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Abstract

The genotoxicity of biogenic silver nanoparticles (AgNPs) obtained from three microbial mediators was assessed using the
Allium cepa assay. Three clusters were differentiated for the highest frequency of end points of clastogenicity (stick-ends,
fragments and bridges), end points of missegregation (C-metaphases and disorder anaphases), and lowest frequency of all the
end points. In these clusters, the treatments were grouped respectively as ) positive control (GSF); II) silver nanoparticles
form Aspergillus niger (AgNPs-An); and III) silver nanoparticles from both Cryptococcus laurentii (AgNPs-Cl) and Rhodo-
torula glutinis (AgNPs-Rg), Ag+, and negative control (NC). These results were in according to the principal component
analisys (PCA) where treatments were associated to each component of the genotoxic effects. The statistical comparative
analysis of the mitotic index (IM) and the abnormal mitosis frequency (AM) indicated that both GSF and AgNPsAn induce
significant genotoxic effect. Low genotoxic effects were attributed to AgNPs-Cl and AgNPs-Rg, but mitogenic stimuli, similar
to that obtained by the silver ions Ag+, were observed. Results suggested that different features of biogenic nanoparticles
such as composition, size, and coating may be involved in the different cytological responses of the meristematic cells.
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Introduction

The potential toxic effects of metal nanoparticles (NPs) in
general and of the silver nanoparticles (AgNP), in particu-
lar on human health and the environment, are continuously
reviewed because of their wide use as antibacterial, antiviral
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and antifungal agents in the agricultural, pharmaceutical,
textile, and food industries (Rejeski 2011; Khan et al. 2019).
Metal NPs can be obtained through chemical, physical or
biological synthesis. In particular, biosynthesis is an effi-
cient method to obtain gold, silver, cadmium sulfide, zinc
sulfide, copper, titanium dioxide, zinc oxide and magnetic
NPs, among others (Jaidev and Narasimha 2010; Kup-
pusamy et al. 2016). Moreover, biosynthesis has the advan-
tages of being low cost and environmentally friendly as it
does not require the use of toxic reagents. Hence this process
is called “green synthesis.” Different microorganisms with
high nitrate-reductase activity can produce AgNPs by reduc-
ing silver ions (Siddiqi et al. 2018). During the biosynthesis
process, mediator microorganisms provide nanoparticles
(NPs) with capping functional groups that stabilize and
functionalize the NPs (Singh et al. 2016; Khoshnamvand
et al., 2019; Mohamed et al. 2019). The amphiphilic nature
of molecules provides surfactant properties reducing the sur-
face tension and the interfacial energy (Bianchi et al. 2006;
Liu et al. 2014). The organic composition of the corona con-
tributes with the high biocompatibility of NPs and prevents
the aggregation of NPs. Moreover, it improves movement
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into the cellular compartments and retention of the biogenic
particles inside the organisms to interact with other biomol-
ecules (Deepak & Kalishwaralal, 2011; Mohanta et al. 2018;
Akther et al. 2019). In this regard, diverse functional groups
have been reported to improve the potential applications of
AgNPs (Duran et al. 2011; Ortega et al. 2015). Thus, the
incorporation of polymers and surfactants to the NP surface
as additional step required in chemical manufacture of NPs
to their functionalization is not necessary in the biogenesis.

In fungi, electrostatic interactions between the Ag +ions
and negative charges of proteins of the cell wall of fungus
seem to be involved in the biogenesis of metallic NPs with
electron transfer by NADH and NADH-dependent nitrate
reductase enzymes. Biomolecules such as polysaccharides
and proteins are incorporated as capping agents simultane-
ously with biogenesis processes from the fungal exudates
(Baymiller et al., 2017; Gudikandula et al., 2017; Mukherjee
et al., 2001). The different features of NPs, such as chemical
coating, diameter, surface charge and degree of aggregation
depend on the synthesis method and play an important role
in their interaction with cells (Kandlikar et al. 2007; Schrand
et al. 2010; Dietz and Herth 2011; Metz et al. 2015; Jee-
vanandam et al. 2018; Jorge de Souza et al. 2019).

