<100 in DLS (A) and NTA (B) method

(Figure 7). This is particularly noticeable in CHO-9 cells,
where a comparable level of TAS was observed at the same
concentrations of AgNPs (Fig. 7B). Similarly, in 15P-1 cells no
fundamental differences between the response of the cells and
the size of particles AgNPs at the equivalent concentrations
were shown (Fig. 7C). In the case of RAW264.7 cells, the
AgNPs<100 did not cause changes in the level of TAS value in
comparison to the control (Fig 7A).

Oxidative damage of DNA assessment
An assessment of oxidative damage to DNA was carried out
on CHO-9 cells being exposed to the least toxic particles, i.e.

AgNPs<100. The analysis was carried out using the comet
assay under alkaline conditions, through the determination
of both single strand-breaks (SSB) of DNA and oxidative
damage to DNA alkali recognized by formamido-pyrimidine
glycosylase (SSB-FPG). The applied concentrations (2 and
4 pg/ml) corresponded to cytotoxic concentrations (values
close to IC,, and lower) as determined in MTT and NRU
assays. The level of DNA damage induced by AgNPs<100
is presented in Table 1. Exposure of CHO-9 cells to silver
nanoparticles caused a statistically significant increase in the
level of oxidative damage to DNA recognized by FPG as
compared to the control (Tab. 1).

Table 1. DNA damage in CHO-9 cells induced by silver nanoparticles AQNPs<100 nm

DNA damage
DNA fragmentation (SSB) Oxidative DNA damage (FPG)
Ag (Mg/ml) (mean + SD) (mean + SD)
Tail DNA% Tail moment Tail DNA% Tail moment
Control 8.07 + 1.66 1,04 £ 0,22 17.68 + 2.40° 2,37 £ 0,56°
2 11.68 +4.85 1,70+ 0,76 27.21 £2.812 5,66 + 1,992
4 14.58 + 5.21 2,38+1,1 33.85 + 9.14% 11,17 £ 2,29%

a — significantly different vs. control (p<0.05) (Student’s t-test).
® — significantly different vs. SSB (p<0.05) (Student's t-test).
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Fig. 4. A comparison the cytotoxic effect of AQNPs on RAW 264.7 (A), CHO-9 (B), and 15P-1(C) cells after 24 h exposure
The cytotoxicity of the AQNPs was determined using NRU or MTT assay and are plotted in order of the concentrations
that inhibit cells viability by 50% compared with controls (IC, values). The value of the control (unexposed) cells was taken
as 100% viability of the cells.

Each bar represents an average value + S.D. from at least three independent experiments.

In each panel different letters over histograms indicate significantly different values IC,; (P< 0.05).
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Fig. 6. A comparison the total oxidative status (TOS) in RAW164.7 (A), CHO-9 (B) and 15P-1 (C) cells exposed to AgNPs
Cells were treated with different concentrations of AQNPs for 24 h and controls received culture medium only.
Oxidative status was expressed as H,O, level in the cells [nmol/mg of protein]. Each bar represents an average
value = S.D. from three independent experiments.

* Significantly different from untreated control (P<0.05).
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Discussion

Due to widespread applications of nanosilver, human and
environmental exposure and the potential risk related to their
toxicity increase. Commercial nanosilver is usually available
as a suspension in pure de-ionized water with metallic silver
nanoparticles of different sizes. The size of nanoparticles is
one of the most important factors influencing their toxicity
(Lankoff et al. 2012, Montes-Burgos et al, 2010, Jingkun et al.
2009, Teeguarden et al. 2007) but it is known how difficult it
is to prepare, in the in vitro assays, a homogeneous suspension
of nanoparticles, due to their exceptional ability to aggregate
and agglomerate (Bihari et al. 2008, Vippola et al. 2009). This
is why the studies were performed on commercially available
suspensions of silver, with the assumption that these suspensions
are stable and homogeneous. Despite this assumption, the
AgNPs were characterized before experiments, in terms of
particle size and particle size distribution using two recognized
and complementary measurement techniques, namely the DLS
and NTA methods (Montes-Burgos et al. 2010, Murdock et al.
2008). Both methods confirmed strong tendency of AgNPs to
form aggregates/agglomerates.

