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portance for ecosystem stability. In this study, the survival time of the Egyptian beetle Blaps polychresta Forskal,
1775 (Coleoptera: Tenebrionidae), after a single application of 7 different doses, was calculated for 30 days. Then,
for the group for which the effect on mortality was calculated as LOAEL - the Lowest Observed Adverse Effect
Level, namely, 0.03 mg AgNPs/g body weight (b.w.t.), the following were assessed: structure and ultrastructure
of gonads by TEM and SEM, cell viability by cytometry, DNA damage by the comet assay, and a variety of stress
markers by spectrophotometric methods. A dose-dependent reduction in the survival time of the insects was
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revealed. Detailed analysis of the testes of beetles treated with 0.03 mg AgNPs/g b.w.t. revealed numerous ad-
verse effects of nanoparticles in structure and ultrastructure, accompanied by increased apoptosis (but not necro-
sis), increased DNA damage, increased lipid peroxidation, and decreased levels of antioxidant enzymes. Most
likely, the observed results are connected with the gradual release of Ag™ from the surface of the nanoparticles,
which, once applied, are internalized in cells and become a long-lasting, stable source of Ag™ ions. Thus, a single
exposure to AgNPs may have the effects of chronic exposure and lead to structural damage and dysfunction of the

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Silver nanoparticles (AgNPs), due to their exceptional, catalytic,
electronic, and optical properties but, most of all, antibacterial proper-
ties, are currently the most frequently used nanoparticles (NPs). Ap-
proximately 435 currently produced nanoproducts contain silver,
which is approximately one-fifth of all currently produced types of
nanomaterials (Tortella et al., 2020). AgNPs are widely used in medi-
cine, stomatology, cosmetology, fabric and clothing production, wash-
ing machines, various commercial products, medical devices, food
packaging, and many other applications, as well as for environmental
purposes, such as wastewater treatment or bioremediation (Rai et al.,
2009; Wei et al., 2015; Pulit-Prociak and Banach, 2016; McGillicuddy
etal, 2017; Tortella et al., 2020).

Undoubtedly, AgNPs influence the development of technology and
bring many benefits. However, this issue has another face. The same
properties of AgNPs, which are used to improve the quality of life, can
become a serious risk to ecosystems and organisms living in them, in-
cluding humans. The fabrication and use of AgNP-containing products
are associated with the production of sewage and waste, which finally
reach aquatic and terrestrial environments, where they may undergo
various modifications that intensify or weaken their biological activity.
The final toxic effect of AgNPs depends on many factors and environ-
mental conditions (McGillicuddy et al., 2017; Guo et al., 2018; Shevlin
et al., 2018; Bhargava et al., 2021). Various chemical transformations
can alleviate AgNP toxicity by reducing their availability and decreasing
silver ion release. However, AgNPs are known to be able to accumulate
in various organisms and then be transferred along the food web to
higher trophic levels (Tortella et al., 2020; Dang et al., 2021;
Khodaparast et al., 2021). The gradual and slow release of silver ions
from AgNPs gives reason to assume that even a single exposure may
cause long-term effects. Thus, the delayed time-cumulative toxicity of
AgNPs is the main thread of this study.

Currently, the toxicity of AgNPs is believed to be related mainly to the
oxidation of the particle surface and the release of silver ions. However,
scientists are still deliberating how the nano form and the ionic form con-
tribute to the overall toxicity (McShan et al., 2014). The effects of
coexisting particles and the surface coating type on the toxicity of AgNPs
are also not entirely clear. The commonly accepted mechanism of AgNP
toxicity is based on the intensification of free radical generation and the
increase in oxidative stress (McShan et al.,, 2014). The consequences are
typical, i.e., damage to biomolecules, including proteins, lipids, and nucleic
acids, redox imbalance, alteration of antioxidant enzyme activity, and
damage to membranes and organelles (McShan et al., 2014). These disor-
ders are reflected in the general condition of an organism, often mani-
fested by disturbances in the amount of food consumed and energy
absorption (Seyed Alian et al., 2021). Further consequences include distur-
bance of growth and other organism functions, including reproduction.

Adverse effects of AgNPs on reproductive functions are of funda-
mental importance for a species. They can lead to population number
decline and ecosystem imbalance, including the extinction of a particu-
lar, sensitive species. Effects of NPs on gonads were found in male and
female rodents. Studies conducted mainly on rats or mice show that
NPs can penetrate the testes, prostate gland, and epididymis with the
circulating blood, causing damage to their structure and disrupting

organ function (Wang et al., 2018). However, there are also articles
showing that injection of 70 nm gold core-silica shell NPs into mice
did not lead to the internalization of these nanoparticles in the testes
(Leclerc et al., 2015). AgNPs can affect Leydig cell function and cause in-
creased testosterone levels, decreased sperm counts, and multiple mor-
phological dose- and size-dependent changes in rodents (Gromadzka-
Ostrowska et al.,, 2012; Garcia et al.,, 2014). Importantly, oral exposure
appears to be less dangerous, at least in sperm parameters such as mo-
tility, viability, and morphology (Lafuente et al., 2016).

