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ARTICLE INFO ABSTRACT

In the last years, silver nanoparticle (AgNP) use is increased due to the presence in several consumer products,
including cosmetics and food packaging, for their antimicrobial activities. Silver in its elemental form is au-
thorised as food additive E174 and EFSA noted that approximately a 20% of AgNPs are released from confec-
tionary pearls. Toxicological assessment of E174 performed by EFSA concluded that the available information
was insufficient to assess the safety for consumers and one of the major issue was the in vivo genotoxic potential.
Aim of the present study was to provide data on in vivo genotoxicity of AgNPs by Alkaline Comet Assay -
according to the OECD Test Guideline (TG) 489 - and by Micronucleus Assay. AgNP dispersions (20 nm) were
orally administered to male and female mice for three days at 50, 150, 300 mg/kg bw per day on the basis of the
OECD TG 489. AgNP dispersions were fully characterized. Comet assay was performed on blood, liver, spleen,
duodenum and kidney, and Micronucleus assay on spleen lymphocytes, to evaluate the genotoxic potential.
Biodistribution and histopathological assessment were performed. AgNPs accumulated in duodenum as first
contact site and transferred to other target tissues; in liver and duodenum they were free in the cytoplasm or
included in organelles but never in the nucleus, as detected by Transmission Electron Microscope analysis. No
genotoxic or tissue damage was recorded by both assays in all the tested tissues. The in vivo genotoxicity data
supported a more comprehensive risk assessment of AgNPs.
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1. Introduction other studies showed that the fraction of AgNPs (size range of

60-300 nm) released from plastic food packaging items is very low and

Consumption of colloidal silver nanoparticles (AgNPs) as dietary
supplement for the treatment of specific diseases and various infections
has been known for decades (Kim et al., 2007). In the last years, AgNP
use is further increased due to the inclusion in numerous consumer
products, including cosmetics, food packaging, apparel, footwear,
paints, wound dressings, appliances, mainly for their antimicrobial
activities (Calderon-Jimenez et al., 2017; Ullah et al., 2018).

Moreover, silver in its elemental form is authorised as food additive
E174 in the European Union (EU) and used as food colour (EFSA Panel
on Food Additives and Nutrient Sources added, to Food, 2016). Ap-
proximately a 20% of E174 can be released from confectionary pearls as
AgNPs - median diameter of 23.3 nm (Verleysen et al., 2015), whereas

depends on the food composition (Choi et al., 2018). Indeed, ingestion
is one of the most relevant route of human exposure to AgNPs, with
inhalation and dermal absorption giving also a significant contribution
(EFSA Panel on Food Additives and Nutrient Sources added, to Food,
2016; Blanco et al., 2018). AgNPs are unstable and release ions through
reaction with oxygen and protons or with pre-existing oxide films in
fluid media, and the oxidative dissolution is influenced by pH, tem-
perature, coatings and ligands (Liu and Hurt, 2010; Liu et al., 2012;
Behra et al., 2013); ion formation strongly contributes to biological
activity of AgNPs keeping them potentially harmful to humans
(Hartemann et al., 2015).

Toxicological assessment of E174, which included the AgNP

* Corresponding author at: Istituto Superiore di Sanita, Viale Regina Elena, 299, 00161 Rome, Italy.

E-mail address: francesca.maranghi@iss.it (F. Maranghi).

https://doi.org/10.1016/j.impact.2020.100221

Received 20 December 2019; Received in revised form 24 February 2020; Accepted 18 March 2020

Available online 21 March 2020
2452-0748/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/24520748
https://www.elsevier.com/locate/nanoimpact
https://doi.org/10.1016/j.impact.2020.100221
https://doi.org/10.1016/j.impact.2020.100221
mailto:francesca.maranghi@iss.it
https://doi.org/10.1016/j.impact.2020.100221
http://crossmark.crossref.org/dialog/?doi=10.1016/j.impact.2020.100221&domain=pdf

L. Narciso, et al.

NanoImpact 18 (2020) 100221

AgINP daily oral treatment
[ . |
f\‘( >
&8 Day I Day 2, Day 3 SACRIFICES
{ B H =]
2 hours after last
treatment
| J
Arrival Acclimatation . .
o Parameters of ‘general toxicity
of mice 1 week /