Regardless of the the synthesis method most AgNPs tox-
icity studies have focused on, the role of ions released from
nanoparticles in cytotoxic induction, the effect of nanoparti-
cle size on cytotoxicity, the dose—response relationship and
the mechanism of uptake and subsequent distribution in tis-
sues and cells (Beer et al., 2012; Park et al., 2011; R. P. Singh
& Ramarao, 2012). In addition to oxidative stress, which is
the most important mechanism attributed to surface interac-
tion between AgNPs and cells, the presence of a chemical
coating may also be involved in other interactions promoting
cytotoxic and genotoxic responses (Donaldson et al. 2010;
Gonzalez et al. 2017; Karami and De Lima 2016). So far,
toxicological studies of NPs have used different biological
models (Park et al. 2011; Beer et al. 2012; Ghosh Chaudhuri
and Paria, 2012; Bahadar et al. 2016). Particularly in plants,
toxicological effects have been reported for germination,
photosynthesis, growth, and development, while cytotoxic
and genotoxic effects have been scarcely explored (Karami
and De Lima 2016; Scherer et al. 2019). Several genotoxic-
ity and cytotoxicity studies of NPs have used Allium cepa
or Allium sativum to evaluate commercial NPs and the
most common abnormalities found in mitosis were frag-
ments, C-metaphases, anaphasic bridges, sticky ends and
disorganized anaphases (Kumari et al. 2009, 2011; Babu
and Sabesan 2012; Shaymurat et al. 2012; Nagaonkar et al.
2015; Raskar and Laware 2014). Nuclear abnormalities and
micronucleus have also been documented (Shaymurat et al.,
2012; Pakrashi et al., 2014; Scherer et al., 2019).

Allium cepa is a plant model widely used in toxicity,
cytotoxicity, and genotoxicity studies which proved to be

appropriate for the analysis of root growth, proliferation of
meristematic cells, chromosomal damage, microtubule array
disruption, and oxidative injury (Leme and Marin-Morales
2009; Andrioli and Mudry 2011; Andrioli et al. 2012, 2014).
The Allium cepa aberration bioassay is validated by the Inter-
national Programme on Chemical Safety (IPCS, WHO) and
the United Nations Environment Programme (UNEP) as a
standard test of environmental genotoxicity induced by chemi-
cal substances (Fiskesjo, 1985; Grant, 1982). In the present
study, the AgNPs biosynthesized from the mediator microor-
ganisms Cryptococcus laurentii (BNM 0525), Rhodotorula
glutinis (BNM 0524) and Aspergillus niger (NRRL 1419) were
evaluated for genotoxic potential employing standard Allium
cepa assay. Early studies on these materials in our laboratory
showed that water filters containing AgNPs from R. glutinis or
C. laurentii were more effective as antimicrobial agents than
filters with AgNPs from A. niger (Fernandez et al., 2015).
Since the AgNPs from C. laurentii and A. niger are about
twice higher than R. glutinis, this result was not expected for
the surface charge effect. In addition, the FTIR spectroscopy to
investigate the chemical nature of the compounds involved in
the stabilization of nanoparticles showed that in AgNPs from
A.niger these compounds are rich in proteins, whereas in R.
glutinis and C. laurentii-mediated AgNPs the carbohydrates
are more predominant compounds (Fernandez et al., 2015,
2016). Furthermore, in the same assay, the adhesion of bio-
genic AgNPs to filters suggested that the functional groups of
the capping agents interact with molecules of nitrocellulose.

Therefore, these results lead to question whether different
genotoxic potential of AgNPs biosynthesized from the media-
tor microorganisms also could be observed in the Allium cepa
cytotoxicity and genotoxicity assay. For this goal, the meris-
tematic cells of Allium cepa were exposed to AgNPs at two
exposure times: during less than one mitosis cycle (short-
term exposure) and more than one mitosis cycle (long-term
exposure) to compare their respective responses. The geno-
toxic effects were limited to quantification of abnormalities
observed during mitosis at both exposure times. Nuclear
abnormalities observed in interphase were not quantified to
avoid redundancy, as they result from the damage occurring
in the previous mitosis (Fernandes et al., 2007; Fenech et al.,
2011). We discuss the relationship between the response of
the meristematic cells and the features of the biosynthesized
AgNPs to provide insight into potential applications and to
evaluate exposure hazard of cells to these AgNPs.