Data on the influences of NPs on the structure and functions of insect
gonads are scarce. Most of the tested NPs tend to induce various gonadal
lesions and disturb reproductive functions, especially when adminis-
tered at higher doses/concentrations. Histological changes in gonads
caused by NPs are often accompanied by increased apoptosis, a reduced
number of viable cells, and many other consequences typical of oxidative
stress (Nietal.,, 2015; Dziewiecka et al., 2017; Raj et al., 2017; Dziewiecka
et al,, 2018; Karpeta-Kaczmarek et al., 2018; Dziewiecka et al., 2020; El-
Ashram et al., 2020; Flasz et al., 2020; Flasz et al., 2021; Kheirallah et al.,
2021). However, it is possible, especially when using low doses of NPs, to
enhance the reproduction and fecundity of insects (Ni et al., 2015).

In light of the aforementioned information, this study aimed to de-
termine the dose-survival relationship in a wild insect, Blaps polychresta,
after a single application of AgNPs and evaluate its delayed effects, mea-
sured 30 days after exposure to a sublethal dose, on selected molecular,
cellular, and tissue parameters in male gonads of this species.

2. Materials and methods
2.1. Hypothesis

We decided to test the following hypotheses:

HO: A single application of AgNPs at a sublethal dose does not cause
adverse changes in the structure and function of male B. polychresta
gonads and does not significantly affect the level of stress markers in
this organ. The acceptance of this hypothesis can be explained by the
tendency of AgNPs to agglomerate and coat with various substances.
A single administration of AgNPs may initially stimulate an antioxi-
dant response and induce beneficial changes in the organism. How-
ever, once the particles are immobilized and coated, they become safe.

H1: AgNPs administered at a single low dose disturb the homeostasis
of the organism, which is manifested by changes in the level of stress
markers and/or the intensification of damage to molecules (including
proteins, lipids, and DNA) and/or increased incidence of cell death (in-
cluding apoptosis) and/or changes in the structure and ultrastructure
of the gonads. The premise for accepting this hypothesis is the gradual
release of Ag™ from the surface of nanoparticles, which, once applied,
internalize in cells and become a long-lasting stable source of silver
ions. From this perspective, one-time exposure can be viewed as
chronic exposure with all its consequences.

2.2. Insects

Tenebrionid beetles (Coleoptera) are a good research model due to
their cosmopolitan nature, significant importance in ecosystems, large
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size, and relatively high resistance to experimental treatments (Kheirallah
et al., 2019; Kheirallah and El-Samad, 2019). Blaps polychresta has been
described as a successful indicator of industrial pollution (Osman et al.,
2015; Osman and Shonouda, 2017; Kheirallah and El-Samad, 2019).

The beetles (Fig. 1a) used in the experiment were collected at the
garden of the Faculty of Science (Elshatby, Alexandria University, Alex-
andria, Egypt) and identified as B. polychresta Forskal, 1775 (Coleoptera:
Tenebrionidae). The area of insect collection is considered unpolluted
(Kheirallah et al., 2021). After approximately 320 adult specimens
were collected in the field, insects were transferred to the laboratory,
where sex identification was performed based on the differences in
length and shape of the mucro, a caudal extension at the apex of the el-
ytra (Soldati et al., 2017). Finally, 160 males were selected for the study
and placed in cages filled with soil from the insect collection site. The in-
sects were kept in controlled conditions (temperature 29 + 3 °C and
85% RH) similar to the natural environment. The mean body weight of
an adult male beetle was 2.07 g. After an acclimation period of 5 days,
males were randomized into experimental groups of 20 in each group.
A control group and seven groups treated with AgNPs at various concen-
trations were created. The females were returned to their natural habitat.

2.3. Preparation of AgNPs suspension

AgNPs were purchased from Sigma-Aldrich Co. Ltd. (St. Louis, MO,
USA). The characterization of AgNPs was performed using transmission
electron microscopy (TEM) (JEOL, JEM-2100; JEOLUSA, Inc.) at an accel-
erating voltage of 200 kV. The electron micrographs (Fig. 2a) revealed
the presence of single spherical structures and aggregates. The diameter
of a single nanoparticle ranged from 5.23 to 24.85 nm (mean 20.04 +
2.36 nm), which was in line with the manufacturer's declaration
(<50 nm).