Target tissues and analysis:
*  Blood: biodistribution, genotoxicity, serum biomarkers
*  Liver:biodistribution (SP-ICP-MS, TEM), genotoxicity, histopathology
*  Kidney: biodistribution, genotoxicity, histopathology
*  Duodenum: biodistribution (SP-ICP-MS, TEM), genotoxicity, histopathology

*  Spleen: biodistribution, genotoxicity, histopathology

Fig. 1. Experimental design of male and female CD1 mice orally exposed by gavage for 3 days with 50, 150 and 300 mg/kg bw per day of AgNPs.

evaluation, was performed by European Food Safety Authority (EFSA)
in 2016; EFSA concluded that the available information was insufficient
to assess the safety of Ag as food additive and the major problems are
linked to chemical identification and characterization in terms of
quantity of NPs and ion release, and data on the material used in the
available toxicological studies (EFSA Panel on Food Additives and
Nutrient Sources added, to Food, 2016; EFSA Panel on Contaminants in
the, Food Chain, 2015). Similar opinion was expressed by the Scientific
Committee on Consumer Safety (SCCS) concerning the use of AgNPs in
cosmetics and consumer products (SCCS. Scientific Committee on
Consumer Safety, 2018).

One of the major issue in hazard identification of AgNPs is the
genotoxic potential — identified by EFSA as key step in the safety eva-
luation of NPs present in food and feed (EFSA Scientific Committee
et al., 2018). AgNPs showed to be genotoxic in various in vitro test
systems, but the in vivo genotoxicity studies, including by the oral ex-
posure, provided less conclusive data; indeed, a definitive evaluation of
the possible genotoxic hazard associated with oral exposure to AgNPs
has not yet achieved.

Aim of the present study was to provide data on in vivo genotoxicity
of AgNPs by Alkaline Comet Assay according to the OECD Test
Guideline 489 (OECD, 2016a). The Comet assay is frequently used in
nano-genotoxicology (Glei et al., 2016; Karlsson et al., 2015) to identify
substances that cause DNA damage, and alkaline conditions (> pH 13)
detect single and double stranded breaks. The strand breaks may have
different fate (repaired, be lethal to the cell or be fixed in a mutation)
and could cause chromosomal damages associated with human diseases
(OECD, 2016a; Narciso et al., 2016; Carlessi et al., 2014; Caldecott,
2008).

Moreover, the potential induction of chromosome damage by in vivo
exposure to AgNPs was assessed by the Micronucleus test (Hayashi,
2016) in lymphocytes derived from spleen (OECD, 2016b), as re-
presentative of potential effect at whole organism level.

AgNPs of 20 nm of diameter - which represents the relevant di-
mension for human exposure through food (Verleysen et al., 2015) -
were orally administered for 3 days to male and female adult CD-1
mice. The dose levels were selected according to literature data
(Boudreau et al., 2016) and with the aim of identifying genotoxic ef-
fects (Patlolla et al., 2015a; Martins Jr et al., 2017; Asare et al., 2016).
The characterization of the dispersions used for animal treatment, the
biodistribution of AgNPs in selected target tissues by different

techniques as Single Particle-inductively coupled plasma mass spec-
trometry (SP-ICP-MS) and Transmission Electron Microscope (TEM),
general toxicity, liver and kidney serum biomarker analysis and histo-
pathological examinations of target tissues were performed in order to
provide data for a more comprehensive AgNP hazard identification.

2. Material and methods
2.1. Characterization of AgNP dispersion

AgNPs dispersed in distilled water were purchased from HiQ-Nano
(Arnesano, Lecce, Italy) and the characterization of the dispersion was
provided by the manufacturer. Briefly, TEM images of AgNPs were
recorded by a JEOL Jem 1011 microscope. TEM samples were prepared
by dropping a dilute solution of NPs in water on carbon-coated copper
grids (Formvar/Carbon 300 Mesh Cu). Dynamic Light Scattering (DLS)
measurements were performed on a Zetasizer Nano ZS90 (Malvern,
USA). The optical absorbance spectra of AgNPs were measured with a
Spectrophotometer Nanodrop 2000c at a resolution of 1 nm.
Measurements were made at 25 °C in aqueous solutions at pH 7 and in
these conditions the formation of silver ions (Ag*) was minimal (De
Matteis et al., 2015).

