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Abstract: Due to their antibacterial and antiviral effects, silver nanoparticles (AgNP) are one of the
most widely used nanomaterials worldwide in various industries, e.g., in textiles, cosmetics and
biomedical-related products. Unfortunately, the lack of complete physicochemical characterization
and the variety of models used to evaluate its cytotoxic/genotoxic effect make comparison and
decision-making regarding their safe use difficult. In this work, we present a systematic study of
the cytotoxic and genotoxic activity of the commercially available AgNPs formulation Argovit™ in
Allium cepa. The evaluated concentration range, 5-100 pug/mL of metallic silver content (85-1666 pg/mL
of complete formulation), is 10-17 times higher than the used for other previously reported
polyvinylpyrrolidone (PVP)-AgNP formulations and showed no cytotoxic or genotoxic damage in
Allium cepa. Conversely, low concentrations (5 and 10 pg/mL) promote growth without damage to
roots or bulbs. Until this work, all the formulations of PVP-AgNP evaluated in Allium cepa regardless
of their size, concentration, or the exposure time had shown phytotoxicity. The biological response
observed in Allium cepa exposed to Argovit™ is caused by nanoparticles and not by silver ions.
The metal/coating agent ratio plays a fundamental role in this response and must be considered
within the key physicochemical parameters for the design and manufacture of safer nanomaterials.

Keywords: nongenotoxic silver nanoparticles; genotoxic; cytotoxic; antioxidant activity; silver ions;
Allium cepa; metal/coating agent ratio
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1. Introduction

Silver nanoparticles (AgNPs) are the most widely used nanomaterials worldwide in different
areas such as the pharmaceutical, food, biomedical, textile and agricultural industries, due to their high
capacity as antimicrobial and antiviral agents [1-3]. Due to the AgNPs diverse areas of application, it is
fundamental to know, as much as possible, the toxicological profile of each nanoparticle formulation.

Physicochemical properties of AgNPs, such as size, shape, stability, and the coating agents have
been identified as direct modulators of the cytotoxic/genotoxic damage elicited on different cellular
systems, e.g., mammals, plants, bacteria [4-9]. Practically all publications identify the release of silver
ions and reactive oxygen species (ROS) overproduction as triggers of cellular damage. Additionally,
many of them described size-dependent toxicity, as the smaller the nanoparticles, the higher the toxicity
found [1,4,9-13].

Conversely, several works associate the cytotoxic damage not to the released silver ions but to the
nanoparticle itself [14-18]. Furthermore, it was found that the coating agent could play a significant
role in the cytotoxic/genotoxic damage and the cellular uptake by a dependent or independent
clathrin/caveolae endocytosis [19-23].

Just a few AgNPs formulations provide a complete characterization, and even fewer have been
evaluated on diverse systems, including those recognized as a reference, i.e., primary cultures in the
case of mammals [24] and Allium cepa for higher plants [25]. The above mentioned makes the task of
comparison and decision-making regarding toxicity and safety use of AgNPs very difficult.

Allium cepa is considered one of the most sensitive plant systems to determine the cytotoxic
and genotoxic effects of diverse chemical agents. The advantage provided by this system has been
widely described in different works and reviews articles [25-28]. Despite all known benefits, the use
of this model for nanomaterials still provides controversial results that made hard the task for
decision-makers. Most of the problems are not associated with the model itself but to the scarce
physicochemical properties of nanomaterials supplied by the authors. Furthermore, in our knowledge,
scarce studies reported the physiological response of plants exposed to different concentrations of
silver ions and fewer with the coating agent alone.

Diverse biological responses were described when Allium cepa was exposed to various formulations
of AgNPs. The observed effects were mainly associated with the silver ions released. However, different
groups working with very stable AgNPs formulations—most of them coated with polyvinylpyrrolidone
(PVP)—showed cytotoxic and genotoxic effects that cannot be associated with the leached silverions [14,15].
Thus, the biological response must be elicited mainly by the nanoparticle itself and not by its constituents.

Table 1 summarizes the cytotoxic and genotoxic response registered after the exposure of
Allium cepa to different concentrations of diverse AgNPs formulations from published data. Most of
the formulations assessed reported cytotoxic and genotoxic damage, mainly those that lack of coating
agent and the biogenically produced nanoparticles [29-37].

It is well known that the coating agent contributes to the stability of AgNPs and, in turn, their toxicity
response [3,21,22,38,39]. The use of PVP as a coating agent substantially diminishes the genotoxic
damage [40,41]. Minimal effect on root elongation and the mitotic index were found with AgNPs coated
with citrate (61.2 nm), PVP (9.4 nm) and CTAB (5.6 nm) [14]. Interestingly, all AgNPs evaluated by
Cvjetko [14] produce cytotoxic damage, increasing ROS concentration, and lipoperoxidation with an
AgNPs concentration-dependence manner. Although no DNA damage was observed with citrate-AgNPs
by comet assay (Table 1).

An essential contribution of the manuscript of Cvjetko is the association of cytotoxic and genotoxic
damage to the nanoparticles and not to the released silver ions [14]. Another work by Scherer [15] also
reported the cytotoxic and genotoxic effect of PVP-AgNPs with different sizes with no contribution
of free Ag™ ions to cytotoxicity observed. In the mentioned work, the authors describe a cytotoxic
and genotoxic effect with a size dependence behavior. Small nanoparticles produce more considerable
cytotoxic damage and micronuclei (MN) frequency. All AgNPs studied in this work, no matter the
size, produce cytotoxic and genotoxic damage.
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Table 1. Comparative analysis of cyto-genotoxicity of Argovit™ AgNPs with other AgNPs formulations described in the literature.
AgNP Source and
Physicochemical Shape Size (nm) ¢ (mV) Ag Content P RP € (nm) [C]9 (ug/mL) Exposure Time (h) Cytotoxic and Genotoxic Damage Ref.
Characteristics
Commercial o 25,50, 75 and - .
Sigma-Aldrich, <100 - - 99.5% - 100 pug/mL 4h CA and cell disintegration. [29]
. 2 h of exposure and .20 and 4@ ug/mL. Dose-dependenc.e
Commercial <100 B ) 99.5% B 5, 10, 20, 40, p v of 12, 24 increase in the frequency of cells with [37]
Sigma-Aldrich 7 80 pg/mL eco‘;igfg b MN and CA :
>10 pg/mL: DNA damage (comet assay)
Dose-dependence increase in the
. . frequency of cells with CA
Syn.t hesized with 2h of exposure and After 2 h of exposure and 48 h of
male inflorescence of 5,10, 20, 40 and . X .
. - - - - recovery of 12,24 recovery, no differences in cells with MN [37]
screw pine, 80 pg/mL
Pandanus odorifer and 48 h between control and lower
concentrations (5 and 10 ug/mL).
>20 pg/mL: DNA damage (comet assay)
No damage was observed in nuclei
isolated from shoots. Nuclei isolated
from roots exposed to 25 and 50 pug/mL
Commercial TEM 70-130, av. ~125; . 25,50 and shown DNA damage determined by ,
Sigma-Aldrich - SEM: 90-180. av. 120 —4.86 99.5% - 75 pg/mL 24h comet assay. The major effect was [42]
& ’ T observed with 50 pg/mL. No damage
was observed with 75 pg/mL, and the
authors suggest agglomeration and
precipitation of AgNP.
Citrate Citrate Citrate 25,50, 75, No DNA damage.was observed w.1th
. . 61.2 +33.9 (TEM) any of the AgNP-citrate concentrations
Synthesis rod-like -39.8+34 100 uM . .
AoNP-citrate PVP PVP PVP (Quantified b employed. An increase in tail DNA was
5 . 9.4 + 1.3 (TEM) - - y 72h recorded after exposure to AgNP-PVP at [14]
AgNP-PVP spherical CTAB -4.8+0.6 ICP-MS) 10 uM 100 UM concentration. AeNP-CTAB
AgNP-CTAB CTAB CTAB AgNO3, 2.5,5.0, i - A8 .
spherical 56+21 25427 75,10 pg/mL produces DNA damage only with
p (TEM) T e 50 uM concentration.
Commercial The decrease in MI and the increase in
Nanotech - 20-30 - - 5,10, 15 pg/mL 3,6,9h CA have a dependence on concentration [43]
PVP-AgNPs and exposure time
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Table 1. Cont.
AgNP Source and
Physicochemical Shape Size (nm) ¢ (mV) Ag Content P RP € (nm) [C]9 (ug/mL) Exposure Time (h) Cytotoxic and Genotoxic Damage Ref.
Characteristics
?vgiinZanyen;t}ztcltz 2? Synthesis The decrease in MI and the increase in
C 20 CA have a dependence on concentration.
Sgg::ri\iigit:la ) Commercial ) ) 510,20 ug/mL 4h Both AgNPs produce cytotoxic and (301
Sigma-Aldrich 20 genotoxic damage similar to AgNOs.
They were
synthesized with All p: 12-80 p: 431 0.01.01.1.10 Cytotoxic and genotoxic damage have a
Cola nitida pod (p), semi-spherical s: 8-50 - - s: 457 an. d i 06 ! g}mL 24,48 and 72 h dependence on concentration and [31]
seed (s), and seed P ss: 5-40 ss: 454 K exposure time.
shell (ss).
. . Produces a reduction in the number and
Synlthesmed with Semi-spherical 25-40 - - 440 B’ > andL 72h diameter of roots, decreases in MI, [33]
plant extract 10 ug/m and increases the frequency of CA.
Cytotoxic and genotoxic effects with
1.5and concentration-dependence behavior (MI
15 pg/mL decrease and CA increase).
Synthesized AgNPs - 2-8 - - - With CMC 24h In the presence of CMC, the cytotoxic [34]
1.24 and damage is lower than the observed for
12.4 pg/mL AgNPs alone. Genotoxic damage is
found only with 12.4 pg/mL.
. . E: . 10 An increase in MI and CA observed.
Aﬁi’l:;h(‘ffsfiffamtlza ; 157 + 11 (DLS), E:7.2x 1010 E E'I\?Pjnli AgNPs produce a frequency increase on
extract (E) and B 131 + 5 (NTA) E:20.1+1 NP/mL (NTA); 384 (3.4 pg/mL) 24h cells with chromosome damage more [35]
dehydrated root R: R:26.0£1 R: 4.6 x 1010 R R 3 % 105 than 3-times compared with control, but
infusion (R) 293 + 12 (DLS) NP/mL 380 NP /L the extract of Althea officinalis produces a
227 + 16 (NTA) frequency increase of nearly 3-times
No difference in the MI compared with
Biogenic AgNPs AoNPuw control, but 5 and 10 ug/mL of AgNPs
obtained with & increase the frequency of CA. No data of
Fusarium oxysporum. 40.3 £3.5 (TEM) AgNPuw lower concentration was provided.
106.2 + 13 (DLS) -371+26 0.5,1,5and . -
Unwashed - AoNPw AoNDPw - - 10 wa/mL 24h Results of genotoxicity at concentrations [36]
(AgNPuw) and 403 8 & ug/ 5.0 and 10.0 ug/mL show some response,
.3 + 3.5 (TEM) -478+1.1 .
washed (AgNPw) 1451 + 4.5 (DLS) but at concentrations 0.5 and 1.0 pg/mL,
with water T the washed and unwashed silver