A stock suspension of AgNPs (1 mg/mL) was prepared in normal sa-
line. The suspension was sonicated using a Branson 450 sonicator
(Branson Ultrasonics Crop, Danbury, CT, USA). Sonication was carried
out on ice (100% amplitude, 20 kHz frequency) for 10 min in the follow-
ing cycles: 8 s - operate and 2 s - standby. The stock suspension was
used to prepare working solutions from which doses were prepared,
and the final volume of the dose was adjusted to the mass of individuals.

b
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2.4. Experimental design

In the first stage of the study, we aimed to determine the LD50 of
AgNPs for B. polychresta. Adult males were injected with a suspension
of AgNPs at various doses. Seven groups (named Ag1-Ag7) were created
receiving AgNPs at final doses of 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, and
0.07 mg/g body weight. The control group was injected with normal sa-
line. The injection procedure was performed according to the method
described by Leonard et al. (1985) adapted to the species under investi-
gation (Kheirallah et al., 2021). Briefly, after gentle anesthesia of the in-
sects on ice (the individuals were placed in Petri dishes on ice for
~10 min), a puncture (1 mL BD hypodermic syringe; 27G, 1”2/needle)
was performed at the ventro-caudal area through the arthrodial mem-
brane between the 4th and 5th abdominal sclerites. During puncture
and gentle injection of the suspension, the needle was kept horizontal
to minimize possible internal damage (de Viedma and Nelson, 1977;
Kheirallah et al., 2021). After this treatment, the insects were placed
back in cages with soil and kept under controlled conditions. Insect
mortality was monitored daily for 30 days. Based on the obtained re-
sults, survival time was calculated by Kaplan-Meier analysis, and the
LD50 was estimated (Plata-Rueda et al., 2020).

Further biochemical and histological analyses were performed on
Ag3 group individuals. The survival in the Ag3 group 30 days after the
injection was 75%. This dose was assumed to be the Lowest Observed
Adverse Effect Level (LOAEL) for mortality, taking mortality as the end-
point. Thus, the mortality effect of 25% gave premises for an in-depth ex-
amination of stress markers and the evaluation of potential histological
and ultrastructural changes in beetles from the Ag3 group.

2.5. Ag X-ray detection in the testes of B. polychresta

To determine the percentage of Ag content in B. polychresta testes
(Fig. 2b), energy dispersive X-ray (EDX) microanalysis at the Electron
Microscope Unit (EM), Faculty of Science, Alexandria University,
Egypt, was used. The EDX analyses integrated the characteristics of the
scanning electron microscope (SEM; JEOL JSM-5300). Randomly se-
lected individuals from the control or Ag3 groups were anesthetized
on ice, the testes were gently dissected, and slides (Fig. 2c) were

Kaplan-Meier analysis
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Fig. 1. Survival probabilities of Blaps polychresta (a) during 30 days after exposure to silver nanoparticles at the following doses 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, and 0.07 mg-g ™" body
weight (Agl, Ag2, Ag3, Ag, 4, Ag5, Ag6, and Ag7 groups, respectively). Kaplan-Meier survival analysis for all experimental groups (b) and results of Log-rank test (c). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3



LM. El-Samad, S. El-Ashram, H.K. Hussein et al.

Science of the Total Environment 806 (2022) 150644

a d
- 2500 4 |c Control group Element Mass% Atom%
_ ] C 69.66+0.31  75.67+0.34
£ 2000~ 0 2905:057  2370:046
(<]
o .
S 1500 Na 0.61+0.06 0.35+0.03
2 1 P 0.67+0.05 0.28+0.02
ﬂJ
£ 1,000 -
o]
500 — L ‘
J Na P
e Y
0 T B R L I I I RS S LA
0 1 2 3 4 5 6 7 8 9 10
e Energy [keV]
4 Ag3 group Element Mass% Atom%
_ 500 — [€] C 56.62£0.53  63.77+0.61
g I 0 3889:0.95  3347:0.81
Q 1 l| Na 2.81+0.19 1.68+0.12
>
§ 41 ol P 2.31x0.13 1.03+0.06
<
£ | 1 Ag 0.37+0.12 0.05+0.01
) .
JI) [ne Pl Ag|
(Il A A, laaly
PAAVFLY ! S i e
0 R T I T T 1 1 ~
0 1 2 3 4 5 6 7 8 9 10
f Energy [keV]
Measurement conditions
Items Control group Ag2 group
Acceleration voltage 20.00kV 20.00kV
Magnification x 300 x 500
Countrate 1047.00 CPS 632.00CPS