2.2. Animal experimental design

The study was conducted according to the Directive 2010/63/EU,
the Italian Legislative Decree n. 26 of 4 March 2014, the OECD
Principles of Good Laboratory Practice (GLP) and on the basis of the
OECD Test Guideline 489 (Glei et al., 2016). Moreover, the quality
criteria for in vivo toxicity studies performed with nanomaterials, ac-
cording to Fernandez-Cruz et al. (2018), were met. Fig. 1 shows the
scheme of experimental design. Fourty six adult male and female
outbred CD1 mice (31.4 * 3.4 g male mice and 27.4 * 1.7 g female
mice, 5/6 weeks old) were purchased from Charles River (Calco, Lecco,
Italy). They were housed two/cage, under standard laboratory condi-
tions (22 = 0.5 °C, 50-60% relative humidity, 12 h of dark-light al-
ternation with 12-14 air changes per hour) with water and food (2018
Global Diet purchased from Mucedola, Milan, Italy) available ad libitum.
After 1 week of acclimatization, mice were divided into four treatment
groups (5 mice/sex/group):
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1) Control, vehicle only [distilled water] = CTRL
2) 50 mg/kg body weight (bw) per day = Ag50
3) 150 mg/kg bw per day = Agl50

4) 300 mg/kg/bw per day Ag300.

An additional group of 3 mice/sex was treated with 100 mg/kg bw
per day of methyl methanesulphonate (MMS) as positive control for
genotoxicity assays. All mice were treated once a day per os by gavage
for 3 consecutive days. In order to ensure the stability of test compound
during the treatment, dispersions of AgNPs were maintained at 4 °C
throughout the duration of the experiment and mixed immediately
before use according to the manufacturer's instructions. The con-
centration of dispersions was calculated in order to supply volumes of
2 ml/100 g of bw. Mice were checked daily for their health status, in-
dividual bw and food consumption were recorded; dose levels of AgNPs
were adjusted according to the weight gain for each animal during the
treatment. Two hours after the last treatment (day 3), mice were an-
aesthetised with a gaseous solution of isoflurane and blood samples
were collected by intracardiac puncture. 100 pl of blood were collected
into EDTA-coated microtainers (Becton Dickinson, CA, USA) and pro-
cessed for biodistribution evaluation and Comet assay. The remaining
blood was used for the determination of serum hepatic and renal bio-
markers. Subsequently, mice were sacrificed by CO, inhalation and
liver, kidney, duodenum and spleen were excised and weighed.
Duodenum was not weighed following excision due to the difficulty in
the standardization of the tissue portion trimmed at sacrifice.

Biodistribution analysis and Comet assay were performed in blood,
liver, kidney, duodenum and spleen. Micronucleus assay was performed
on lymphocytes derived from the spleen. Histopathological analyses
were performed on liver, kidney, duodenum and spleen. TEM analysis
was performed on liver and duodenum.

2.3. Tissue homogenate preparation

A portion of liver, spleen, duodenum and one kidney were put in a
Petri dish, washed with cold mincing buffer (Phosphate buffered saline,
PBS, containing 25 mM Na2EDTA and 10% Dimethyl Sulfoxide, DMSO)
and kept on ice. Cells of liver and kidney were mechanically isolated
(Medimachine®, Becton Dickinson). Duodenum was rinsed with min-
cing buffer, cut longitudinally and scraped with a spatula. Spleen was
minced in 3 ml di RPMI medium 1640 (GIBCO). Cellular suspension
(except spleen) was divided in 2 aliquots: one for biodistribution ana-
lysis and the second, used for Comet and Micronucleus assays, was
flowed through 50 pm filter (Filcons, BD Bioscences) and centrifuged
8 min at 500 round per minute (rpm) at 4 °C; pellets were resuspended
in cold PBS. Cells derived from spleen were suspended in 3 ml of RPMI
1640, stratified on 2 ml di Hystopaquel077 and centrifuged for 30 min
at 1400 rpm at 4 °C. Buffy coat was collected and suspended in PBS 1 X
and centrifuged at 1000 rpm for 10 min at 4 °C; cell pellet was counted
and divided in two aliquots: 1 x 10° cells were used for Comet assay
and remaining cells were cultured in RPMI 1640 plus 15% of in-
activated Foetal Calf Serum (Hyclone) for Micronucleus assay. Two or
more cultures depending on the number of splenocytes were set up with
at least 2 x 10° cells for each animal.