nanoparticles did not present any effect.
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Table 1. Cont.

5 0f 20

AgNP Source and
Physicochemical Shape Size (nm) ¢ (mV) Ag Content P RP € (nm) [C]9 (ug/mL) Exposure Time (h) Cytotoxic and Genotoxic Damage Ref.
Characteristics
AgNP5
size: 10.4 £ 4.7 nm AgNP5
(TEM). Release of Ag*
BE d: 42.6 + 192 nm from PVP-AgNPs
(DLS); AE d: in distilled water:
Commercial BioPure 161.2 + 55.5 nm (DLS) AgNP5 0.75%
Silver AgNP25 BE -15.6 AgNP25 Release
Nanospheres-PVP (5 size: 20.4 + 7.2 nm AE -8.35 of Ag* from
25,50, 75 nm) PVP: ! (TEM) AgNP25 PVP-AgNPs in
! 40,kDa from ’ All BEd: 77.1+262nm  BE-112 distilled water: The smaller the AgNPs diameter,
nano Composix® nanoparticles (DLS); AE d: AE -6.81 0.29% ) 100 pg/mL 48h the more the MI decrease, the MN [15]
Characterization are 94.5 + 42.9 nm (DLS) AgNP50 AgNP50 frequency increases compared to the )
orformed by the spherical AgNP50 BE -16.3 Release of Ag* control group
P o y size: 51.3+74nm  AE-7.53  from PVP-AgNPs
BE: be?;lre (e’f(i)osure BEd: 80.5+304nm  AgNP75 in distilled water:
AE.' After expostre (DLS); AE d: BE -13.0 0.03%
’ 103.3 £ 46.5nm (DLS) AE —6.42 AgNP75
AgNP75 Release of Ag*
size: 73.4 + 4.7 nm from PVP-AgNPs
BE d: 124.4 +48.1 nm in distilled
(DLS); AE d: water: < LOQ
119.8 + 42.1 nm (DLS)
. A
Synthesized AgNPs 430 A
with cocoa pod husk (TEM) 48 00101 1,10 Cytotoxicity and genotoxicity shown
(A = CPHE-AgNPs) B - - - B aﬁ d i 06 ;L g’/mL 24,48 and 72 h dependence on concentration and time [32]
and cocoa bean 8.9-54.2 438 exposure
(B = CBE-AgNPs) (.TEM.)

2: Zeta potential; b resonance plasmon; € content of silver in the AgNPs formulation; d concentration used in the experiments; MI: mitotic index; CA: chromatic aberrations; PVP:
polyvinylpyrrolidone; CTAB: cetyltrimethylammonium bromide; CMC: carboxymethylcellulose; LOQ: limit of quantification; BE: before exposure; AE: after exposure.



Nanomaterials 2020, 10, 1386 6 of 20

During the last years, our research group has studied a commercial PVP-AgNPs formulation
known as Argovit™ that has shown striking results in agriculture, aquaculture, and human and
veterinary medicine [44-51]. These AgNPs have been very useful in disinfection and heal acceleration
of diabetic wounds [44], reduction of tumor growth on mice [45], treatment of white spot virus on
shrimps without toxic effects [46-52] and distemper on dogs [47], a decrease of the infectivity of
Rift Valley fever virus on mice [48], elimination of parasites from fish for human consumption [49],
disinfection and promotion of plants growth during micropropagation [50,51], among many others.

In this work, we present the systematic study of Allium cepa biological response elicited by
the exposure for 24, 48 and 72 h to different concentrations of a fully characterized PVP-AgNPs
formulation, silver ions from AgNOj3 solution corresponding to the amount of silver contained in the
nanoparticles and the corresponding amount of PVP (acting as coating agent of the nanoparticles) for
each concentration assessed. The physiological response was evaluated, monitoring the number and
length of new roots. The cytotoxic damage was determined considering the mitotic index, the effects
on the mitosis cycle, and the evaluation of ROS overproduction, the antioxidant response of the onion,
quantification of the total phenol content, and evidence of lipoperoxidation. Finally, the endpoint to
determine genotoxic damage was the change in the micronuclei frequency on dividing cells.

2. Materials and Methods

2.1. Materials

The AgNPs formulation used in this work is a stable aqueous suspension that contains 1.2%
weight of metallic silver stabilized with 18.8% weight of PVP, commercially available as Argovit™.
The final concentration of the suspension is 200 mg/mL (20%) of AgNPs. The AgNPs of this formulation
has been described as a spheroidal shape by transmission electron microscopy (TEM) with a diameter
distribution between 1 to 90 nm and an average size of 35 + 12 nm. The hydrodynamic diameter is
70 nm, with a zeta potential of -5 mV and a plasmon resonance found at 420 nm. All determinations
performed in distilled water [45]. Silver nanoparticles were donated by Vasily Burmistrov of Vector-Vita
Scientific and Production Center (Novosibirsk, Russia). The UV-vis, zeta potential, and hydrodynamic
diameter for AgNPs batch used in this work were determined in distilled water. The UV-vis spectra
were acquired with an Agilent Cary 60 spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA), and the absorption maximum was observed on 424 nm. The zeta potential (-14 mV) and the
hydrodynamic diameter (95 nm) were determined with a Zetasizer Nano NS DTS-1060 (Malvern
Panalytical Ltd., Worcestershire, UK) The values obtained agree with those reported by the producers.

2.2. Experimental Design

For each treatment, three Allium cepa bulbs (2-3 cm of diameter) were used. Roots were removed
without primordial destruction. After washing, each bulb was placed in a 50 mL Falcon conical tube.
Each tube contained 10 mL of distilled water and the corresponding treatment: AgNPs, AgNOs, or PVP.
The final concentrations for AgNPs and AgNO3 were 5, 10, 15, 25, 50, 75 and 100 pg/mL (metallic silver
content), while the final PVP concentrations were 78, 156, 235, 391, 783, 1175 and 1566 pg/mL. The PVP
concentrations correspond to the maximum amount of polymer used as a coating agent on each AgNPs
concentration evaluated, considering that Ag%: PVP% ratio in Argovit™ is 1.2%:18.8%. Distilled water
was used as a negative control (C—) and sodium arsenite (NaAsO,) at a concentration of 0.37 ug/mL
(2.84 uM) as a positive control (C+). The inclusion of positive genotoxic control is to guarantee that
the cyto-genotoxic response observed is a product of the agents studied and not an artifact of the
technique. Samples were incubated at 25 °C + 0.5 °C for 72 h in darkness with the corresponding
stimuli, except NaAsO, samples, which were exposed only for one hour with the stimuli and then
placed in distilled water without arsenite to complete the incubation period [53,54]. Due to the high
sensitivity of Allium cepa to sodium arsenite exposure reported in two studies [55,56], it was decided to
use an exposure time of only one hour at 0.37 pg/mL, to prevent masking of genotoxic damage by the
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cytotoxic effects (induction of apoptosis and necrosis). The onions exposed to sodium arsenite were
incubated for 71 h extra in distilled water to resemble the conditions used for AgNPs and AgNOs.
Three independent experiments by triplicate were performed for each treatment.

2.3. Sample Preparation

After incubation time, three mm of the root was fixed with MeOH (80% v/v) and then submerged
for 2 min in 5 N HCL. After that, samples were rinsed with distilled water to remove the acid excess.
Rinsed roots were submerged in the acetic-orcein stain for 30 min and then rinsed with distilled water.
Finally, the stained root was placed on a slide with a drop of acetic acid at 45% (v/v). The sample was
“squashed” with the help of a coverslip for microscope observation. Observations were performed with
a Carl Zeiss Primo Star microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) with a 40x objective.