Fig. 2. Transmission Electron micrograph (TEM) of AgNPs (a). Male reproductive system of Blaps polychresta (b). Energy-dispersive X-ray (EDX) spectra of a selected area of the testis (c) -
qualitative elemental composition, and quantitative analysis (insert in the graphs) in control (d) and Ag treated (e) groups; EDX measurement conditions (f).
Abbreviations: Testis (Tes); germinal cyst (GC); accessory gland (AG); ejaculatory duct (EJD). In Fig d and e: horizontal scale - X-ray energy; vertical scale - X-ray counts.

prepared for microscopic analysis. The tissue samples were frozen to
—70 °C and lyophilized at —35 °C for 8 h. Then, the dried samples
were stuck on aluminum supports with double-sided adhesive carbon
tape. The last step was coating the sample surface with gold film
(220 nm) to protect them against thermal damage and other adverse ef-
fects possibly occurring during electron beam work (Fischer et al.,
2012). Then, the prepared slides were scanned by scanning electron mi-
croscopy (SEM; JEOL JSM-5300) with the settings shown in the table in
Fig. 2f (at an accelerating voltage of 20 kV). Each peak was detected au-
tomatically by EDX software. The signal intensity was measured for
each element in the sample (Fig. 2d-e). The same elements were ana-
lyzed in calibration standards of known composition. A stationary spot
(X500) was examined at random for 110 s (El-Ashram et al., 2020).

2.6. Cell viability evaluation and DNA damage

Cell viability was measured using the Annexin V-FITC assay kit
(Sigma-Aldrich, Germany) following the manufacturer's protocol.
The cell suspension was obtained by gentle homogenization of tissue
in PBS buffer (pH 7.4; 4 °C) (Koopman et al., 1994). The obtained cells
were washed twice in PBS and resuspended in binding buffer. Then,
the cell suspension in binding buffer (195 pL) was mixed with
Annexin V-FITC conjugate reagent (5 pL) and incubated in darkness
for 10 min. Finally, the cells were washed, resuspended in 190 pL
binding buffer, and mixed with 10 pL propidium iodide solution.
The fluorescence of the cells was determined immediately with
flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA). For
data analysis, CellQuest Pro software version 5.2.1, 2005 (BD Biosci-
ences, San Jose, CA) was used.

DNA damage was detected by the comet assay under alkaline condi-
tions, following the procedure of Singh et al. (1988). The suspension of
testicular cells was obtained by gentle maceration of tissue in cold
Hank's balanced salt solution containing 20 mM ethylenediaminetetra-
acetic acid (EDTA) and 10% dimethyl sulfoxide (DMSO). The Star Frost
microscope slides were coated with 0.65% normal-melting agarose.
The cell suspension was mixed with low-melting agarose (final concen-
tration 0.65%) and spread onto slides. After agarose solidification
(~20 min at 4 °C), the third layer of 0.65% low-melting agarose
(120 mL) was placed on the top. The slides were immersed in lysis
buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, 10%
DMSO, pH 10.0) at 4 °C and left overnight to enable lysis of cell mem-
branes. After washing (3x) in ultrapure water, the slides were im-
mersed in electrophoresis buffer (1 mM EDTA, 300 mM NaOH,
pH 13.0) and incubated for 20 min, and then electrophoresis was con-
ducted for 20 min (at 300 mA). After electrophoresis, the slides were
washed (3x) with 0.4 M Tris pH 7.5 for 15 min and dehydrated in 96%
ethanol (~30 s). Before comet visualization, slides were rehydrated by
immersion in ultrapure water (~5 min) and stained with ethidium bro-
mide solution (20 mg/mL). The comets were scored using a fluores-
cence microscope (LEICA DMLS, 400x magnification). At each slide,
100 comets were examined.

2.7. Biochemical assays

To prepare the samples for enzymatic determinations, the testes
were dissected on ice and washed three times in a normal saline solu-
tion (0.9%), slightly dried on tissue paper, weighed, and then homoge-
nized (2 min) in Tris-HCl buffer (pH 7.4; tissue/buffer ratio 1:5). After
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centrifugation (15,000 xg; 4 °C, 60 min), the supernatant was gently
decanted and stored at -70 °C until use. The following parameters were
measured: protein content (PC) and malondialdehyde (MDA) concentra-
tion, as well as the activity of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), and glutathione S-transferase (GST).

The total protein content was determined according to Lowry et al.
(1951) using bovine serum albumin as a standard and expressed as
mg/g tissue.