2.4. SP-ICP-MS analysis

AgNPs were analyzed by SP-ICP-MS using an iCAP-Q ICP-MS
(Thermo Fisher, Bremen, Germany), with Meinhard nebulizer and cy-
clonic chamber. For the Ag quantification the isotope m/z 107 was used
with a dwell time of 5 msec and an analysis time of 60 s per sample. The
operating conditions were reported in previous papers (Bocca et al.,
2017; Bocca et al., 2018).

Tissue homogenates and blood samples were subjected to alkaline
extraction using 1.5 ml of tetramethylammonium hydroxide (TMAH) at
25% w/w, sonicated for 1 h in ultrasonic bath and then were left at

NanoImpact 18 (2020) 100221

room temperature for 24 h. Subsequently, the solutions were filled up
to 15 ml with a 0.1% aqueous solution of Triton X-100. Before the
analysis by SP-ICP-MS the extraction solutions were further properly
diluted with ultrapure deionized water.

Recovery and repeatability were carried out in order to verify the
validity of the SP-ICP-MS method by comparing the concentration (as
number of particles/ml) of the reference standard of AgNP at 20 nm
(Hig-nano) in water and in organ and blood extracts solutions. To this
end, the reference standard of AgNP was added to tissue and blood
samples of untreated mice (CTRL) before the TMAH extraction; the
samples were then subjected to the extraction procedure described
above and analyzed by SP-ICP-MS. The tests were performed on 3 in-
dependent samples. The stability of AgNPs in samples was evaluated by
comparing the variations in size (in nm) of the reference standard in
water and on extracted samples.

2.5. TEM analysis

Small portion of liver and duodenum of one Ag300 and CTRL
mouse/sex was fixed in 2.5% glutaraldehyde in cacodylate buffer
0.1 M, pH 7.2, washed and fixed in 1% OsO4. After washing, fixed
specimens were dehydrated through a graded series of ethanol solutions
and embedded in Agar 100 resin (Agar Scientific, Essex, UK). Ultrathin
sections were collected on 200-mesh copper grids and counterstained
with uranyl acetate and lead citrate. Sections were observed with a
Philips 208 s electron microscope at 100 kV.

2.6. Liver and kidney serum biomarkers

The following functional biomarkers were measured in serum of
AgNPs treated and CTRL mice of both sexes: Glutamic Oxaloacetic
Transaminase (GOT), Glutamic Pyruvic Transaminase (GPT), Blood
Urea Nitrogen (BUN) and plasma Creatinine (CREA).

Blood samples collected prior to the sacrifice were left to coagulate
at room temperature for 1 h and then centrifuged for 15 min at 1000g
twice in a cooled bench-top centrifuge (Microlite Microfuge, Thermo
Electron Corporation). After centrifugation, the serum was stored at
—80 °C until use. GOT, GPT, CREA and BUN were measured by the
automatic analyser Keylab liquid chemical analyser (BPC Biosedsrl,
Italy) (Tassinari et al., 2019).

2.7. Genotoxicity endpoints

2.7.1. Comet assay

The protocol used in the present study was obtained by a modified
protocol of alkaline Comet assay from Singh (Singh et al., 1988). After
mixing 30 pl of blood or 20,000 cells/ul with 195 pl of 0.7% low
melting point agarose (Bio-Rad Lab., Hercules, CA, USA), 75 pl were
seeded on slides pre-coated with 1% normal melting point agarose (Bio-
Rad). Slides were covered with glass coverslips and kept on a cold plate
until gel solidification.

Two slides per tissue were prepared for each animal; the slides
without coverglass were put into lysis solution (2.5 M NaCl, 0.1 M
Na2EDTA, 10 mM Tris pH 10, extemporarily added with 10% DMSO
and 1% Triton X-100) and kept overnight at 4 °C. The slides were placed
in an electrophoresis tank and DNA was unwinded at 4 °C for 20 min in
fresh electrophoresis buffer (0.3 M NaOH, 1 mM Na2EDTA, pH > 13).
Electrophoresis was carried out in the dark at 4 °C for 20 min, 21 V
(1.4 V/cm corresponding to voltage/distance of platform on which the
slides are placed (Azqueta et al., 2011), 300 mA), then the slides were
washed 3 times for 5 min into a neutralizing solution (0.4 M Tris-HCl,
pH 7.5), fixed with cold ethanol for 5 min and dried for conservation.
Coded slides were stained with Gel RED Nucleic Acid Gel Stain ac-
cording to supplier instructions (Biotium, Fremont, CA) and examined
with a Nikon fluorescence microscope (ECLIPSE 80i) by a computerized
image analysis system (LUCIA Comet Assay™, Laboratory Imaging,



L. Narciso, et al.

Table 1
AgNPs characterization in water.