In the first place, we assessed the cytotoxic effects of
AgNPs. An assessment of the cytotoxicity of nanomaterials is
the basic tool in determination of their potential effects at the
cellular level. Cytotoxicity studies provide a general picture of
the toxic effects of nanoparticles, however different sensitivity
of cells needs to be taken into consideration (Lankoff et al.
2012, Barillet et al. 2010). In this study, cell lines with different
sensitivity to xenobiotics were used: lung macrophages which
play an active role in the process of absorption of dust from
pulmonary alveoli as well as in the immune reactions of the
body; Sertoli cells (15P-1) which are involved in the formation
of the blood-testis barrier; and CHO-9 cells- a suitable
model to study the cytotoxic and genotoxic effects of many
xenobiotics, including metals (Dopp et al. 2004). All types of
cells are capable of phagocytosis, and are considered suitable
for studies on dust (Park et al. 2010).

The cytotoxic effects of AgNPs were compared on the
basis of the IC_ values as obtained in NRU and MTT assays
which measure different parameters of cell damage i.e.cell
membrane integrity and lysosomal activity (NRU assay), and
mitochondrial metabolic activity (MTT assay). In this study
both methods gave similar results. The IC, values determined
for AgNPs fell within the range of 2+13 pg/ml, indicating high
cytotoxicity all kinds of AgNPs.

At present, there is no general agreement on the
cytotoxicity doses of AgNPs in in vitro studies. Some culture
cells, for example human adipose-derived stem cells (hASCs),
human epidermal keratinocytes, human lung cells (BEAS-2B)
exposed to silver nanoparticles for 24 h (Ag-NPs: 10 nm, 20
nm, 50 nm; 80 nm) exhibited cytotoxic effects at concentrations
above 50-100 pg/ml (Samberg et al. 2010, 2012, Gliga et al.
2014). Our results indicate the lower levels of cytotoxicity of
AgNPs, and they are consistent with toxic doses received by
many researchers in in vitro studies on animal and human cells
(skin, lung, liver, colon) (Arora et al. 2008, 2009, Hussain et
al 2005, Kim et al. 2009, Liu ef al. 2010, Park et al. 2011,
Kruszewski et al. 2013, Miethling-Graft et al. 2014). It is worth
noting that IC_ values obtained in our experiment were lower
or at the same level as the inhibitory doses applied to bacteria

as an antibacterial agent (Marambio-Jones and Hoek 2010
and references therein), so such toxicity may be interpreted as
a potential hazard to humans.

There is no simply correlation between in vitro data and
human exposure, but combined results of both in vitro and
in vivo studies could make it possible to extrapolate toxicity
for human. For instance, Wang et al. (2014) looked for the
relationship between in vitro and in vivo results of inhalation
studies and possible human occupational exposure to AgNPs.
They calculated that a concentration of 10 pg/mL of AgNPs
(20 nm) would approximately correspond to the total cellular
deposition following 74 working weeks (8 h per day, 5 days
per week). Thus, the doses used should be considered high but
likely possible to be reached following long time of exposure,
or after acute accidental exposure.

The cytotoxicity doses determined in our experiments
are also similar to the toxic doses obtained on animal models
recognized as appropriate for ecotoxicological assessment of
nanomaterials, for example: fish (Oryzias latipes) (Sohn et al.
2015), zebrafish (Danio rerio) embryos (Asharani et al. 2009,
Gao et al. 2015, George et al. 2012), various life stages of
rainbow trout (Johari et al. 2013), which indicates that such
levels of exposure may pose a real risk to aquatic organisms.