Determination of MDA content was carried out following Ohkawa
et al. (1979). The principle of this method is the reaction of 2-
thiobarbituric acid (TBA) with malondialdehyde, which produces a
pink product, 2-thiobarbituric acid-reactive substance (TBARS). Briefly,
the reaction mixture, containing supernatant, 8% sodium dodecyl sul-
fate, 20% acetic acid, 0.8% TBA and ultrapure water, at a proportion of
1:2:15:15:7 (v/v/v/v/v) was incubated at 95 °C for 1 h. After cooling, ul-
trapure water and a mixture of butanol-pyridine 15:1 (v/v) were added
to the sample, followed by shaking for 10 min and centrifugation
(15,000 xg; 10 min). The absorbance of the upper layer (butanol-pyri-
dine) was measured at 532 nm. After calculation, the MDA content in
the samples was expressed as nmol/mg of tissue.

AST and ALT activities in the samples were measured with the use of
commercial Biolabo (France) kits REFs 80025 and 80027, according to
the manufacturer's protocols with a modification for insect material,
as suggested by Lo$ and Strachecka (2018). After mixing AST or ALT re-
agent with supernatant at a proportion of 10:1 (v/v), the samples were
vortexed for ~3 s and incubated at 37 °C for 30 s. Then, the absorbance at
340 nm was measured. The results are expressed in U/mg protein.

SOD activity was measured according to Misra and Fridovich (1972).
The method is based on monitoring the rate of adrenaline autooxidation.
The absorbance of the reaction mixture, which contained the supernatant,
sodium carbonate buffer (200 mM; pH 10.0), EDTA (10 mM), and freshly
prepared epinephrine (15 mM), was measured at 480 nm. In the chart,
SOD activity is expressed in mU/mg protein. The activity unit was defined
as the amount of enzyme that inhibited 50% of the control reaction of
adrenaline autooxidation per min.

CAT was measured following the method of Aebi (1984). During the
reaction, the rate of decrease in the concentration of H,0, in the sample
was detected. The absorbance of the reaction mixture, containing the
supernatant, phosphate buffer (50 mM, pH 7.0), and freshly prepared
H,0, (10 mM), was measured spectrophotometrically at a wavelength
of 240 nm. CAT activity was expressed in mU/mg protein.

GPx activity was investigated using the method of Paglia and Valentine
(1967). Cumene hydroperoxide (cumOOH) was used as a substrate. The
reaction mixture contained the supernatant, 0.05 M phosphate buffer
(pH 7.0), 1.25 mM EDTA, 1 mM sodium azide (NaNjs - as the catalase
inhibitor), 1 mM reduced glutathione (GSH), 1 IU of glutathione
reductase, and 0.1 mM NADPH. The reaction was started by adding
0.2 mM cumOOH. Absorbance was measured spectrophotometrically at
340 nm over 2 min. Enzymatic activity was expressed in mU/mg protein.

GST activity was measured by the method described by Yu (1982)
and Yu and Hsu (1993), with 1-chloro-2,4-dinitrobenzene (CDNB) as
a substrate. The reaction mixture contained the supernatant,
33 mM Tris-HCl buffer (pH 9.0) and 7.5 mM GSH. The addition of
15 mM CDNB initiated the reaction. During the GST-catalyzed reac-
tion, a complex of glutathione with CDNB was formed, the concen-
tration of which was measured spectrophotometrically at a
wavelength of 340 nm. The results were expressed as mU/mg
protein.

2.8. Histological and ultrastructural analysis

For the histological study, testes, immediately after dissection, were
fixed in 4% formaldehyde and 1% glutaraldehyde in a 0.1 M phosphate
buffer (pH 7.2, 4 °C, 3 h). After postfixation in 2% osmium tetroxide
(0s04) in phosphate buffer (pH 7.2, 2 h), the tissue was washed in the
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buffer and dehydrated at 4 °C in a graded concentration series of
ethanol (50, 70, 90, 95, and 100% for 15 min each) and then embedded
in an Epon-Araldite mixture. The semithin sections (1 mm thick) were
stained with toluidine blue.

For the ultrastructure analysis, the tissues were fixed in 4F1G buffer
(pH 7.2) containing 40% formaldehyde (10 mL), 50% glutaraldehyde
(2 mL), monobasic sodium phosphate (1.16 mg), NaOH (0.27 mg),
and ultrapure water (up to 100 mL). Then, the tissues were washed in
0.1 M phosphate buffer (2 h at 4 °C), postfixed in 1% 0sO4 (2 h at
4 °C), and washed 3x for 10 min. After dehydration in a graded
concentration series of ethanol, the samples were filtered in propylene
oxide and embedded in the Araldite-Epon mixture. Ultrathin sections
(70 nm) were cut on an LKB ultramicrotome with a glass knife, fixed
on copper grids, and stained with uranyl acetate and lead citrate
(Reynolds, 1963). Finally, the slides were examined with a JEOL 100CX
Electron Microscope at 80 kV.