Materials and methods
Origin and characteristics of biosynthesized AgNPs

The AgNPs were obtained and characterized by the Indus-
trial Microbiology Laboratory, Universidad Nacional de
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San Luis, Argentina. The microorganisms used as mediators
for the synthesis of AgNPs were Aspergillus niger (NRRL
1419), Cryptococcus laurentii (BNM 0525) and Rhodotor-
ula glutinis (BNM 0524). The applied synthesis methods and
characterization were performed as described in Fernandez
et al., 2016 (Fernandez et al., 2015, 2016). AgNP charac-
terization included average size and chemical composition
of the capping. Assays of the functional groups conjugated
with the surface of AgNPs and Fourier transformed infrared
studies (unpublished data), confirmed the presence of yeast
proteins and polymeric carbohydrates surrounding this nano-
particle. The biosynthesized AgNPs from A. niger (AgNPs-
An) had a size of 40 +5 nm and showed a high concentration
of proteins and a low concentration of carbohydrates. The
sizes of AgNPs from C. laurentii (AgNPs-Cl) and R. gluti-
nis (AgNPs-Rg) were 35+ 10 and 15 + 8 nm, respectively.
A high concentration of arabinogalactan-type polysaccha-
rides and a low concentration of proteins surrounded the
AgNPs-Cl, whereas a high concentration of carbohydrates
of the arabinan and galactoglucomannan types surrounded
the AgNPs-Rg.

Preparation of samples

The AgNPs concentration was determined in culture super-
natant from yeasts by UV-visible spectrophotometry at
420 nm. A potentiostat 172 PGSTAT 302 N, AUTOLAB
having a value of 0,001 mg.L -1, was used to measure the
potentiometry of the residual silver ion concentration The
AgNPs samples of known concentrations were sonicated for
3 cycles of 10 s each with cooling intervals. The dilutions of
the biosynthesized AgNPs were prepared at a concentration
of 1 ug/ml. Dechlorinated water was used as negative control
(NC), griseofulvin (GSF, Sigma, CAS No.126-07-8) at 200
ug/ml GSF as chemical positive control and 1 ug/ml silver
nitrate salt solution (Ag+) was included as reference of the
cytotoxic and the genotoxic response to the ions exposure.

Exposure of bulbs

Bulbs of Allium cepa (cv. Valcatorce INTA) of about 3—-5 cm
in diameter were placed in containers with dechlorinated
water for 24 h until roots reached about 2 mm in length.
Then, bulbs were exposed to different treatments under con-
stant bubbling (three replicates each). Taking into account
that the duration of the mitotic cycle in root meristematic
cells is 13—15 h (N. Andrioli, 2011; Campo et al., 2003),
we selected two different exposure times. Thus, roots were
exposed to AgNPs and controls for 4 h (short-term exposure)
and 30 h (long-term exposure).

After exposure, roots were fixed in a 3:1 ethanol-ace-
tic acid solution for 24 h and then kept in 70% ethanol
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until examination under a Leica DMLB light microscope
(1000 x).

Data exploration and statistical analysis

Exploratory and statistical analyses were performed using
RStudio 3.3.6. The end points measured in the short- and
long-term exposure assays were number of cells in each
phase, namely, interphase, prophase, metaphase, anaphase
and telophase. The mitotic abnormalities quantified were
disorganized anaphases and C-metaphases, sticky-ends,
bridges and fragments (Fig. 1a—f). About 1000 cells were
scored per replicate. Other variables for descriptive analysis
derived from the measured endpoints were mitotic index
(M), calculated as the number of cells in mitosis/total num-
ber of cells observed; and frequency of abnormal mitosis
(AM), calculated as the number of cells with abnormal mito-
sis/total number of cells in mitosis.