2.4. Mitotic Index and Genotoxicity

The mitotic index was determined with the ratio of cells in division
(P = prophase + M = metaphase + A = anaphase + T = telophase) and the total number of
counted cells according to the formula:

MI = [(Cells on division (P + M + A + T))/(Total counted cells)] x 100 1)

Genotoxicity was determined with the micronuclei frequency present on 1000 cells under division
counted to determine the mitotic index [57].

2.5. Determination of Antioxidant Capacity

The antioxidant capacity was determined using the Oxygen Radical Activity Capacity kit (ORAC
kit, ab233473, Abcam, Cambridge, MA, USA) according to the method described by [58]. Briefly,
one gram of freeze-dried extract (H,O: MeOH, 20: 80 v/v) of Allium cepa roots and bulbs were diluted
in methanol for quantification. Analyses were performed at 37 °C using a pH 7.4 phosphate buffer.
The peroxide radicals were produced by 2,2’-Azobis(2-amidinopropane) dihydrochloride (AAPH),
using fluorescein as substrate and Trolox as standard. Fluorescence was measured every 2 min for one
hour. A calibration curve of Trolox in the concentration range 10 to 100 uM was used in each plate
read. All determinations were done by triplicate.

2.6. Determination of Reactive Oxygen Species (ROS)

The determination of ROS was performed by a direct colorimetric and fluorometric assay that
measures hydrogen peroxide (H,O,) as a reactive oxygen metabolic by-product (Hydrogen Peroxide
Assay Kit-ab102500, Abcam, Cambridge, MA, USA). The determination was performed following the
supplier protocol. Briefly, 5mg of freeze-dried Allium cepa roots and bulbs samples were separately
homogenized in cold phosphate buffer solution and washed by centrifugation for 2-5 min at 4 °C
and 1000x g to remove any insoluble material. The collected supernatant was transferred to a clean
tube to keep on ice. Perchloric acid (PCA) 1 M was used for deproteination; the mixture was stirred
and incubated on ice for 5 min. PCA was precipitated with 2M KOH. The mixture was centrifuged at
10,000x g for 20 min at 4 °C, and the supernatant was collected. Deproteinized samples were used to
determine ROS with Hydrogen Peroxide Assay Kit (Abcam, Cambridge, MA, USA). All determinations
were performed by triplicate.

2.7. Determination of Total Phenolic Content (TPC)

Samples from roots and bulbs from the different experimental conditions were extracted for
three hours at 250 rpm with a solvent mixture H,O: MeOH (50:50 v/v) at 30 °C. The obtained extracts
were filtered under vacuum and concentrated in a rotary evaporator. The concentrated extract was
lyophilized, and the obtained freeze-dried powder was stored at —80 °C. The TPC was determined
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using the Folin—Ciocalteu method previously described by [50]. The absorbance was measured at
760 nm, and TPC was calculated from a calibration curve of gallic acid (10-150 pg/mL) and expressed as
milligrams of gallic acid equivalents (GAE) per gram of sample. All assays were carried out in triplicate.

2.8. Determination of Lipoperoxidation (LPO)

Lipid peroxidation was determined indirectly by the quantification of malondialdehyde (MDA)
produced by the decomposition of unsaturated fatty acids. 200 mg of freeze-dried roots and bulbs
samples were homogenized in 4 mL of 0.1% Trichloroacetic acid (TCA). The extract was centrifugated
at 10,000 g for 15 min. 1 mL of supernatant was collected and mixed with 2 mL of 20% TCA and 2 mL
of 0.5% Thiobarbituric acid (TBA). The mixture was heated for 30 min at 95 °C, then cooled on ice.
The produced malondialdehyde was quantified reading at 532 and 600 nm. All determinations were
performed by triplicate.

2.9. Statistical Analysis

GraphPad Prism 8.4 was used to analyze data, which are expressed as the means + standard error.
One-way ANOVA statistical analysis was performed, followed by Tukey’s test to identify significant
differences among groups. Significant differences were considered with p < 0.05. A Bartlett test [59]
was performed before conduct each analysis of variance to probe the null hypothesis that variances
in all groups are the same. The results showed p > 0.05 for all variables considered in this study.
We assume normality based on the Bartlett test sensitivity for normal distributions [60].

3. Results and Discussion

Figure 1 shows changes in Allium cepa root length with time. After 24 h of exposure, AgNPs with
concentrations of 5, 10, 25, and 50 ug/mL, as well as 156 pg/mL for PVP, promoted root elongation
compared with the negative control. For this exposure time, the most important elongation was
observed for 5 pg/mL of AgNPs. The lowest concentrations of PVP (78 pg/mL) and AgNO3 (5 pug/mL)
seem to make root elongation slower. Root elongation increase was observed with the concentration
increase of both PVP and AgNO3, but to less degree than the obtained for AgNPs. The minimal
root elongation was found in onions exposed to 1175 and 50 png/mL of PVP and AgNOj3, respectively
(Figure 1). Most significant changes in root elongation were observed on plants exposed to AgNPs for
48 h, being the most impressive one reached in onion exposed to 5 ug/mL of AgNPs, 3.5-times higher
elongation compared with the negative control (Figure 1). PVP and silver nitrate showed similarly or
slightly superior elongation values than the negative control, albeit never more than double. After 72 h
of exposure, the highest root elongation was still produced by the lowest concentrations of AgNPs
assayed, 5 pg/mL and 10 pg/mL.

The number of new roots found after the exposure to AgNPs increases for all assessed
concentrations compared with the negative control (Figure 2). As in the case of root elongation,
the concentration of 5 pg/mL was the most effective. Interestingly, the number of new roots found for
10, and 15 pg/mL rapidly drops compared with those seen for 5 ug/mL. Then it increases again for
concentrations of 25 and 50 nug/mL, but not so impressive as for 5 pg/mL. The number of roots found
for 75 and 100 pug/mL drops again.

On the other hand, PVP only promoted the emergence of new roots with the highest
concentration assessed, 1566 ug/mL. Meanwhile, AgNO3 shows the changing pattern found for
different concentrations of AgNPs but, in this case, involving the concentrations from 15 (maximum
root numbers) to 100 ug/mL. For both agents, PVP, and AgNOs, the lowest concentration assessed
presents the smaller number of new roots, even lower than for the negative control (Figure 2).

The mitotic index shown in Figure 3 is the primary biomarker used to determine the cytotoxic
effect of different substances and provides strong arguments to explain the root elongation and increase
of root number elicited by exposure of Allium cepa to AgNPs. In our experimental conditions, the MI
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value for the negative control (C—) was 12.5 + 1.5. This value is similar to the reported by Dizdari [61]
and Cvjetko [14] with IM values of 15 + 0.32 and 9 + 0.5, respectively.

800

600

4001

Root length (mm)

2001

0- .

F—AgNPs — —— PVP — F— AgNO; —

Hg/mL

Figure 1. Root elongation of Allium cepa exposed to AgNPs, PVP, and AgNO; with different
concentrations after 24 (black), 48 (dark gray), and 72 h (gray) of exposure. The negative control (C—)
was distilled water, and 0.37 pg/mL of sodium arsenite was used as a positive control (C+). Dotted lines
were included for comparative purposes that show the elongation observed for negative control on
each evaluated time. * Indicates significative differences with the negative control (p < 0.05); § indicates
significative differences with the positive control (p < 0.05) after 72 h of exposure.

60 =3 72hr

= 48 hr

40+

# of Roots

—AgNPs — —— PVP — F— AgNO; —]
Mg/mL

Figure 2. The number of new roots counted on Allium cepa exposed to AgNPs, PVP, and AgNO3 with
different concentrations after 24 (black), 48 (dark gray), and 72 h (gray) of exposure. Negative control
(C-) was distilled water. 0.37 pg/mL of sodium arsenite was used as a positive control (C+). Red dotted
lines were included for comparative purposes that show the number of roots observed for negative
control on each evaluated time. * Indicates significative differences with the negative control (p < 0.05);
§ indicates significative differences with the positive control (p < 0.05) after 72 h of exposure.
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Figure 3. Mitotic index obtained after 72 h of exposure to the corresponding stimuli, AgNPs (lined),
PVP (dark gray), and AgNOj3 (grid). The concentrations assessed are indicated in the figure. C—
corresponds to untreated plants (light gray) and C+ to those exposed to 0.37 pg/mL of sodium arsenite
(black). * Indicates significative differences with the negative control (p < 0.05); § indicates significative
differences with the positive control (p < 0.05).

The AgNPs concentrations of 5 and 10 ug/mL showed higher MI values for all the series.
Meanwhile, the other concentrations (15-00 pug/mL) showed a MI value similar to the negative control,
but never below. On the contrary, for all PVP and AgNOj; concentrations, the MI values are beneath
the negative control. MI value ranges are within 8.6 + 0.7-6.3 = 0.7 for PVP and 7.2 + 0.8-4.7 + 0.5
for AgNOs3. MI value for sodium arsenite is close to the MI value of PVP (8.43 + 1.66). From 5 to
25 ug/mL of silver nitrate, the MI decreases in a concentration-dependent manner; for 50 pg/mL and
higher concentrations, the MI keeps practically constant (Figure 3). It is clear from Figure 3 that lower
concentrations of this AgNPs formulation promote cellular division, contrary to silver ions that affect
cell division starting from the lower concentration assessed. A detailed analysis of cell populations
demonstrates that the exposure to AgNPs with concentrations of 5 and 10 pg/mL elicits a critical
percentage of cells found in prophase-more than three times in comparison with the negative control
(Figure 4). Additionally, a small increase in the frequency of cells in telophase is observed with these
concentrations. With higher concentrations of AgNPs (75 and 100 pg/mL), the frequency of cells on
prophase is still above the observed for the negative control.