2.9. Statistical procedures

Mortality curves were determined for all study groups using
Kaplan-Meier survival analysis. The significance of differences between
all curves was calculated using the log-rank test (Chi2, p < 0.05) for
multitrial comparisons. Multiple curve comparisons (pairwise) were
performed using the log-rank test (after applying the Bonferroni correc-
tion) to identify potential differences between closely spaced curves.
Four groups were compared at FWER (familywise error rate) = 0.008.
Data on the viability of the cells (Annexin V-FITC apoptosis test results)
and data from biochemical analyses were assessed for normality using
the Kolmogorov-Smirnov and Lilliefors tests. Since some of the data
did not meet the assumption of normal distribution, we decided to an-
alyze all data using the nonparametric Mann-Whitney U test (p > 0.05).
Survival time was calculated for the 20 animals in each group. Other pa-
rameters were assessed for 3-5 individuals per group. All statistical
analyses were performed using Statistica 13.3 software.

3. Results
3.1. B. polychresta survival after AgNPs application

The curves in Fig. 1 show the expected survival time of B. polychresta
after a single application of AgNPs on the day of starting the experiment
(Day 0) and cover a period of 30 days of observation. Kaplan-Meier sur-
vival analysis revealed an adverse effect of AgNPs on insect survival, de-
pendent on the dose of nanoparticles (Fig. 1b-c). The log-rank test,
performed for all groups together, confirmed the highly significant ef-
fect of the injection of nanoparticles (Chi2 = 93.11, p < 0.0001;
Fig. 1c). However, only the group treated with the highest AgNP dose
(Ag7 group) revealed 100% mortality. The Ag5 group revealed cumula-
tive mortality at Day 30 of 50%. Thus, this dose can be considered the
LD50 for B. polychresta 30 days after the application of AgNPs. Compar-
ison of the survival curves with the log-rank test, considering the 4
groups treated with lower doses (Ag2-Ag5 groups), revealed no signif-
icant differences between these groups (Chi2 = 7.02, p = 0.0713;
Fig. 1c). Further analysis, performed in pairs in the groups showing mor-
tality between 10% and 50%, revealed a significant difference in the sur-
vival probability only between the Ag2 and Ag5 groups (Chi2 = —2.63,
p = 0.0084; Fig. 1c). Pairwise comparison of the control and Ag1 groups
was not possible due to fewer than 2 complete observations, i.e., death.
The Ag2 group was the first for which a pairwise log-rank analysis could
be performed and thus accepted the null hypothesis of no difference be-
tween this group and the control group. Subsequent groups (receiving
increasingly higher doses) differed significantly in their survival time
compared to the control group. On this basis, it was decided to carry
out further biochemical and histological analyses on the beetles from
the Ag3 group, considering the dose of 0.03 mg AgNPs/g b.w.t. as the
LOAEL.
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3.2. Content of selected elements in the testis of B. polychresta

EDX revealed the presence of four basic elements in the testes of
males of the control and Ag3 groups, namely, C, O, Na, and P. The per-
centage of the elements is shown in Fig. 2d-e. No peak characteristic
of silver was detected in the tissue of insects from the control group.
In contrast, in insects subjected to a single injection of AgNPs at a dose
of 0.03 mg/g b.w.t., Ag was found in the testes after 30 days. The mean
percentage of Ag in this tissue was 0.37 + 0.12.

3.3. Cell viability and DNA damage in testicular cells of B. polychresta
The single application of AgNPs at a dose of 0.03 mg/g b.w.t. had a