The exploratory data analysis was conducted to deter-
mine the distribution of the response variables MI and AM
according to the different explanatory variables. To assess
if the grouping of mitotic abnormalities were influenced
by treatment and exposure time, either separately or com-
bined, we conducted a cluster analysis (CA) using the non-
hierarchical k-means method with the cluster package in R
studio. In order to determine the optimal number of clusters,
the NbClust package was applied. It is based on 30 indices
obtained by all combinations of number of clusters, distance
measures, and clustering methods (Charrad et al., 2014).

A multivariate analysis principal component analysis
(PCA) was performed to reduce the number of variables
indicators of mitotic abnormalities, obtaining a set of new
variables as a linear combination of the original variables
which characterize the genotoxic damage. In addition to the
kaiser criterion, the cumulative variability explained by prin-
cipal components and the sedimentation plot was used as
criteria for choosing the number of principal components.
Each principal component allowed to characterize the effect
according to the magnitude and sign of the eigenvector load-
ing. The measure of the angle in the biplot indicates the
correlation between abnormalities. Values were scaled and
centered so that the type and intensity of effect is determined
by their location in the quadrants and distance to the center
(i.e., average value).

ANOVA was used to test for differences in mitotic abnor-
malities and mitotic index between AgNP treatments and
controls obtained from the principal components. The non-
parametric Kruskal-Wallis test was used if variables did not
meet normality and homoscedasticity assumptions. Com-
parisons between treatments and their negative controls were
conducted using post hoc tests. Significance levels were set
at p-values < 0.05; p-values between 0.1 and 0.05 were con-
sidered as slighly significant.
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Fig. 1 a) Bridge, b) Frag-
ments, ¢ and f) C-metaphases,
d) Disorganized anaphases, €)
Sticky-ends

A generalized linear mixed model (GLMM) was per-
formed to evaluate the association between each explanatory
feature (treatment and exposure time) and the response vari-
ables, also considering the interactions between explanatory
variables. The independent variables used in the analysis
were: treatment, AgNPs-An, AgNPs-Cl, AgNPs-Rg, Ag+,
NC, and GSF as factors; exposure time was treated as a
binary variable scored O (short-term exposure) and 1 (long-
term exposure). The replicates were included as random
factors to control overdispersion (Harrison, 2014). For MI
and AM, we assumed a binomial distribution of errors and
applied the Logit function as a link for the response variables
using the glmer function of the Ime4 R-package(Bates et al.,
2014). The final model was chosen, according to their lower
Akaike Information Criteria (AIC).

Results
Exploratory analysis

The distribution of the values of MI and AM, arranged per
treatment and exposure time, is represented with a box-plot.
No outlier values were detected according to the interquar-
tile ratio. For both time exposures, the mitotic depletion
is observed to GSF and AgNP-An exposure more than to
AgNPs-Cl, AgNPs-Rg, Ag +compared with the NC. More-
over, the exposure to AgNPs-Cl and Ag + yielded higher
mitosis values than did the NC (Fig. 2a-b). The inverse

results obtained for the AM values suggest that the arrest of
the cell cycle is a result of genotoxicity damage (Fig. 2c—d).

Cluster analysis

From the frequency of the end points, the cluster analysis
was performed. Three clusters were the optimal number
obtained in according to the majority rule from different
methods. The treatment and time exposure labels into the
groups suggested the existence of interactions between both
factors (Fig. 3a). Thus, a cluster analysis was performed with
the data from each exposure time separately. Five and three
clusters were the optimal number respectively, at short and
long-term exposure, respectively. The comparison of results
showed that clusters were formed according to the treat-
ment only for the long-term exposure as follows: I) GSF;
II) AgNPs-An; and III) NC, AgNPs-Cl and AgNPs-Rg,
Ag+ (Fig. 3b—c).