Conversely, PVP and AgNOj3 decrease the cell count in all phases compared with the negative
control, except for the interphase. Both agents present a cell counting decrease on prophase with a
dose-concentration behavior. For the rest of the phases, no dose-dependence behavior was found,
but in all of them, a significant reduction in cell counting compared with the negative control was
observed, even most important than the produced by sodium arsenite (C+).
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Figure 4. Effects elicited by AgNPs, PVP, and AgNOj3 on mitosis of Allium cepa root cells. (a) Cell
population in each phase of mitosis after 72 h of exposure to several concentrations of AgNPs (lined),
PVP (dark gray), and AgNOj3 (grid). C- corresponds to untreated plants (light gray) and C+ to
those exposed to 0.37 pg/mL of sodium arsenite (black). * Indicates significative differences with the
negative control (p < 0.05); § indicates significative differences with the positive control (p < 0.05).
(b) Representative photographs of cells at different stages of mitosis. Images were obtained with a
digital camera adapted to the microscope using a 40X objective.

Exploring the factors that could contribute to cytotoxicity and, in turn, to the decrease of MI values,
we quantify the concentration of reactive oxygen species (ROS) within the cells. It is important to note
that only PVP at 78 ug/mL and AgNOj at 75 and 100 pug/mL produce an increase of ROS statistically
significant compared with the negative control (Figure 5a). On the other hand, AgNPs provide a
significate upsurge of ROS starting from the concentration of 15 pg/mL.
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Figure 5. Antioxidant response of Allium cepa roots exposed to different stimuli. (a) Reactive Oxygen
Species, (b) Oxygen Radical Absorption Capacity assay, (c) Total Phenolic Content, and (d) Lipoperoxidation
recorded on the onion roots after 72 h for different concentrations of AgNPs (lined), PVP (dark gray),
and AgNOj (grid). C- corresponds to untreated plants (light gray) and C+ to those exposed to 0.37 pug/mL
of sodium arsenite (black). * Indicates significative differences with the negative control (p < 0.05);
§ indicates significative differences with the positive control (p < 0.05).

The oxygen radical absorbance capacity registered on plants exposed to AgNPs shows an increase
compared with negative control only for concentrations of 5 and 10 ug/mL (Figure 5b), despite the
ROS underproduced by these concentrations (Figure 5a). Contrariwise, PVP increases the presence of
antioxidant agents for the concentration range of 156 to 1175 pg/mL. Silver ions present practically
no changes, except for the concentrations 15 and 50 pg/mL (Figure 5b). Figure 5c shows total phenol
content (TPC) as a part of the antioxidant response of the onions to the application of the chemical
agents. The TPC uprate for AgNPs was observed in the concentration range 5-25 ng/mL, while for
PVP and silver ions in a broader range, 156-1175 and 10-75 ug/mL, respectively. The lipoperoxidation
(Figure 5d) only show differences in comparison with the negative control for the high concentrations
of AgNPs (100 pg/mL) and Ag* (75 and 100 pg/mL).

Indeed, these results suggest different cytotoxic mechanisms exerted by the substances evaluated
in this work. The MI drop registered in onions exposed to Ag* or PVP did not show a direct association
with the overproduction of ROS. On the other hand, the ROS overproduction elicited by AgNPs does
not produce changes on the mitotic index compared with the negative control (Figures 3 and 5a).

Essential differences in the antioxidant response of the plant support the proposal of different
cytotoxic mechanisms exerted by these agents. The low concentrations of AgNPs cause an upper
production of TPC that helps the enzymatic response to fight ROS overproduction. Meanwhile, at 50
to 100 ug/mL, the TPC decreases 20% compared with the negative control, suggesting that from
here on, the antioxidant activity ultimately falls on the enzymatic systems. Nevertheless, even at
higher AgNPs concentrations, the onion antioxidant response is still useful because the mitotic index
presents no changes, and the frequency of cells on prophase and telophase increases compared with
the negative control.

Only the higher concentration of AgNPs evaluated, 100 pg/mL, produces an increase of
malondialdehyde that can be considered as the beginning of lipoperoxidation compared with the
negative control. So, for low concentrations of AgNPs, no ROS overproduction was observed, but an
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increase in the antioxidant response was found (increase in ORAC and TPC compared with C-),
while for Ag* no changes neither in ROS concentration nor in the antioxidant response was observed.
These could explain the drastic root growth activation caused by AgNPs compared with Ag*. For
high concentrations of AgNPs and Ag*, two biomarkers associated with phytotoxicity increase
compared with C-: ROS increases by 200% and 120%, respectively, and lipoperoxidation increase
12-14% (Figure 4). Nevertheless, antioxidant mechanisms, measured by ORAC and TPC, show a
small decrease with AgNPs and has not been modified for Ag*, supporting the hypothesis of different
cytotoxic mechanism exerted.

The results obtained with the onion agree with the hormetic effect produced by the same AgNPs
formulation on sugar cane [62], vanilla [50], and stevia [63] through ROS overproduction. Besides, this is
important to detect the concentration where growth promotion without adverse effects is observed in
onions, and the differences in the antioxidant response compared with other plants already exposed to
this type of AgNPs. For onions, cytotoxic damage apparently begins with 100 pug/mL of AgNPs because
only a small increase of malondialdehyde is observed (Figure 5c). While on the other plants, with this
concentration, the damage is quite evident not only at the molecular level but also physiologically, due to
different antioxidant response of these plants [50,62,63].

The ROS overproduction and the antioxidant response on the onion bulb are quite similar to
those observed on the roots. The main difference consists of TPC production. In the case of the bulb,
silver ions enlarge a little bit TPC with the concentration range 5-50 ug/mL. Meanwhile, PVP does it
with the range 156-1175 pug/mL, being the latter one of the most significant TPC values registered here.
Therefore, no damage was registered on the bulb with any of the AgNPs concentrations evaluated,
considering that MDA registered with exposure to 100 pg/mL of AgNPs is just the beginning of cell
damage (Figure S1).

Thus, at low AgNPs concentrations factors increasing plant growth (oxygen radical absorption
capacity, Figure 5b, and total phenolic content, Figure 5c) are maximum with no evidence of cellular
damage. The antioxidant response could explain the increase in the number and length of roots and
the mitotic index (Figures 1-3).

It is known that one of the consequences of ROS overproduction is reversible or irreversible
nuclear material damage [64]. In order to complete the phytotoxic influence of these compounds on
Allium cepa, the AgNPs genotoxic potency was determined though the recording of micronuclei (MN)
frequency. Figure 6 shows the MN frequency observed after 72 h of exposure to the different agents.
Allium cepa is one of the most sensitive systems for genetic damage assessment. Moreover, the number
of chromosomes provides an essential advantage for tracking genetic damage due to the reduced
number of chromosomes [25].

Several authors reported that MN frequency on basal conditions for Allium cepa is between 1
and 2 [65-67]. In our experimental conditions, MN counting (1.3 + 0.5) agrees with those values
previously reported.

As expected, the known genotoxic agent sodium arsenite, exhibited the most significant MN
frequency, ten-times higher (13 + 3.6 MN) than the observed for negative control (1.3 + 0.5 MN).
Contrariwise, exposure to AgNPs at any of the concentrations assayed showed lower values than
the recorded for the negative control. Interestingly, no increase in MN frequency was recorded on
the samples exposed to AgNPs neither with the low (5 and 10 ng/mL) nor the higher concentration
(25-100 pg/mL), despite the latter elicit the highest ROS overproduction (Figure 5b). All assessed
PVP concentrations show low MN frequency similar to AgNPs and the negative control. (Figure 6).
Contrastively, silver ions duplicate MN frequency (2.6 + 1.1 MN) compared with negative control
(1.3 £ 0.5) starting from the lowest concentration (5 pg/mL). For 100 ug/mL of AgNO3, MN frequency
reached 11.6 + 1.5, response quite similar to sodium arsenite (13 + 3.6 MN). The MN frequency increases
with Ag* concentration demonstrating that silver ions display a concentration-dependent behavior.

It has been reported that low concentrations of silver ions can unidirectionally affect the K* flux
decreasing its intracellular concentration, while higher concentrations produce the same effect but
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damaging cellular membrane [68]. Additionally, silver ions can block the recognition sites of ethylene,
avoiding the completeness of the signaling route [69]. The above could explain the decrease in MI and
the diminish of cells in prophase and telophase observed in roots exposed to silver ions.
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Figure 6. Micronuclei frequency (MN) on Allium cepa root exposed to different stimuli. The MNi
frequency was recorded after 72 h exposure to different concentrations of AgNPs (lined), PVP (dark
gray), and AgNOj (grid). C— corresponds to untreated plants (light gray) and C+ to those exposed to
0.37 pg/mL of sodium arsenite (black). * Indicates significative differences with the negative control
(p < 0.05); § indicates significative differences with the positive control (p < 0.05).

The results obtained in this work with Ag™ ions agree with the concentration-dependent phytotoxic
effects described by Panda [37] and Yekeen [32] in Allium cepa. Panda found a significant decrease in the
mitotic index and a substantial increase in the frequency of cells with MN with low concentrations of
Ag™ ions (5 pg/mL) and only 2 h of exposure [37]. The literature data and the different responses from
Allium cepa root cells exposed to silver ions and AgNPs support our proposal of different mechanisms
of actions elicited by both agents.