AgNP diameter by TEM (nm)  AgNP diameter by DLS AgNP by UV-Vis

(nm) (nm)

20.7 = 3.0 23.5 = 0.7 393

Prague). For all cells derived from different tissues a total of 150 cells
from two different slides were scored for each tissue/animal. For cells
derived from spleen: one hundred and fifty comets were randomly
scored using a dedicated image analysis system (IAS2000; Delta Sis-
temi, Rome, Italy) connected to a fluorescence microscope (Leica,
Wetzlar, Germany) equipped with appropriate filters (N2.1) and con-
nected to a computer through a charge-coupled device camera. Ac-
cording to OECD guideline 489 (Organisation for Economic Co-opera-
tion and Development. 2014), the parameters considered were: the
percentage of total DNA in the comet tail (tail intensity, %T.L.) and the
hedgehogs or ghosts (%G.), identified by visual inspection or when
their tail intensity value was higher than 80%. Media of medians of
each group were considered to analyze DNA damage and error standard
of the mean (Maranghi et al., 2018).

2.7.2. Micronucleus assay

Isolated splenocytes were cultured in cell culture tubes containing
RPMI 1640 medium (Gibco), 15% of inactivated Foetal Calf Serum
(Gibco), 1% penicillin/streptomycin (5000 IU and 5000 mg/ml, re-
spectively) (GIBCO) and5 pg/ml Concanavalin A (Sigma). Cultures
were incubated at 37 °C in a 5% CO, atmosphere. After 24 h of in-
cubation, cytochalasin B (Sigma) was added at the final concentration
of 5 ug/ml. After additional 20 h of incubation, cells were harvested on
slides by cytocentrifuge (Shandon II). After air-drying, slides were fixed
in methanol and stained in 10% Giemsa. For each sample derived from
negative and positive control groups, and groups exposed to the 3 dose
levels of AgNPs, the frequency of mononucleated, binucleated and
multinucleated cells on 1000 cells was recorded to calculate the
Replication Index (RI) according to the following formula:

RI = (n°binucleated cells) + (2 x n°multinucleated cells)/n°total cells

The frequency of binucleated cells bearing micronucleus was cal-
culated on 1000 total binucleated cells. Results are expressed as mean
values of 5 animals for each group.

2.8. Histopathological and histomorphometrical analysis

Immediately after the sacrifice, to avoid any post-mortem artefact, a
portion of liver, spleen, duodenum and one kidney were fixed in 10%
buffered formalin and stored in 80% ethyl alcohol. Specific care was
paid to easily perishable tissues, e.g. spleen. Tissues were embedded in
paraffin, cut into 5-um sections and stained with haematoxylin and
eosin before examination under a light microscope (Nikon Microphot
FX) with different lenses.

Quantitative histomorphometrical analyses were performed on
spleen, duodenum and kidney of CTRL and treated mice. Briefly, slides
of selected tissues were examined by means of an image analysis system
(Nis-Elements D) applied to an optical microscope (Nikon Microphot
FX).

Duodenum: using a 10 X lens, the height of the mucosal tunic, the
width and height of intestinal villi were measured (25 villi/slide were
random chosen) (Tassinari et al., 2015).

Spleen: using a 2 X lens, ratio between white and red pulp areas was
measured on whole transversal section (Tassinari et al., 2014).