At present, it is estimated that the amount of nanosilver in the
environment is relatively low. The use of probabilistic methods
for determining the predicted environmental concentrations
(PECs) for AgNPs in different environmental compartments,
based on the life cycle of products, showed that PECs are
at the range of ng/L to mg/kg (0.5-2 ng/L in surface waters;
32-111 ng/L in sewage treatments plant effluents; 1.3—4.4 mg/kg
in sewage sludge) (Fabrega et al. 2011, Gottschalk and Nowack
2011). Luoma (2008) estimated the concentrations of silver NPs
in natural waters range between 0.03 and 500 ng/l. However,
in the near future there should be expected an increase in
quantities of nano-waste due to the increase of usage of AgNPs.
So, the fact that the resulting cytotoxicity doses are higher than
those currently found in the environment, does not mean that
nanosilver is not hazardous. Besides, it is worth noting, that
silver is a metal which has a strong potency to bioaccumulation
in sediments and living organisms.

According to our results, three kinds of AgNPs did not
exhibit dramatic differences in the cytotoxicity, however the
strong tendency to highest toxicity of AgNPs<10 was observed,
although these particles were as aggregates/agglomerates.
These findings are inconsistent with the results presented
by Teeguarden et al. (2007) and Murdock et al. (2008), who
reported that only a non-agglomerated NPs would reach the
cells and trigger cellular responses. On the other hand, Gosens
et al. (2010) reported that the single gold particles do not pose
a greater hazard than their agglomerates or slightly larger
particles. Lison et al. (2008) also showed that agglomeration
state of silica nanoparticles has a little or no significance for the
interaction NPs with the cells. Similar results were obtained by
Lankoff et al. (2012), who demonstrated that agglomeration
state of Ag-NPs had no influence on the cellular binding/uptake
in A549 and HepG2 cells. Some authors demonstrated that cell
death upon treatment with NPs depends on both cell type and
nanoparticle size (Sohaebuddin et al. 2010, Lankoff et al. 2012,
Liu et al. 2010, Kruszewski et al. 2013).

According to our results, the cytotoxicity of AgNPs
correlated with reactive oxygen species (ROS) generation. The
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AgNPs caused both peroxidation of lipids (TBARS assay) in
cells and the formation of reactive oxygen species (TOS assay)
and the extent of this changes depended on AgNPs sizes,
concentrations and the type of cells. The formation of ROS in
cells was accompanied by an increase in the total antioxidant
status of cells. However, the ability to produce ROS as assessed
on the basis of the determination of the TOS level was higher
than the total antioxidant status (TAS), which may indicate the
development of oxidative stress in cells.

In most cases, different sizes of AgNPs at equivalent
concentrations caused a similar degree of lipid peroxidation.
The exception was the level of TBARS determined for
AgNPs<10 in CHO-9 cells, which indicated a higher toxicity
of these particles in comparison to others. The level of TOS
value as determined for AgNPs indicates wider relationships
between the formation of reactive oxygen species and the
particle size; in particular for macrophages, a tendency is
observed of smaller Ag particles causing the release of a bigger
amount of reactive oxygen species. In the literature on the
toxic effects of silver, there is no complete agreement either as
to the role of the particle size in the development of oxidative
stress or cytotoxic effects. The dependency of the formation
of reactive oxygen species (ROS) on the particle size has been
demonstrated, for example, in studies on macrophages, colon
cells and bacteria (Carlson et al. 2008, Miethling-Graff 2014,
Choi and Hu 2008). However, more and more scientific reports
indicate that it is the silver ions that are responsible for the
toxic effects of silver nanoparticles (Mukherjee et al. 2012,
Park et al. 2010, Marambio-Jones and Hoek 2010, Liu 2010,
Kittler et al. 2010). The ionic theory is indirectly related to the
particle size, since the smaller the particles, the larger specific
surface area they have, the more reactive they are and the more
their solubility increases, and thus more ions may be released
to the environment (Marambio-Jones and Hoek 2010, Gliga et
al. 2014).

Lipid peroxidation and the formation of reactive oxygen
species as a result of the effects of silver nanoparticles for
all cells under study occurred at concentrations being lower
than cytotoxic ones (IC, values). This data indicates that the
cytotoxic effects of silver nanoparticles result from the activity
of reactive oxygen species. Similar data was obtained in the
study on cytotoxicity of silver nanoparticles being carried out
on macrophages (Carlson et al. 2008), on murine fibroblasts
and liver cells (Arora et al. 2009), on cutaneous neoplastic cells
(Arora et al. 2008), as well as on cutaneous HaCaT cells and
HeLa cells (Mukherjee et al. 2012).