On the other hand, the cytotoxic and genotoxic response of Allium cepa roots after exposure
to sodium arsenite show concentration- and time-dependence behavior. It was demonstrated that
micronuclei frequency and mitotic index are directly dependent on sodium arsenite exposure time.
Both parameters show an opposite trend with prolonged exposure, that is, as longer the exposure
time, lower the mitotic index, and higher the micronuclei frequency recorded [55,56]. Sodium arsenite
concentrations of 0.3 to 1 ug/mL after 1h of exposure produce a significant statistical difference
in the micronuclei frequency with lower affectation in the mitotic index compared with negative
control [55,56]. These results show the tremendous cytotoxic and genotoxic damage produced by low
concentrations and short exposure times of sodium arsenite in Allium cepa root cells.

In our experimental conditions (0.37 pg/mL and 1 h of exposure), a similar trend than that
previously described for sodium arsenite was observed. The length of the roots and appearance of new
ones after 24 h (Figures 1 and 2) is lower compared with the negative control, which is consistent with
the rapid cytotoxic damage previously described. Moreover, after 72 h, the cytotoxic and genotoxic
damage on the root cells exposed to this low concentration of arsenite for a very short time is still
measurable, showing a decrease on the mitotic index (Figure 3), a significant reduction of cells in
prophase (Figure 4) and a meaningful increase in the micronuclei frequency (Figure 6). All of this is
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without a considerable difference elicited by arsenite in the antioxidant response, ROS overproduction,
total phenol content, or evidence of lipoperoxidation compared with the negative control after 72 h
(Figure 5). It is very important to bear in mind that the damage caused by the arsenite must have
occurred during the first hours of exposure, but it was so great that even after 72 h of exposure, it is
still measurable in parameters such as mitotic index and micronucleus frequency.

On the other hand, low concentrations of AgNPs (5 and 10 pg/mL) produce a rise in the root length
promote the appearance of new ones (Figures 1 and 2), increase in the mitotic index (Figure 3) and cells
in prophase (Figure 4). These concentrations do not lead to ROS overexpression but increase the total
phenol content and the antioxidant response, suggesting that plants grow in order to cut down the
possible damage. As the AgNPs concentration increase, noticeable increase the ROS overproduction
and the total phenolic content and the antioxidant response decrease. Nevertheless, no differences were
observed in the number and length of roots, mitotic index, or the micronuclei frequency compared
with the negative control.

These results suggest that Allium cepa root cells are better able to handle the possible damage
caused by higher concentrations of AgNPs after longer exposure times than the damages caused by a
13 to 270 times lower concentration of arsenite with 72 times less of exposure time than ones applied
for AgNPs. In the employed experimental conditions, the damage produced by AgNPs is meager
considering the significant damage generated by a low concentration of sodium arsenite after the very
short exposure time. However, further experiments must be performed to confirm the lack of cytotoxic
and genotoxic damage of the AgNPs formulation evaluated in this work.

All PVP-AgNPs formulations listed in Table 1 produce chromatic aberrations. PVP-AgNPs
formulation studied by Cvjetko at a concentration of 10 ug/mL of metallic silver (100 uM) produces
DNA damage evidenced by the increase of the comet tail [14]. This concentration, 10 pg/mL, represents
only one-tenth of the maximum concentration evaluated for Argovit™ in this work, but the latter
did not produce cytotoxic or genotoxic damage even when 100 pug/mL of metallic silver was used.
Other PVP-AgNPs with sizes 5, 25, 50, and 75 nm were studied by Scherer at concentrations of 100 ug/mL
of the complete nanoparticle formulation observing that the smaller the AgNPs diameter, the more
the MI decrease and the MN frequency increases compared to the control group. The concentration
of 100 pug/mL of the complete nanoparticle formulation represents the sixteenth part of the Argovit™
concentration used in this work. For Argovit™, 83-666 pg/mL of the complete AgNPs formulation
corresponds to 5-100 pug/mL considering the content of metallic silver.

Until this work, all the AgNPs formulations evaluated had shown phytotoxicity on Allium cepa.
Results obtained in this work show that cytotoxic and genotoxic responses of Argovit™ PVP-AgNPs
are less than the effect produced by AgNPs formulations listed on Table 1. The shape, size, and coating
agent of the nanoparticles from Table 1 and the evaluated in this work are quite similar, but the latter
did not generate phytotoxic damage. The Ag/coating agent ratio is the only factor that could explain
the main differences in the toxicological response observed in this work with those previously reported
since there are no such dramatic toxicological differences associated with the difference in size, shape or
silver content [21,22,38-41,70,71]. Considering dried nanoparticles, the [Ag]/[PVP] ratio expressed
in % of weight in the formulation studied here is 6:94. Meanwhile, NanoComposix is 34:66, and the
synthesized by Cvjetko is 40:60 [20]. Unfortunately, we have not found information about Nanotech
Ltd.’s formulation.

Hence, even though the concentration of AgNPs studied in this work was at least 10-17 times
higher than those for previously reported PVP-AgNPs formulations, no cytotoxic nor genotoxic damage
for Allium cepa was observed. Lack of damage under the experimental conditions assessed could
be a good sign regarding their environmental impact, but further experiments with more extended
exposure periods must be performed to determine chronic toxicity effects.
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4. Conclusions

In this work, the cytotoxic and genotoxic effect of AgNPs formulation Argovit™ for Allium cepa
(onion), a recognized reference system for higher plants, were studied. Our results allow us to conclude
that this AgNPs formulation produces no cytotoxic nor genotoxic damage at the concentrations assessed
on Allium cepa compared with other PVP-AgNPs formulations reported on literature. Comparative
analysis of the behavior of Argovit™ AgNPs and AgNOj; showed that the primary biological effect
of Argovit™ is not associated with the released silver ions but to AgNPs themselves. Furthermore,
our results show the relevance of evaluating the cyto-genotoxic response of the coating agent since
the PVP considered as non-toxic and, therefore, frequently used, caused a significant decrease in the
mitotic index of onions exposed to this agent.

The concentrations used in this work for Argovit™ (5-100 pg/mL of metallic silver content or
83-1666 ng/mL of the complete formulation) are 10-17 times higher than the previously reported.
It was suggested that the lack of damage elicited by Argovit™ is due to the high proportion of PVP
used during their synthesis. A large amount of coating agent could provide to this formulation
higher stability and a completely different biological response compared either with other PVP-AgNPs
formulations previously reported or to the silver ions.

In the employed experimental conditions and considering the significant damage generated by
a low concentration of sodium arsenite after a very short exposure time, the damage produced by
AgNPs is meager. This response could be useful for many applications, particularly low concentrations
of Argovit™ that stimulate the growth of onions with minimal cytotoxic or genotoxic damage to the
roots or the bulb, also increasing the total phenolic content.

Results obtained in this work provide valuable information regarding safer nanomaterials design
for therapeutic, biomedical, agrochemical, food, and daily use products by modifying the metal/coating
agent ratio. These results will be beneficial for widely used nanomaterials design, such as silver
nanoparticles and many other nanoparticles whose production begins to increase nowadays due to
their full applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/7/1386/s1,
Figure S1. Antioxidant response of Allium cepa bulbs exposed to different stimuli.

Author Contributions: Conceptualization, M.E.A.-G.; methodology, F.C.-F.,, B.R.-R. and R.A.C.-S,; validation,
R.L.V.-G. and PC.R;; formal analysis, M.E.A.-G., Y.T.-M., C.L.-A. and J.C.G.-R,; investigation, E.C.-F.,, B.R.-R. and
R.A.C.-S,; resources, M.E.A.-G., N.B. and PR.-C.; data curation, M.E.A.-G., EC.-F. and ].C.G.-R.; writing—original
draft preparation, ].C.G.-R., Y.T.-M. and E.C.-F; writing—review and editing, M.E.A.-G., Y.T.-M. and ].C.G.-R;
visualization, M.E.A.-G., ].C.G.-R,; supervision, M.E.A.-G and C.L.-A; project administration, M.E.A.-G. and N.B.;
funding acquisition, A.P. and N.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by CONACyT, grant number 293417, Red Internacional de Bionanotecnologia
con impacto en Bionanotecnologia, Alimentacion y Bioseguridad and Competitiveness Enhancement Program of
Tomsk Polytechnic University, project VIU-RSCBMT-197/2020. The APC was funded by Universidad Auténoma
de Baja California.