Kidney: using a 10 X lens, diameter and area were measured on 100
glomeruli (Yabuki et al., 1999). The glomerular volume was calculated
according to procedure described by Romero (Romero et al., 1999).
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2.9. Statistical analysis

Statistical analysis was performed with JMP 10 (SAS Institute Inc.,
Cary, NC, USA). The GraphPad Prism 6.0 software was used to perform
all graphics. Non parametric Kruskal-Wallis test was applied to all the
continuous variables to test the statistical significance of the differences
among groups, followed by the post-hoc Dunn's test comparison, where
appropriate. For genotoxicity data, One-way ANOVA was performed
followed by the post-hoc Dunnett's test comparison among treated
groups and controls, where appropriate. For categorical variables
(histological endpoints), data were expressed as proportions of quantal
data; pairwise comparisons of treated groups with CTRL group were
analyzed by means of the two-tailed Fisher exact test. To identify do-
se-response trends, the Mantel-Haenszely2 trend test was used.
Significance level was set at P < 0.05 for all the analyses.

3. Results
3.1. Characterization of AgNP dispersions

AgNP dispersion was physically and chemically characterized by the
manufacturer in water using TEM, DLS, Z-Potential, UV-vis. The main
characteristics are summarized in Table 1. Briefly, TEM analysis
showed that AgNPs have a good spherical morphology with a size of
approximately 20 nm of diameter. Monodispersion was confirmed in
solution by DLS, showing a peak corresponding to 20 nm; the Z-po-
tential of AgNPs was —16 mV, a sharp plasmon peak at c.a. 400 nm
indicated highly monodispersed NPs (De Matteis et al., 2015).

3.2. General toxicity

No adverse signs of toxicity or mortality were observed in Ag50,
Ag150 and Ag300 treated mice. Body weight gain, feed consumption,
absolute and relative organ weight were unaffected by the treatment
both in female and male mice (Supplementary data, Table 1S).

3.3. AgNP biodistribution in organs and blood

The SP-ICP-MS method used to analyze dimensional distributions
(nm) and concentration (particles/ml) of AgNPs in organs and blood
was firstly validated by the measurements of stability, recovery and
repeatability, in order to guarantee that no aggregation/agglomeration
or dissolution of particles was present in the different matrices after
TMAH extraction (Table 2).

In Fig. 2, the number of AgNPs/ml tissue in blood (A), liver (B),
kidney (C), duodenum (D) and spleen (E) of male and female mice is
shown. Interestingly, differently from female mice, in spleen of male
mice no statistically significant differences in treated groups were re-
corded compared to CTRL. Moreover, dose-response trend and com-
parable curves between sexes were present in AgNP biodistribution in
blood, liver, kidney and spleen with higher AgNP concentration in fe-
male mice in blood and kidney, and in male mice in liver and spleen. In
duodenum, no dose-response trend was present in both sexes.

Table 2
Validation data of the SP-ICP-MS analysis of AgNPs in water, organs and blood
(values are an average of 3 independent samples).

Water Organs Blood
Stability (diameter, nm) 22.7 = 293 23.6 = 3.3 23.8 = 3.6
Recovery (%) 101 91.8 106.6
Repeatability (%) 2.6 3.7 6.0
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Fig. 2. Number of AgNPs/ml tissue: blood, live, kidney, duodenum and spleen of male and female mice orally exposed to 50, 150 and 300 mg/kg bw of AgNPs for

3 days and measured by SP-ICP-MS. * P < 0.05.

3.4. TEM analysis

TEM images of duodenum and liver are shown in Figs. 3 and 4.
Hepatic and duodenal cells of Ag300 treated male and female mouse
showed no pathological ultrastructural changes in nuclei, cytosol and
organelles, and cells from CTRL tissues were comparable with treated
tissues. In liver, AgNPs were located either inside membrane bound
structures or dispersed in the cytosol (Fig. 3). In the intestinal cells,
AgNPs were located inside membrane bound structures or dispersed in
cytosol along microvilli and the presence was comparable in treated
and CTRL mice (Fig. 4). Both in liver and in duodenum, no AgNPs were
detected in the nucleus (Figs. 3 and 4). Interestingly, both in liver and
duodenum of female mice, AgNPs appeared to be more abundant and
better distributed with well-defined membrane in comparison to the
same tissues of male mice.

3.5. Liver and kidney serum biomarkers

Liver serum biomarkers showed, in female mice, significantly re-
duced levels of GOT and GPT in Ag50 and in Agl150, respectively. No
statistical significant alterations were present in male mice (Fig. 5).

Kidney serum biomarkers showed, in male mice, significantly in-
creased levels of BUN in Ag300-No effects were recorded in female mice
(Fig. 6).