Principal component analysis (PCA)

Table 1 presents the results of the PCA analysis which trans-
forms the variables (mitosis abnormalities) to PCs by linear
combination. Hence, the dimension was reduced from five
original variables to three components which explain the
86% of the variance. This number of PCs was estimated
based on both Kaiser criterion as well as the amount of
explained variance. Absolute values greater than 0.5 were
considered for the genotoxicity characterization of PCs. PC1
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Fig.2 a-b) Boxplot showing the distribution of Mitotic index val-
ues per treatment arranged according to exposure time. a: short-term
exposure; b: long-term exposure. b—c) Boxplot showing the distribu-
tion of Abnormal mitosis frequency values per treatment arranged
according to exposure time. b: short-term exposure; d: long-term
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Table 1 Principal components obtained from mitotic abnormali-
ties used as endpoints. The values correspond to loads of the factors
obtained from the linear combination of the original variables e indi-
cate to the correlations between PC and mitotic abnormalities

PCl1 PC2 PC3 PC4 PC5

STICKY- 0.56125 -0.41413  0.22049 0.04109 -0.68058
ENDS

FRAGMENT  -0.02660 0.34198  0.90368 0.24435 0.07749

DISORGAN- 0.37315 0.52606 -0.36099 0.66766 0.08902
IZED ANA-
PHASES

C-META- 0.29789 0.62544 -0.02370 -0.69672 -0.18466
PHASES

BRIDGES 0.67551 -0.20886 0.06225 -0.08610 0.69913

PC principal component

is a component of clastogenicity because it is positive and
correlates with the sticky-ends and bridge end-points. PC2
is a component of segregational disturbance because it is
positive and correlates with the disorganized anaphases and
C-metaphases. Finally, PC3 is a component of clastogenic-
ity which correlates positively and strongly with fragments
(Table 1).

The biplots show that correlations are stronger between
C-metaphases and disorganized anaphases, and between
bridges and sticky-ends, than between all four end points
and fragments. Moreover, the GSF and AgNPs-An were

-0.4 -02 0.0 02 04 06

04

02

PC2

The records NC,
o - An, Agt, Cl and Rg
are overlapping

Fig.4 Principal components (PCs) for mitotic abnormalities. Biplot
performed with mean values of mitotic abnormalities per treatment
a) PC1 and PC2 b) PC2 and PC3. An=treatment with nanoparticles
biosynthesized from Aspergillus niger, Cl=treatment with nanoparti-

associated with the segregation component, GSF was asso-
ciated with clastogenic damage, and the NC and AgNPs-
Rg, Ag+and AgNPs-Cl were associated with low genotoxic
effects (Fig. 4(a—b)).

GLMM and comparative statistical analisys
Treatment and exposure time

The influence of treatments and exposure time on the mito-
sis frequency and the induction of abnormal mitosis was
analyzed with GLMM. The occurrence of mitosis was
negatively and significantly associated with AgNPs-An and
GSF. The long-term relative to short-term exposure were
not significatively associated with the global response, but
their interaction with AgNPs-An, Ag+ or GSF were posi-
tive and significantly associated with mitosis frequency
(Table 2). Since the interaction coefficient between treat-
ment and exposure time was significant, the comparative
analyses were performed separately for short and long-term.
In according to GLMM, the multiple comparisons between
treatments at short-term showed significant differences
in MI for GSF and AgNPs-An with respect to the NC. At
long-term, only Ag+ were positive and significantly dif-
ferent from the NC. In addition, the significant differences
between treatments is evidence of their different cytotoxicity
potential (Table 3).

PC3

The records
NC, An, Ag+,
Cland Rg are
overlapping e

cles biosynthesized from Cryptococcus laurentii, Rg=treatment with
nanoparticles biosynthesized from Rhodotorula glutinis, NC =Nega-
tive control, Ag+: Silver Nitrate salt, GSF=Griseofulvin (Positive
control)
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Table 2 Association of independent variables treatments and time
exposure with mitosis frequency

Variables Coefficients Pr(>lzl)
(Intercept) 1.86855 < 2e- 10w
AgNPsAn -1.41373 < 216w
AgNPsCl 0.10356 0.46311
AgNPsRg -0.11699 0.10916
Ag+ -0.01369 0.87287
GSF -1.78712 < 210wk
Long term -0.16942 0.19549
AgNPsAn: Long term 0.80824 0.00184**
AgNPsCl: Long term 0.26862 0.09541
AgNPsRg: Long term 0.04372 0.77737
Ag+: Long term 0.77558 9.05 e-06%***
GSF: Long term 0.17992 3.61e-09%**