Acknowledgments: Y.T.M. and J.C.G.R. thank CONACyT (294727 Red Farmoquimicos) for the continuous
technical support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Liao, C,; Li, Y;; Tjong, S.C. Bactericidal and cytotoxic properties of silver nanoparticles. Int. |. Mol. Sci. 2019,
20, 449. [CrossRef] [PubMed]

2. Yan, A.; Chen, Z. Impacts of silver nanoparticles on plants: A focus on the phytotoxicity and underlying
mechanism. Int. J. Mol. Sci. 2019, 20, 1003. [CrossRef] [PubMed]


http://www.mdpi.com/2079-4991/10/7/1386/s1
http://dx.doi.org/10.3390/ijms20020449
http://www.ncbi.nlm.nih.gov/pubmed/30669621
http://dx.doi.org/10.3390/ijms20051003
http://www.ncbi.nlm.nih.gov/pubmed/30813508

Nanomaterials 2020, 10, 1386 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Burdusel, A.C.; Gherasim, O.; Grumezescu, A.M.; Mogoantd, L.; Ficai, A.; Andronescu, E. Biomedical
Applications of Silver Nanoparticles: An Up-to-Date Overview. Nanomaterials 2018, 8, 681. [CrossRef]
[PubMed]

Ahlberg, S.; Antonopulos, A.; Diendorf, J.; Dringen, R.; Epple, M.; Flock, R.; Goedecke, W.; Graf, C.;
Haberl, N.; Helmlinger, J.; et al. PVP-coated, negatively charged silver nanoparticles: A multi-center study
of their physicochemical characteristics, cell culture and in vivo experiments. Beilstein ]. Nanotechnol. 2014, 5,
1944-1965. [CrossRef]

Butler, K.S.; Peeler, D.].; Casey, B.J.; Dair, B.].; Elespuru, R.K. Silver nanoparticles: Correlating nanoparticle
size and cellular uptake with genotoxicity. Mutagenesis 2015, 30, 577-591. [CrossRef] [PubMed]

Kedziora, A.; Speruda, M.; Krzyzewska, E.; Rybka, J.; Lukoviak, A.; Bugla-Ploskonska, G. Similarities and
Differences between Silver Ions and Silver in Nanoforms as Antibacterial Agents. Int. J. Mol. Sci. 2018, 19, 444.
[CrossRef]

Rafique, M.; Sadaf, I.; Rafique, M.S.; Tahir, M.B. A review on green synthesis of silver nanoparticles and their
applications. Artif. Cells Nanomed. Biotechnol. 2017, 45, 1272-1291. [CrossRef]

Hadrup, N.; Lam, H.R. Oral toxicity of silver ions, silver nanoparticles and colloidal silver—A review.
Regqul. Toxicol. Pharmacol. 2014, 68, 1-7. [CrossRef]

Akter, M.; Sikder, M.T.; Rahman, M.M.; Ullah, A.K.M.A.; Hossain, K.E.B.; Banik, S.; Hosokawa, T.; Saito, T.;
Kurasaki, M. A systematic review on silver nanoparticles-induced cytotoxicity: Physicochemical properties
and perspectives. . Adv. Res. 2018, 9, 1-16. [CrossRef]

Mili¢, M.; Leitinger, G.; Pavi¢i¢, I.; Zebi¢ Avdicevi¢, M.; Dobrovi¢, S.; Goessler, W.; Vinkovi¢ Vréek, I. Cellular
uptake and toxicity effects of silver nanoparticles in mammalian kidney cells. J. Appl. Toxicol. 2015, 35,
581-592. [CrossRef]

Antony, J.J.; Sivalingam, P.; Chen, B. Toxicological effects of silver nanoparticles. Environ. Toxicol. Pharmacol.
2015, 40, 729-732. [CrossRef]

Liu, W,; Wu, Y.;; Wang, C.; Li, H.C.; Wang, T.; Liao, C.Y.; Cui, L.; Zhou, Q.F; Yan, B.; Jiang, G.B. Impact of silver
nanoparticles on human cells: Effect of particle size. Nanotoxicology 2010, 4, 319-330. [CrossRef] [PubMed]
Levard, C.; Hotze, E.M.; Lowry, G.V,; Brown, G.E. Environmental transformations of silver nanoparticles:
Impact on stability and toxicity. Environ. Sci. Technol. 2012, 46, 6900-6914. [CrossRef] [PubMed]

Cvjetko, P.; Milogi¢, A.; Domijan, A.M.; Vinkovi¢ Vréek, I.; Toli¢, S.; Peharec Stefani¢, P; Letofsky-Papst, I.;
Tkalec, M.; Balen, B. Toxicity of silver ions and differently coated silver nanoparticles in Allium cepa roots.
Ecotoxicol. Environ. Saf. 2017, 137, 18-28. [CrossRef] [PubMed]

Scherer, M.D.; Sposito, ].C.V.; Falco, W.E; Grisolia, A.B.; Andrade, L.H.C.; Lima, SM.; Machado, G;
Nascimento, V.A.; Gongalves, D.A.; Wender, H.; et al. Cytotoxic and genotoxic effects of silver nanoparticles
on meristematic cells of Allium cepa roots: A close analysis of particle size dependence. Sci. Total Environ.
2019, 660, 459-467. [CrossRef]

Foldbjerg, R.; Jiang, X.; Miclous, T.; Chen, C.; Autrup, H.; Beer, C. Silver nanoparticles—Wolves in sheep’s
clothing? Toxicol. Res. 2015, 4, 563-575. [CrossRef]

Yin, L.; Cheng, Y.; Espinasse, B.; Colman, B.P.; Auffan, M.; Wiesner, M.; Rose, ].; Liu, J.; Bernhardt, E.S. More
than the ions: The effects of silver nanoparticles on lolium multiflorum. Environ. Sci. Technol. 2011, 45,
2360-2367. [CrossRef] [PubMed]

Li, Y,; Qin, T; Ingle, T.; Yan, J.; He, W.; Yin, ].J.; Chen, T. Differential genotoxicity mechanisms of silver
nanoparticles and silver ions. Arch. Toxicol. 2017, 91, 509-519. [CrossRef]

Behzadi, S.; Serpooshan, V.; Tao, W.; Hamaly, M.A.; Alkawareek, M.Y.; Dreaden, E.C.; Brown, D.;
Alkilany, A.M.; Farokhzad, O.C.; Mahmoudi, M. Cellular uptake of nanoparticles: Journey inside the
cell. Chem. Soc. Rev. 2017, 46, 4218-4244. [CrossRef]

Vinkovi¢ Vréek, I.; Pavici¢, 1.; Crnkovié, T.; Jurasin, D.; Babi¢, M.; Hordk, D.; Lovri¢, M.; Ferhatovi¢, L.;
Curlin, M.; Gajovi¢, S. Does surface coating of metallic nanoparticles modulate their interference with in vitro
assays? RSC Adv. 2015, 5, 70787-70807. [CrossRef]

Jurasin, D.D.; Curlin, M.; Capijak, L; Crnkovi¢, T.; Lovri¢, M.; Babi¢, M.; Horik, D.; Vréek, 1.V.; Gajovi¢, S.
Surface coating affects behavior of metallic nanoparticles in a biological environment. Beilstein J. Nanotechnol.
2016, 7, 246-262. [CrossRef]


http://dx.doi.org/10.3390/nano8090681
http://www.ncbi.nlm.nih.gov/pubmed/30200373
http://dx.doi.org/10.3762/bjnano.5.205
http://dx.doi.org/10.1093/mutage/gev020
http://www.ncbi.nlm.nih.gov/pubmed/25964273
http://dx.doi.org/10.3390/ijms19020444
http://dx.doi.org/10.1080/21691401.2016.1241792
http://dx.doi.org/10.1016/j.yrtph.2013.11.002
http://dx.doi.org/10.1016/j.jare.2017.10.008
http://dx.doi.org/10.1002/jat.3081
http://dx.doi.org/10.1016/j.etap.2015.09.003
http://dx.doi.org/10.3109/17435390.2010.483745
http://www.ncbi.nlm.nih.gov/pubmed/20795913
http://dx.doi.org/10.1021/es2037405
http://www.ncbi.nlm.nih.gov/pubmed/22339502
http://dx.doi.org/10.1016/j.ecoenv.2016.11.009
http://www.ncbi.nlm.nih.gov/pubmed/27894021
http://dx.doi.org/10.1016/j.scitotenv.2018.12.444
http://dx.doi.org/10.1039/C4TX00110A
http://dx.doi.org/10.1021/es103995x
http://www.ncbi.nlm.nih.gov/pubmed/21341685
http://dx.doi.org/10.1007/s00204-016-1730-y
http://dx.doi.org/10.1039/C6CS00636A
http://dx.doi.org/10.1039/C5RA14100A
http://dx.doi.org/10.3762/bjnano.7.23

Nanomaterials 2020, 10, 1386 18 of 20

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nallanthighal, S.; Chan, C.; Bharali, D.J.; Mousa, S.A.; Vasquez, E.; Reliene, R. Particle coatings but not silver
ions mediate genotoxicity of ingested silver nanoparticles in a mouse model. Nanolmpact 2017, 5, 92-100.
[CrossRef] [PubMed]

Pareek, V.; Gupta, R.; Panwar, J. Do physico-chemical properties of silver nanoparticles decide their interaction
with biological media and bactericidal action? A review. Mater. Sci. Eng. C 2018, 90, 739-749. [CrossRef]
[PubMed]

OCDE. OECD 474 Guideline For The Testing Of Chemicals: Mammalian Erythrocyte Micronucleous Test; OECD
Publishing: Paris, France, 2016.