ROS are responsible for oxidative stress in cells, which
leads to numerous adverse consequences at the level of both
a cell and the entire body. In a cell, ROS may damage proteins,
lipids being components of cell membranes, and the genetic
material (DNA). One of the sensitive and widely applied
methods for the assessment of the extent of DNA damage
caused by nanomaterials, is the comet assay (Karlson 2010).
The comet assay being performed under alkaline conditions
provides a possibility for the identification of strand-breaks
at AP (apurinic/apyrimidinic) sites. In order to analyse DNA
damage as caused by ROS, the comet assay is performed using
specific endonucleases e.g. formamido-pyrimidine glycosylase
(FPG) used for the detection of oxidative damage to purine
bases of DNA, including 8-oxoguanine. The results of the
comet assay demonstrated that ROS being formed in cells

as a result of the effects of silver nanoparticles may cause
oxidative damage to DNA. Exposure of CHO-9 cells to silver
nanoparticles caused a statistically significant increase in the
level of oxidative damage to DNA recognized by FPG.

In summary, silver nanoparticles under study had strong
cytotoxic effects, caused mitochondrial dysfunction, and an
increase in cell membrane permeability. The cytotoxicity was
probably mediated by the development of oxidative stress.
Reactive oxygen species caused oxidative damage to the
genetic material (DNA). The most toxic were particles below
10 nm. Even when the phenomenon of aggregation is taken
into account, such results support the finding that nanosilver
may present a unique toxicity at low concentrations. Therefore,
risks of nanosilver should be considered and appropriate
protective measures provided when applying it. This concerns
both the work environment where a long term or accidental
exposure to AgNPs is possible, and ecosystems, particularly
aquatic, where point discharges may result in high local
nanosilver concentrations.
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Wplyw réznej wielkosci nanoczastek srebra
na cytotoksycznos¢ i zaburzenia metabolizmu tlenowego w komoérkach
uktadu oddechowego i rozrodczego

Streszczenie: Nanoczastki srebra (AgNPs), ze wzgledu na silne wlasciwosci bakteriobdjcze, maja szerokie zas-
tosowanie w wielu dziedzinach przemystu, biomedycynie i produktach konsumenckich. Rozmiar czastek jest
istotnym, ale wcigz niewystarczajaco zbadanym parametrem wptywajacym na toksycznos¢ nanosrebra. W pra-
cy oceniono toksyczne dziatanie roznej wielkosci czastek srebra (~ 10, 40 i 100 nm) na komorki uktadu roz-
rodczego i oddechowego (CHO-9, 15P-1 i RAW264.7). Badano wptyw AgNPs na przezywalnos¢ komorek,
przepuszczalnos¢ bton komorkowych i aktywnos¢ metaboliczng komorek, zaburzenia metabolizmu tlenowego
oraz odlegte skutki dziatania w postaci uszkodzen materiatu genetycznego (DNA). Wszystkie badane AgNPs
wykazywaly silne dzialanie cytotoksyczne, w zakresie niskich stezen (2+13 pg/ml) oraz powodowaly powsta-
wanie stresu oksydacyjnego w komorkach w stezeniach nizszych niz cytotoksyczne. Powstajace w komodrkach
reaktywne formy tlenu powodowaty oksydacyjne uszkodzenia DNA wykrywane w tescie kometowym. Najsilnie-
jsze dziatanie wykazywaty czastki o wielkosci < 10 nm. Otrzymane wyniki wskazuja, Ze nanoczastki srebra,
zwlaszcza ponizej 10 nm, moga stanowic zagrozenie dla organizméw. Dlatego tez nalezy rozwazy¢ ryzyko stoso-
wania preparatow z nanosrebrem i zapewnic¢ $rodki zapobiegajace ich niekontrolowanemu uwalnianiu.