significant effect on the viability of cells isolated from male testes
(Fig. 3a-c). Annexin V-FITC assay revealed a significantly lower share
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of viable cells in the Ag3 group compared to insects from the control
group, where the number of viable cells was 80%. For comparison, the
viable cell count in the Ag3 group was only slightly above 45%. There
were also significant differences between the two groups in the per-
centage of cells with necrosis and apoptosis. Interestingly, in insects
from the Ag3 group, the share of necrotic cells decreased significantly,
while the share of apoptotic cells increased compared to control insects.
Necrosis was found in 13.7% of control insect cells and only in 4.9% of in-
sect testicular cells exposed to AgNPs. Cells in the early apoptotic phase
accounted for as much as 32.8% of the testes of Ag3 insects, while for in-
sects from the control group, this value was only 6.3%. Late apoptosis
was the state relatively least frequently observed; in the control
group, the median for this type of cell was only 0.82%, and for the Ag3
group, the value was 16.2%. The differences described above were statis-
tically significant (Mann-Whitney U test; p < 0.05; Fig. 3a-c).
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Fig. 3. Flow cytometry analysis of Annexin-V-FITC and propidium iodide staining of Blaps polychresta testis tissue (a), and plots for control (b) and Ag treated (c) groups. DNA damage using
the comet assay (d) in the testis of beetles from control (e) Ag treated (f) groups. Mean + SE concentration of protein and activity of enzymes involved in protein transformation - AST and
ALT (g), MDA concentration, and activity of antioxidant enzymes (h) in beetle testis.
Abbreviations: Necrotic cells - the upper left (UL) quadrant (PI+/Annexin V—); Viable cells - the left lower (LL) quadrant (PI—/Annexin V—); Early apoptotic cells (EA) - the upper right
(UR) quadrant (PI4/Annexin V+); Late apoptotic cells (LA) - the lower right (LR) quadrant (PI—/Annexin V+); Class 0-3 - reflecting the degree of DNA damage: 0 - no damage, 3 - the
greatest damage; Protein content (PC); Aspartate aminotransferase (AST); Alanine aminotransferase (ALT); Malondialdehyde (MDA); Superoxide dismutase (SOD); Catalase (CAT);
Glutathione peroxidase (GPx); Glutathione S-transferase (GST). The red star above bars - significant differences between control and treated groups (Mann-Whitney U test, p < 0.05).
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The comet assay also revealed a significant effect of AgNPs at se-
lected doses on the nuclei of B. polychresta testicular cells. Despite a
long time since injection, the number of nuclei with damaged DNA
was significantly greater in the Ag3 group. The number of nuclei
without evidence of DNA damage in individuals from the control
group was slightly over 91%. The remaining cells (8.3%) were classi-
fied in the first (7.3%) or second (1.0%) DNA damage class. Moreover,
in the cells of the control insects, practically no nuclei with damage
typical of the third class were found. However, the percentage of
cell nuclei without damage in beetles injected with AgNPs was
73.3%. The remaining cells (26.7%) presented different degrees of
damage: 7.0% in the first class, 8.7% in the second, and 11.0% in the
third (Fig. 3d-f).

3.4. The level of stress markers in B. polychresta after ANP application

The single application of AgNPs to beetles at a dose of 0.03 mg/g
body weight resulted in changes in the protein content and part of the
stress markers measured after 30 days of exposure. Significantly lower
protein content was found in the group treated with AgNPs compared
to the control group. The activity of AST in the testes of insects from
the Ag3 group was significantly higher than the activity of AST in the
testes of insects in the control group. However, ALT activity did not dif-
fer between the groups studied (Fig. 3g). Importantly, AgNPs caused a
visible highly significant increase in MDA content compared to the
MDA content in the control group. The concentrations of MDA in the
testes from Ag3-treated males were almost seven times higher than
the value determined for the control group. On Day 30 after AgNP injec-
tion, the activity of enzymes responsible for removing reactive oxygen
species (ROS), namely, SOD, CAT, and GPx, was significantly lower in
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the Ag3 group than in the control group. GST activity was low and did
not differ between the groups studied (Fig. 3h).

3.5. Testicular micro- and ultrastructure of B. polychresta

Analysis of histological cross-sections through adult B. polychresta
testes from the control group revealed a typical tissue structure, with
visible male germ cells (spermatogonia, spermatocytes, spermatids)
without visible damage or lesions (Fig. 4a—f). Microscopic examination
of testes of the AgNP-treated group revealed a series of anomalies in
the gonadal structure of male B. polychresta. Rupture of the cyst wall
and a series of damage to the germ cells were observed in the form of
morphologically altered spermatogonia and spermatocytes as well as
necrotic spermatids (Fig. 4a’-f").

TEM analysis of gonads of control males revealed a normal sper-
matogenesis process (Figs. 5a-d and 6a-c). Regular spermatogonia,
primary spermatocytes with synaptonemal complexes, each with a
nucleus having normal chromatin condensation, a regular nuclear enve-
lope, and the cytoplasm having numerous mitochondria were observed.
Secondary spermatocytes had a smaller nucleus than primary sper-
matocytes, and the cytoplasm had numerous mitochondria. Each early
spermatid was characterized by a normal peripherally located nucleus,
mitochondrial nebenkern, and a Golgi body (Fig. 5a-d). Late spermatids
were characterized in testes from the control group by the presence of a
nucleus having a nuclear envelope, mitochondria - separated into two mi-
tochondrial derivatives, accessory bodies, and flagella - each of which had
an axoneme and two small, round accessory bodies (Fig. 6a—c). In addi-
tion, the head region of the sperm in testes from the control group
had a normal, oval nucleus with a nuclear envelope and an apical acro-
some. Flagella of normal sperm showed two symmetrical, fully formed

Control group

Ag3 group

Fig. 4. Semithin section of testicular follicles of B. polychresta from control (a-f) and Ag treated (a’-f') groups.