Leme, D.M.; Marin-Morales, M. A. Allium cepa test in environmental monitoring: A review on its application.
Mutat. Res. Rev. Mutat. Res. 2009, 682, 71-81. [CrossRef] [PubMed]

Barreto, M.R.; Aleixo, N.A; Silvestre, R.B.; Fregonezi, F,; Barud, S.; Dias, S.; Ribeiro, C.A.; Resende, R.A.
Genotoxicological safety assessment of puree-only edible films from onion bulb (Allium cepa L.) for use in
food packaging-related applications. J. Food Sci. 2019. [CrossRef]

De Souza, C.P.; de Guedes, T.A.; Fontanetti, C.S. Evaluation of herbicides action on plant bioindicators by
genetic biomarkers: A review. Environ. Monit. Assess. 2016, 188. [CrossRef]

Stapulionyté, A.; Kleizaite, V.; Siuksta, R; Zvingila, D.; Taragkevicius, R.; Césniené, T. Cyto/genotoxicological
evaluation of hot spots of soil pollution using Allium bioassays in relation to geochemistry. Mutat. Res. Genet.
Toxicol. Environ. Mutagen. 2019, 842, 102-110. [CrossRef] [PubMed]

Kumari, M.; Mukherjee, A.; Chandrasekaran, N. Genotoxicity of silver nanoparticles in Allium cepa.
Sci. Total Environ. 2009, 407, 5243-5246. [CrossRef]

Saha, N.; Dutta Gupta, S. Low-dose toxicity of biogenic silver nanoparticles fabricated by Swertia chirata on
root tips and flower buds of Allium cepa. |. Hazard. Mater. 2017, 330, 18-28. [CrossRef]

Yekeen, T.A.; Azeez, M.A.; Akinboro, A.; Lateef, A.; Asafa, T.B.; Oladipo, I.C.; Oladokun, S.0.; Ajibola, A.A.
Safety evaluation of green synthesized Cola nitida pod, seed and seed shell extract-mediated silver
nanoparticles (AgNPs) using an Allium cepa assay. J. Taibah Univ. Sci. 2017, 11, 895-909. [CrossRef]

Yekeen, T.A.; Azeez, M.A ; Lateef, A.; Asafa, T.B.; Oladipo, I.C.; Badmus, J.A.; Adejumo, S.A.; Ajibola, A.A.
Cytogenotoxicity potentials of cocoa pod and bean-mediated green synthesized silver nanoparticles on
Allium cepa cells. Caryologia 2017, 70, 366-377. [CrossRef]

Debnath, P.; Mondal, A.; Hajra, A.; Das, C.; Mondal, N.K. Cytogenetic effects of silver and gold nanoparticles
on Allium cepa roots. |. Genet. Eng. Biotechnol. 2018, 16, 519-526. [CrossRef] [PubMed]

Becaro, A.A.; Siqueira, M.C.; Puti, EC.; de Moura, M.R,; Correa, D.S.; Marconcini, ].M.; Mattoso, L. H.C.;
Ferreira, M.D. Cytotoxic and genotoxic effects of silver nanoparticle/carboxymethyl cellulose on Allium cepa.
Environ. Monit. Assess. 2017, 189. [CrossRef]

Rheder, D.T.; Guilger, M.; Bilesky-José, N.; Germano-Costa, T.; Pasquoto-Stigliani, T.; Gallep, T.B.B.; Grillo, R.;
dos Carvalho, C.S.; Fraceto, L.F,; Lima, R. Synthesis of biogenic silver nanoparticles using Althaea officinalis as
reducing agent: Evaluation of toxicity and ecotoxicity. Sci. Rep. 2018, 8, 1-11. [CrossRef] [PubMed]

Lima, R.; Feitosa, L.O.; Ballottin, D.; Marcato, P.D.; Tasic, L.; Duran, N. Cytotoxicity and genotoxicity of
biogenic silver nanoparticles. . Phys. Conf. Ser. 2013, 429. [CrossRef]

Panda, K.K.; Achary, V.M.M,; Krishnaveni, R.; Padhi, B.K,; Sarangi, S.N.; Sahu, S.N.; Panda, B.B. In vitro
biosynthesis and genotoxicity bioassay of silver nanoparticles using plants. Toxicol. Vitr. 2011, 25, 1097-1105.
[CrossRef] [PubMed]

Yan, J.; Zhou, T.; Cunningham, C.K.; Chen, T.; Jones, M.Y.; Abbas, M.; Li, Y.; Mei, N.; Guo, X.; Moore, M.M.;
et al. Size- and coating-dependent cytotoxicity and genotoxicity of silver nanoparticles evaluated using
in vitro standard assays. Nanotoxicology 2016, 10, 1373-1384. [CrossRef]

Andreani, T.; Nogueira, V.; Pinto, V.V; Ferreira, M.].; Rasteiro, M.G.; Silva, A.M.; Pereira, R.; Pereira, C.M.
Influence of the stabilizers on the toxicity of metallic nanomaterials in aquatic organisms and human cell
lines. Sci. Total Environ. 2017, 607, 1264-1277. [CrossRef] [PubMed]

Nymark, P; Cataldn, J.; Suhonen, S.; Jarventaus, H.; Birkedal, R.; Clausen, P.A_; Jensen, K.A.; Vippola, M.;
Savolainen, K.; Norppa, H. Genotoxicity of polyvinylpyrrolidone-coated silver nanoparticles in BEAS 2B
cells. Toxicology 2013, 313, 38—48. [CrossRef]

Panda, K.K.; Achary, VM.M.; Phaomie, G.; Sahu, H K,; Parinandi, N.L.; Panda, B.B. Polyvinyl polypyrrolidone
attenuates genotoxicity of silver nanoparticles synthesized via green route, tested in Lathyrus sativus L. root
bioassay. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2016, 806, 11-23. [CrossRef]


http://dx.doi.org/10.1016/j.impact.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28944309
http://dx.doi.org/10.1016/j.msec.2018.04.093
http://www.ncbi.nlm.nih.gov/pubmed/29853145
http://dx.doi.org/10.1016/j.mrrev.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19577002
http://dx.doi.org/10.1111/1750-3841.14977
http://dx.doi.org/10.1007/s10661-016-5702-8
http://dx.doi.org/10.1016/j.mrgentox.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/31255217
http://dx.doi.org/10.1016/j.scitotenv.2009.06.024
http://dx.doi.org/10.1016/j.jhazmat.2017.01.021
http://dx.doi.org/10.1016/j.jtusci.2017.06.005
http://dx.doi.org/10.1080/00087114.2017.1370260
http://dx.doi.org/10.1016/j.jgeb.2018.07.007
http://www.ncbi.nlm.nih.gov/pubmed/30733769
http://dx.doi.org/10.1007/s10661-017-6062-8
http://dx.doi.org/10.1038/s41598-018-30317-9
http://www.ncbi.nlm.nih.gov/pubmed/30120279
http://dx.doi.org/10.1088/1742-6596/429/1/012020
http://dx.doi.org/10.1016/j.tiv.2011.03.008
http://www.ncbi.nlm.nih.gov/pubmed/21419840
http://dx.doi.org/10.1080/17435390.2016.1214764
http://dx.doi.org/10.1016/j.scitotenv.2017.07.098
http://www.ncbi.nlm.nih.gov/pubmed/28732404
http://dx.doi.org/10.1016/j.tox.2012.09.014
http://dx.doi.org/10.1016/j.mrgentox.2016.05.006

Nanomaterials 2020, 10, 1386 19 of 20

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

Ghosh, M.; Manivannan, J.; Sinha, S.; Chakraborty, A.; Mallick, S.K.; Bandyopadhyay, M.; Mukherjee, A.
In vitro and in vivo genotoxicity of silver nanoparticles. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2012,
749, 60-69. [CrossRef] [PubMed]

Fouad, A.S.; Hafez, R.M. The effects of silver ions and silver nanoparticles on cell division and expression of
cdc2 gene in Allium cepa root tips. Biol. Plant. 2018, 62, 166-172. [CrossRef]

Almonaci Hernandez, C.A.; Juarez-Moreno, K.; Castafieda Juarez, M.E.; Almanza-Reyes, H.; Pestryakov, A.;
Bogdanchikova, N. Silver Nanoparticles for the Rapid Healing of Diabetic Foot Ulcers. Int. |. Med. Nano Res.
2017, 4, 19. [CrossRef]

Valenzuela-Salas, L.M.; Girén-Vazquez, N.G.; Garcia-Ramos, ].C.; Torres-Bugarin, O.; Goémez, C,;
Pestryakov, A.; Villarreal-Gémez, L.].; Toledano-Magafia, Y.; Bogdanchikova, N. Antiproliferative and
antitumor effect of non-genotoxic silver nanoparticles on melanoma models. Oxid. Med. Cell. Longev. 2019,
2019, 4528241. [CrossRef]

Ochoa-Meza, A.R.; Alvarez-Sanchez, A.R.; Romo-Quifionez, C.R.; Barraza, A.; Magall6n-Barajas, FJ.;
Chavez-Sanchez, A.; Garcia-Ramos, J.C.; Toledano-Magaiia, Y.; Bogdanchikova, N.; Pestryakov, A.; et al.
Silver nanoparticles enhance survival of white spot syndrome virus infected Penaeus vannamei shrimps by
activation of its immunological system. Fish Shellfish Immunol. 2019, 84, 1083-1089. [CrossRef]
Bogdanchikova, N.; Vazquez-Mufioz, R.; Huerta-Saquero, A.; Pefia-Jasso, A.; Aguilar-Uzcanga, G.;
Picos-Diaz, PL.; Pestryakov, A.; Burmistrov, V.A.; Martynyuk, O.; Luna-Vazquez-Gémez, R.; et al. Silver
nanoparticles composition for treatment of distemper in dogs. Int. ]. Nanotechnol. 2016, 13, 227-237. [CrossRef]
Borrego, B.; Lorenzo, G.; Mota-Morales, ].D.; Almanza-Reyes, H.; Mateos, E.; Lopez-Gil, E.; de la Losa, N;
Burmistrov, V.A,; Pestryakov, A.N.; Brun, A.; et al. Potential application of silver nanoparticles to control
the infectivity of Rift Valley fever virus in vitro and in vivo. Nanomed. Nanotechnol. Biol. Med. 2016, 12,
1185-1192. [CrossRef]