3.6. Genotoxicity endpoints

3.6.1. Comet assay

No statistically significant increased DNA damage was observed in
blood, liver, kidney, spleen and duodenum of male and female mice
exposed to AgNPs in comparison to CTRL. As expected, in mice treated
with MMS (positive control) the % mean of T.I. and % G. were
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Fig. 3. TEM images of liver of female and male mice orally exposed to 300 mg/kg per day of AgNPs for 3 days. A) Liver of control mouse (N, nucleus). B) Liver of
male mice showing an accumulation of nanoparticles next to mitochondria (arrow) (P, peroxisomes). C) Micrograph of liver of female mice displaying a large amount
of nanoparticles within well-defined membrane bound structure (D, enlargement of squared area in C). E) Liver of male mice in which nanoparticles can be observed
within two membrane-bound structures (F, arrows) as well as in an electron dense area (F, enlargement of squared area in E).

significantly higher than in CTRL (Table 3).

3.6.2. Micronucleus assay

The oral exposure to AgNPs didn't increase the percentage of mi-
cronuclei in lymphocytes of spleen in male and female mice, although a
slight, dose-related increased frequency was present in Agl50 and
Ag300 female mice (Fig. 7).

3.7. Histopathological and histomorphometrical analysis
No significant differences were present in liver, kidney, duodenum

and spleen of AgNPs treated male and female mice compared to CTRL
(Supplementary data, Table 2S).

4. Discussion

The present study showed that AgNPs 20 nm of diameter, relevant
dimension for human oral exposure, were present in blood, duodenum,
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Fig. 4. TEM images of duodenum of female and male mice orally exposed to 300 mg/kg per day of AgNPs for 3- days A) Duodenum of control mouse with brush
border microvilli. B) Electron micrograph of duodenum of female mice showing nanoparticles along microvilli (circled area) and either free in the cell cytoplasm or
built up in a specific area (arrow). C) Duodenum of female mice displaying large amount of nanoparticles strictly collected over and under the nucleus (N, nucleus).
D) Enlargement of squared area in C in which tight accumulations of nanoparticles delimited by membranes, can be observed. E) Duodenum of male mice exhibiting
an aggregation of nanoparticles within a membrane bound structure as can be better appreciated in D (enlargement of squared area in C).

liver, kidney and spleen even after acute, short-term oral exposure both
in male and female mice, indicating that the AgNPs were absorbed and
distributed in target tissues without marked differences between sexes.
TEM analysis of liver and duodenum of Ag300 male and female mice
clearly identified AgNPs either freely dispersed in the cytoplasm or
enclosed in membrane bound structures, but no AgNPs were observed
in the nucleus. Indeed, as suggested by Patlolla A.K., the AgNPs of
20 nm diameter can block the access to nuclear pores and the entrance
in nucleus (Patlolla et al., 2015a). Moreover, accumulation of AgNPs in

specific organelles, as peroxisome or lysosomes, can reduce the possi-
bility that free NPs enter the nucleus (McShan and Ray, 2014).

The highest AgNPs content was found in emptied duodenum and the
result was coherent with a previous study in rats orally treated for
28 days with 10 ml/kg bw of AgNP, size 14 * 4 nm in diameter,
stabilized in aqueous suspension of polyvinylpyrrolidone (Loeschner
et al., 2011).

In 2016 Hendrickson et al. studied biodistribution of non-coated
AgNPs (12 nm of diameter) after single and repeated administration
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Fig. 5. Serum levels of glutamic oxaloacetic transaminase (GOT) and glutamate pyruvate transaminase (GPT) in in male and female mice orally exposed to 50, 150

and 300 mg/kg per day of AgNPs for 3 days. *P < 0.05.