Signif. Level “***’ p<0.001, p< “** 0.01, p<*** 0.05. The coeffi-
cients corresponding to the treatment levels are relative to the nega-
tive control and those of the exposure time levels are relative to the
shot term exposure

Table 3 Multiple comparisons and post hoc test contrasts between
treatments and negative control for mitosis frequency

Test Exposure p-value  Post hoc contrasts  p-value
Kuskal-Wallis  Short 0.0016%* AgNPsAn—NC 0.005%**
Ag+—AgNPsAn  0.005%*
AgNPsCl— 0.015%
AgNPsAn
GSF-NC 0.017*
AgNPsCl - GSF  0.0069**
Ag+-GSF 0.098
GSF—AgNPsRg  0.053*
Kuskal-Wallis Long 0.0026%*  AgNPsAn—NC 0.084
GSF-NC 0.07
AgNPsRg-NC 0.092
Ag+—-AgNPsAn  0.072
GSF — AgNPsRg  0.008%**
AgNPsAn — 0.007%**
AgNPsRg
AgNPsAn - 0.07
AgNPsCl
Ag+-NC 0.005%%*

Ag+—AgNPsRg  0.09

Signif. Level “***’p <0.001, “**’ p<0.01, “*’p <0.05

AgNPs-An treatment with nanoparticles biosynthesized from Asper-
gillus niger, AgNPs-Cl treatment with nanoparticles biosynthesized
from Cryptococcus laurentii, AgNPs-Rg treatment with nanoparti-
cles biosynthesized from Rhodotorula glutinis, NC negative control,
GSF Griseofulvin (Positive control), Ag+: Silver Nitrate salt. (The
NC and Short-term exposure are the reference factors in generalized
linear mixed model)

@ Springer

Significant associations were found in the treatments,
being the higher positive association with abnormal mito-
sis AgNPs-An and GSF treatments, while the AgNPs-Cl,
AgNPs-Rg and Ag + treatments showed a weak association
(Table 4). Results of these analyses showed significant dif-
ferences for AM between NC and GSF and between NC and
AgNPs-An at short-term exposure. Significant differences
for AM between NC and GSF were observed at long-term
exposure. In addition, significant differences in the geno-
toxicity potential are observed between other treatments.
(Table 5).

Table 6 is presented to compare the PCs among both the
treatments and the exposure times. Significant differences
between the treatments and NC to each PC1 and PC2 at
the short-term exposure and each PC1, PC2, and PC3 at
the long-term exposure suggested that GSF and AgNPs-An
induce differential genotoxicity damage, being AgNPs-An
only associated to the segregational disruption component
PC2, whereas GSF is associated also to clastogenic compo-
nent PC1 and PC3. (Table 6).

Discussion

The biosynthesis of nanoparticles (NPs) has many environ-
mental advantages and is widely used in the pharmaceuti-
cal, agricultural, textile and food industries. This emphasizes
the need for the assessment of potential human health and
environmental hazard. In this study, we used the Allium cepa
assay, and characterized some endpoints to gain insight into
the genotoxicity potential of AgNPs obtained from three dif-
ferent microbial mediators. The genotoxicity damage can

Table 4 Association of variables, treatments, and exposure times
with abnormal mitosis

Variables Coefficients Pr(>lzl)
(Intercept) -5.49626 < 2e- 10w
AgNPs-An 3.16468 <2e- 10wk
AgNPs-Cl 1.31894 0.000973 %3
AgNPs-Rg 1.12155 0.011288*
Ag+ 1.54501 0.0001971 %%
GSF 3.48135 <2e-16wkx
Long term 0.45623 0.260697
AgNPs-An: Long term -0.05581 0.906577
AgNPs-Cl: Long term -3.61129 0.001045%*
AgNPs-Rg: Long term -28.02873 0.956343
Ag+: Long term -1.78383 0.003279%*%*
GSF: Long term 0.19039 0.703968

Signif. Level: “***’ p<0.001, “*** p<0.01, “** p<0.05. The coef-
ficients corresponding to the treatments levels are relative to the nega-
tive control and those of the exposure time levels are relative to the
shot term
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Table 5 Multiple comparisons and post hoc test contrasts between
treatments and negative control for abnormal mitosis frequency