Pimentel-Acosta, C.A.; Morales-Serna, FEN.; Chavez-Sanchez, M.C.; Lara, H.H.; Pestryakov, A,
Bogdanchikova, N.; Fajer-Avila, E.J. Efficacy of silver nanoparticles against the adults and eggs of monogenean
parasites of fish. Parasitol. Res. 2019, 118, 1741-1749. [CrossRef]

Spinoso-Castillo, J.L.; Chavez-Santoscoy, R.A.; Bogdanchikova, N.; Pérez-Sato, J.A.; Morales-Ramos, V.;
Bello-Bello, J.J. Antimicrobial and hormetic effects of silver nanoparticles on in vitro regeneration of vanilla
(Vanilla planifolia Jacks. ex Andrews) using a temporary immersion system. Plant Cell. Tissue Organ Cult.
2017, 129, 195-207. [CrossRef]

Bello-Bello, J.; Spinoso-Castillo, J.; Arano-Avalos, S.; Martinez-Estrada, E.; Arellano-Garcia, M.; Pestryakov, A.;
Toledano-Magana, Y.; Garcia-Ramos, J.; Bogdanchikova, N. Cytotoxic, Genotoxic, and Polymorphism
Effects on Vanilla planifolia Jacks ex Andrews after Long-Term Exposure to Argovit®Silver Nanoparticles.
Nanomaterials 2018, 8, 754. [CrossRef]

Juarez-Moreno, K.; Mejia-Ruiz, C.H.; Diaz, F; Reyna-Verdugo, H.;, Re, A.D.; Vazquez-Felix, E.F;
Sanchez-Castrejon, E.; Mota-Morales, ].D.; Pestryakov, A.; Bogdanchikova, N. Effect of silver nanoparticles
on the metabolic rate, hematological response, and survival of juvenile white shrimp Litopenaeus vannamei.
Chemosphere 2017, 169, 716-724. [CrossRef] [PubMed]

Fiskesjo, G. Mercury and selenium in a modified Allium test. Hereditas 1979, 91, 169-178. [CrossRef]
Fiskesjo, G. The Allium test as a standard in environmental monitoring. Hereditas 1985, 102, 99-112. [CrossRef]
[PubMed]

Wu, L,; Yi, H; Yi, M. Assessment of arsenic toxicity using Allium/Vicia root tip micronucleus assays.
J. Hazard. Mater. 2010, 176, 952-956. [CrossRef]

Yi, H.; Wu, L,; Jiang, L. Genotoxicity of arsenic evaluated by Allium-root micronucleus assay. Sci. Total Environ.
2007, 383, 232-236. [CrossRef]

Grant, W.F. Chromosome aberrations in plants as a monitoring system. Environ. Health Perspect. 1978, 27,
37-43. [CrossRef]

Huang, D.; Ou, B.; Hampsch-Woodill, M.; Flanagan, J.A.; Prior, R.L. High-throughput assay of oxygen
radical absorbance capacity (ORAC) using a multichannel liquid handling system coupled with a microplate
fluorescence reader in 96-well format. J. Agric. Food Chem. 2002, 50, 4437-4444. [CrossRef]

Bartlett, M.S. Properties of sufficiency and statistical tests. Proc. R. Soc. Lond. Ser. A Math. Phys. Sci. 1937,
160, 268-282. [CrossRef]


http://dx.doi.org/10.1016/j.mrgentox.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/22960309
http://dx.doi.org/10.1007/s10535-017-0751-6
http://dx.doi.org/10.23937/2378-3664/1410019
http://dx.doi.org/10.1155/2019/4528241
http://dx.doi.org/10.1016/j.fsi.2018.10.007
http://dx.doi.org/10.1504/IJNT.2016.074536
http://dx.doi.org/10.1016/j.nano.2016.01.021
http://dx.doi.org/10.1007/s00436-019-06315-9
http://dx.doi.org/10.1007/s11240-017-1169-8
http://dx.doi.org/10.3390/nano8100754
http://dx.doi.org/10.1016/j.chemosphere.2016.11.054
http://www.ncbi.nlm.nih.gov/pubmed/27918999
http://dx.doi.org/10.1111/j.1601-5223.1979.tb01659.x
http://dx.doi.org/10.1111/j.1601-5223.1985.tb00471.x
http://www.ncbi.nlm.nih.gov/pubmed/3988545
http://dx.doi.org/10.1016/j.jhazmat.2009.11.132
http://dx.doi.org/10.1016/j.scitotenv.2007.05.015
http://dx.doi.org/10.1289/ehp.782737
http://dx.doi.org/10.1021/jf0201529
http://dx.doi.org/10.1017/CBO9781107415324.004

Nanomaterials 2020, 10, 1386 20 of 20

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

NIST/SEMATECH e-Handbook of Statistical Methods. Available online: http://www.itl.nist.gov/div898/
handbook/ (accessed on 11 May 2020).

Dizdari, A.M.; Kopliku, D. Cytotoxic and Genotoxic Potency Screening of Two Pesticides on Allium cepa L.
Procedia Technol. 2013, 8, 19-26. [CrossRef]

Bello-Bello, J.J.; Chavez-Santoscoy, R.A.; Lecona-Guzman, C.A.; Bogdanchikova, N.; Salinas-Ruiz, J.;
Gomez-Merino, F.C.; Pestryakov, A. Hormetic response by silver nanoparticles on in vitro multiplication of
sugarcane (Saccharum spp. Cv. Mex 69-290) using a temporary immersion system. Dose Response 2017, 15,
1-9. [CrossRef]

Castro-Gonzélez, C.G.; Sanchez-Segura, L.; Gomez-Merino, F.C.; Bello-Bello, J.J. Exposure of stevia (Stevia
rebaudiana B.) to silver nanoparticles in vitro: Transport and accumulation. Sci. Rep. 2019, 9, 10372. [CrossRef]
[PubMed]

Cox, A.; Venkatachalam, P.; Sahi, S.; Sharma, N. Reprint of: Silver and titanium dioxide nanoparticle toxicity
in plants: A review of current research. Plant Physiol. Biochem. 2017, 110, 33-49. [CrossRef] [PubMed]
Bianchi, J.; Mantovani, M.S.; Marin-Morales, M.A. Analysis of the genotoxic potential of low concentrations
of Malathion on the Allium cepa cells and rat hepatoma tissue culture. J. Environ. Sci. 2015, 36, 102-111.
[CrossRef] [PubMed]

Batista, N.J.C.; de Carvalho Melo Cavalcante, A.A.; de Oliveira, M.G.; Medeiros, E.C.N.; Machado, J.L.;
Evangelista, S.R.; Dias, J.F,; dos Santos, C.E.I; Duarte, A.; da Silva, ER,; et al. Genotoxic and mutagenic
evaluation of water samples from a river under the influence of different anthropogenic activities. Chemosphere
2016, 164, 134-141. [CrossRef]

Leme, D.M.; Marin-Morales, M.A. Chromosome aberration and micronucleus frequencies in Allium cepa cells
exposed to petroleum polluted water-A case study. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2008, 650,
80-86. [CrossRef]

Coskun, D.; Britto, D.T,; Jean, Y.K.; Schulze, L.M.; Becker, A.; Kronzucker, HJ. Silver ions disrupt K*
homeostasis and cellular integrity in intact barley (Hordeum vulgare L.) roots. J. Exp. Bot. 2012, 63, 151-162.
[CrossRef]

Schaller, G.; Binder, B. Inhibitors of Ethylene Biosynthesis and Signaling. In Methods in Molecular Biology
1573. Ethylene Signaling. Methods and Protocols; Binder, B., Schaller, G., Eds.; Humana Press: New York, NY,
USA, 2017; pp. 223-236.

Vecchio, G.; Fenech, M.; Pompa, P.P.; Voelcker, N.H. Lab-on-a-chip-based high-throughput screening of the
genotoxicity of engineered nanomaterials. Small 2014, 10, 2721-2734. [CrossRef]

Ghosh, M.; Ghosh, I.; Godderis, L.; Hoet, P.; Mukherjee, A. Genotoxicity of engineered nanoparticles in
higher plants. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2019, 842, 132-145. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://www.itl.nist.gov/div898/handbook/
http://www.itl.nist.gov/div898/handbook/
http://dx.doi.org/10.1016/j.protcy.2013.11.005
http://dx.doi.org/10.1177/1559325817744945
http://dx.doi.org/10.1038/s41598-019-46828-y
http://www.ncbi.nlm.nih.gov/pubmed/31316123
http://dx.doi.org/10.1016/j.plaphy.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27569179
http://dx.doi.org/10.1016/j.jes.2015.03.034
http://www.ncbi.nlm.nih.gov/pubmed/26456612
http://dx.doi.org/10.1016/j.chemosphere.2016.08.091
http://dx.doi.org/10.1016/j.mrgentox.2007.10.006
http://dx.doi.org/10.1093/jxb/err267
http://dx.doi.org/10.1002/smll.201303359
http://dx.doi.org/10.1016/j.mrgentox.2019.01.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Experimental Design 
	Sample Preparation 
	Mitotic Index and Genotoxicity 
	Determination of Antioxidant Capacity 
	Determination of Reactive Oxygen Species (ROS) 
	Determination of Total Phenolic Content (TPC) 
	Determination of Lipoperoxidation (LPO) 
	Statistical Analysis 

	Results and Discussion 
	Conclusions 
	References