(30 days) at 2000 and 250 mg/kg bw, respectively; interestingly, after a
single high-dose administration, the AgNPs were progressively moved
(1 day, 7 and 14 days) from the deposition site organs (stomach and
small intestine) towards other sites (liver, kidneys, spleen)
(Hendrickson et al., 2016). Rats treated for 13 weeks with AgNPs (10,
75, and 110nm) at 9, 18, and 36mg/kg bw showed AgNPs pre-
dominantly located within cells of all the analyzed tissues (Boudreau
et al., 2016). Differently from the present study, sex differences were
noted in the pattern of distribution with higher concentration recorded
in kidney, liver, jejunum and colon of female rats. In general, available
studies on orally administered Ag in different forms (particulate or
ionic) showed that it was deposited in all tissues and the concentration
was dependent on dimensions and on exposure time. Oral administra-
tion of 90 mg AgNPs/kg bw/day for 28 days (15 and 20 nm) to rats
localized the majority of the Ag in the stomach and small and large
intestines, followed by (in descending order) liver, spleen, testes, kid-
neys, brain, lungs, blood, bladder and heart (van der Zande et al.,
2012). Conversely, in rats orally dosed by gavage with 20 mg/kg bw
AgNPs (15.8 = 0.2 nm) for 24 h, NPs were exclusively detected in the
feces, colon content and, to a minor extent, in the colon tissue (Juling
et al., 2016). Indeed, in the present work, the biodistribution pattern
can be explained with the short treatment duration, leading to higher
concentrations in duodenum, the first contact site. Subsequently, AgNPs
were absorbed and, through blood, where a high AgNP concentration
was present, they were transported in other systemic organs as de-
position site.

A W Males
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Females

CTRL 50

150
AgNP [mg/kg bw]

300

Despite the evident absorption and distribution, AgNPs did not af-
fect general toxicological parameters at all the dose levels tested.
Indeed, considering the widespread and long-term use of AgNPs as
dietary supplement, no overt toxicity has been expected. Literature data
already evidenced no signs of general toxicity and although animals
were treated with lower doses, no effects on general parameters were
recorded in short-, long- and chronic studies irrespective to AgNP dia-
meters (Boudreau et al., 2016). No general toxicity was seen in Spra-
gue-Dawley rats orally administered by gavage for 28 days with 0, 30,
300 and 1000 mg/kg bw/day of AgNPs (60 nm) (Kim et al., 2008) or in
rats exposed for 90 days at 0, 50, 100 and 200 mg/kg/day of PVP-
AgNPs (Garcia et al., 2016). Concerning biomarkers of hepatic and
renal functions, isolated alterations in liver were present in female mice
only, and in kidney in Ag300 male mice. Both endpoints were not
supported by any histopathological and/or genotoxic alterations. For
this reason, liver data were considered independent from the treatment.
In kidney, since BUN was slightly but not significantly increased also in
Ag150 group, this data might be considered as an early, treatment-re-
lated effect of renal damage.

Genomic stability after AgNP exposure was explored in a wide range
of works by in vivo and in vitro models. In vivo genotoxic effects are often
considered controversial because of uncertainties in key parameters
such as size of nanoparticles, presence and type of coating, route and
time of exposure.

Data generated by the present study can be considered reliable since
the methodology was coherent with the recommended approach to

B W Males

30 emales

u/iL

CTRL 50
AgNP [mg/kg bw]

150 300

Fig. 6. Serum levels of Creatinine (CREA) and Blood Urea Nitrogen (BUN) in male and female mice orally exposed to 50, 150 and 300 mg/kg per day of AgNPs for 3.

*P < 0.05.
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tissues and the potential dissolution of AgNPs in Ag™ ions may be ex-
cluded.

Micronucleus assay performed on spleen lymphocytes showed no
differences among groups. AgNPs (60 nm) administered to male and
female rats over a period of 28 days at 30, 300 and 1000 mg/kg/bw per
day, according to OECD test guideline 407 protocol, evidenced no
significant difference in the micronuclei polychromatic erythrocytes
(MN PCEs) of bone marrow (Kim et al., 2008). In the present condi-
tions, the absence of AgNPs in the nucleus can account for the lack of
genotoxicity both as DNA breakage or MN formation.

5. Conclusions

After three-day oral acute exposure in adult mice of both sexes,
biodistribution data indicate that AgNPs (20 nm) were mostly accu-
mulated in duodenum - as first contact site - and subsequently trans-
ferred in liver, kidney and spleen by systemic circle. TEM analysis
showed AgNPs free in the cytoplasm or accumulated in membrane
bound structures but never in the nucleus, accounting for the lack of
genotoxic damage evaluated by Comet or Micronucleus assays. Overall,
the in vivo genotoxicity data generated on the basis of the OECD
Guideline 489 provided new insight for a comprehensive risk assess-
ment of AgNPs by the oral route.
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