Test Exposure p-value Post hoc contrasts  p-value

Kuskal-Wallis ~ Short 0.00058 AgNPsAn—NC 0.003*
Ag+-NC 0.090
AgNPsCl—NC 0.43
GSF - NC 0.0035%*
AgNPsCl - GS 0.093
GS—AgNPsRg 0.098

Kuskal-Wallis Long 0.00076  AgNPsAn—NC 0.077
Ag+-NC 0.71
AgNPsCl -NC 0.25
GSF-NC 0.036*
AgNPsRg-NC 0.092
Ag+— AgNPsAn 0.072
GS — AgNPsRg 0.005%%*
AgNPsAn— 0.007%*%*

AgNPsRg

Signif. Levels: “**’ p<0.01 “*’p<0.05; ** p<0.1

be due to the direct interaction with DNA leading to chro-
matin breaks, or indirect interation with components of the
mitotic machinery as the microtubule and associate proteins
(MAPs) which are involved in segregation of chromatids.

Both kinds of damage are named as clastogenic or aneugenic
effects respectively (Kirsch-Volders et al., 2003; Mishima,
2017). These effects can be inferred through the abnormali-
ties of the mitosis in the standardized Allium cepa assay
whereas the mitotic index and phase index indicate the cel-
lular proliferation disturbances. The uptake and impact of
NPs on biological systems depend on several factors such
as their molecular composition, aggregation, quantity and
size. The chemical composition and surface area contribute
to reactivity, while size facilitates their uptake into tissues
(Gonzalez et al. 2017; Ortega et al. 2015). In addition, the
interactions between NPs and biomolecules could be con-
ditioned by the biology of cells such as the metabolic rate,
redox potential, and antioxidative system, among others
(Asharani et al., 2008). In plants, NPs are distributed and
translocated by vessels (Zhu et al., 2008). The NPs with
sizes of up to 20 nm can pass through cell wall pores and
move between cells via plasmodesmata or are taken up by
endocytosis (Ma et al., 2010). Once inside the cell, free
metal ions may induce redox imbalance and oxidative dam-
age (Carlson et al., 2008; R. P. Singh & Ramarao, 2012).
Scherer et al. (2019), who studied the effect of commercial
AgNPs coated with the neutral polymer PVP (AgNPs-PVP)
on Allium cepa meristematic root cells, reported that these
were very stable in aqueous solution and released low levels
of Ag+; indicating that they were mainly responsible for

Table 6 Multiple comparisons

Test Component Exposure p-value Post hoc contrasts p-value
and post hoc test contrasts
among treatments and negative Kuskal-Wallis PC1 Short 0.0042%* AgNPsCI-NC 0.029*
ANOVA PC2 Short 0.0009%** AgNPsAn-NC <0.001***
Ag+-NC 0.0390*
GSF-NC 0.0199*
AgNPsRg -AgNPsAn 0.0428*
Kuskal-Wallis PC3 Short 0.015%* Ag+-GSF 0.024*
AgNPsCl—GSF 0.045%
Kuskal-Wallis PC1 Long 0.001#** NC - GSF 0.029*
AgNPsRg -AgNPsAn 0.028*
GSF -AgNPsRg 0.0047**
Kuskal-Wallis PC2 Long 0.0009%** AgNPsAn—NC 0.07
AgNPsAn — AgNPsCl 0.024*
Ag+-GS 0.042*
AgNPsAn - GS 0.0009##*
NC—GSF 0.028*
AgNPsAn—AgNPsRg 0.0089 **
Kuskal-Wallis PC3 Long 0.014* GSF—NC 0.019*

Signif. Levels: “*¥*°0.01 *** 0.05; ** 0.1 *

a—c: AgNPs-An=treatment with nanoparticles biosynthesized from Aspergillus niger, AgNPs-Cl=treat-
ment with nanoparticles biosynthesized from Cryptococcus laurentii, AgNPs-Rg=treatment with nano-
particles biosynthesized from Rhodotorula glutinis, NC =Negative control, GSF=Griseofulvin (Positive
control), Ag+: Silver Nitrate salt (The NC and Short term exposure are the reference factors in generalized

linear mixed model)
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the cytotoxicity and genotoxicity of AgNPs-PVP. Moreover,
this same study showed that AgNPs ranging between 10 and
73 nm were able to enter the roots, and the authors attrib-
uted the genotoxic and cytotoxic effects to a higher surface
area of contact and higher reactivity of the smaller nano-
particles. The inverse relationship between NP cytotoxicity
and size has also been reported for other biological models
(Feizi et al., 2013; Gao et al., 2015). This is in disagreement
with our results, which showed that the largest-sized AgNPs
used in the present study, namely AgNPs-An, induced a
higher abnormal mitosis frequency than did AgNPs-Cl and
AgNPs-Rg, suggesting that the genotoxicity potential could
be attributed to other distinctive features, such as the func-
tional groups of coating. The results obtained from the com-
parison of principal components between treatments showed
differential association between clastogenicity and GSF and
between segregational disruption and AgNPsAn, in acording
to the cluster analysis which grouped separately both treat-
ments based in the end points. The cluster analysis showed
that data were grouped in according to treatments at the
long term-exposure but not at the short-term exposure. This
may reveal that cells require passing through more than one
mitosis cycle to express the deleterious effect of treatments.
Differential effects were founded in the statistical compara-
tive analysis of PCs where significant differences between
AgNPs-An and NC were only at short-term exposure for
the PC1 and PC2, indicating clastogenic effects associated
to stick ends and bridges and the segregational disturbance
respectively. Finally, at long-term exposure the positive
control GSF is the only treatment which showed significan
differences with the NC for the three PCs. In this regard,
early studies suggested that the GSF interaction with the
microtubules associated molecules (MAPs) lead to multiple
genotoxic effects (Andrioli et al., 2014). The MI values were
higher in cells exposed to AgNPs-Cl and Ag+than to the
NC. Such effect could be explained by an increase in reactive
oxygen species (ROS) due to the interaction of Ag+ with A.
cepa meristems, activating signals that modulate the regula-
tion of cellular proliferation, as previously reported for other
proliferative tissues (Laurent et al., 2005). This mechanism
may be considered a secondary effect of the ROS, which
paradoxically, provokes cellular arrest or apoptosis at high
concentrations and proliferation at low levels (Boonstra and
Post 2004; Laurent et al. 2005). Interestingly, AgNPs-ClI has
been reported to induce apoptosis in tumor cells at a con-
centracion five times higher than the one used here (Ortega
et al., 2015). Moreover, in a recent study, Heikal et al.,
(2020) found higher values of MI, compared to the negative
control, in Allium cepa meristematic root cells exposed to
biogenic AgNPs, and the authors attributing these result to
the antioxidant response.

In this study, the effects observed in the meristematic
cells suggest that the different features of biosynthesized
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AgNPs such as functional groups of the coating could influ-
ence these mitotic responses. Several studies indicate that
the protein surrounding the NPs could facilitate the disper-
sion and translocation into the compartimentalization of
the cells and interact with microtubules, protein kinases,
topoisomerases, centrosomes and kinetochores, etc. (Don-
aldson et al., 2010). The study of the interaction between
NPs and cells requires a broader perspective about the pro-
cess involved in comparison to those between the cells and
chemical structures, such as GSF. Indeed, different authors
call for a change in the paradigm of genotoxic evaluation
of nanomaterials (Donaldson et al., 2010; Gonzalez et al.,
2017). Studies focused on the molecular changes into the
cells could increase the knowledge of the influence of the
different features of NPs on multiple interactions and cel-
lular targets and contribute to predict important cellular
responses. However, more studies will be necessary to know
the nature of the interactions.

Conclusion

The AgNPs could interact with cellular targets which
included DNA and other molecular components involved in
mitosis. Our study allowed evidence that the biosinthesized
AgNPs-An which have protein as functional group preva-
lent in the surrounding, to differentiate the other biogenic
AgNPs studied, induce genotoxicity by segregational dis-
ruption. These insights would allow to improve exposure
hazard evaluation of biosynthesized metal NPs as well as
to expand the scope of research on the beneficial biological
applications of the green synthesis.
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