Abbreviations: Spermatogonia (Sg); Spermatocytes (Sc); Primary spermatocytes (PS); Secondary spermatocytes (SS); Spermatid (St); Short spermatids (Shst); Long spermatids (LSt);
Spermatozoa (S), Axoneme (ax); Parietal cells (P); Fat cells (Fc); Connective tissue (CT); Trachea (T).

Figs. a-f: Epithelial wall (arrow); Cyst wall (double head arrow). Figs. a’~f’: a’ - necrotic Spermatids; b’ - morphologically altered Spermatogonia and Spermatocytes; ¢’ - necrotic
Spermatids and Spermatozoa; d’-f" - necrotic short and/or long Spermatids; Rupture of cyst wall (double head arrow); Necrotic spermatids/spermatozoa (arrow).
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Control group

Ag3 group

Fig. 5. Transmission electron micrograph in normal (a-d; control group) and abnormal (a’-b’; Ag treated group) spermatogenesis of B. polychresta.

Abbreviations: Spermatogonia (Sg); Primary spermatocyte (PS); secondary spermatocyte (SS); early spermatids (Esp); parietal cells (P); nucleus (N); chromatin (CH); hetero chromatin
(Hc); nuclear envelope (Ne); electron dense vesicle (Edv); mitochondria (M); mitochondrial nebenkern (NK), Golgi body (G).

a - Spermatogonia; b - primary spermatocyte with synaptonemal complexes (arrow); ¢ - secondary spermatocyte; d - early spermatids; a’ - Sg cells with two nuclei in the same cytoplasm,
deformed cells with irregular cyst wall (arrow); b’ — deformed primary spermatocytes with irregular shape (curved arrow), dense bodies (double head arrow).

mitochondrial derivatives, two small accessory bodies, and an axoneme
(Fig. 7a-f). However, the AgNP-treated group showed abnormal sper-
matogenesis. In the micrographs, deformed cells with irregular cyst
walls were present. Some spermatogonia were characterized by the
presence of two nuclei in the same cytoplasm and electron-dense vesi-
cles. Additionally, deformed primary spermatocytes were observed. The
most common abnormalities were an irregular cell shape, degenerated
mitochondria, and dense bodies in the cell (Fig. 5a’-b’). Early sperma-
tids showed abnormal cell structure. Some of these cells were deformed
and characterized as having a peripheral nucleus, electron-dense vesi-
cles, and vacuolated cytoplasm. Flagella of late spermatids possessed
malformed or degenerated mitochondrial derivatives, disrupted chro-
matin, and residual and/or highly vacuolated cytoplasm. Agglutinated
spermatids with degenerated axonemes and deformed abnormal mito-
chondrial derivatives were observed. Moreover, some of the late sper-
matids had abnormal head morphology. Parietal cells possessed a
nucleus with an irregular nuclear envelope and mitochondria with
dense bodies. Some of the cells had enlarged cytoplasm and dense ves-
icles (Figs. 6a’-f" and 7a’-d’).

The analysis of the nuclei using SEM confirmed the negative influ-
ence of AgNPs on the spermatogenesis process in B. polychresta. The
sperm of insects from the control group showed normal structure
(Fig. 8a-d). However, SEM analysis of AgNP-treated individuals re-
vealed the presence of agglutinated spermatids (tail to tail or head to
head), some of which had head sutures (Fig. 8a-d’).

4. Discussion

The increasing phenomenon of AgNP penetration into ecosystems is
now considered an undeniable fact. The migration routes of AgNPs and
general aspects of AgNP toxicity for various organisms, mainly model
organisms, have been described. Potential risks to humans and the envi-
ronment have also been estimated (Tortella et al., 2020). However, the
impact of AgNPs on wild organisms, especially terrestrial organisms, is
still poorly known. A relationship between AgNP dose and mortality
has been described for several model organisms, such as Drosophila
melanogaster (Raj et al., 2017) and Caenorhabditis elegans, or a few
earthworm species (Tortella et al., 2020). In our studies, we assessed
the mortality of B. porchresta at a series of doses (Fig. 1b-c). Taking mor-
tality as an endpoint, a dose of 0.01 mg/g body weight can be considered
a no observed effect level (NOEL) for mortality; a dose of 0.02 can be
considered the lowest observed effect level (LOEL), and a dose of 0.03
can be considered the LOAEL. Interestingly, a dose less than twice the
LOAEL (namely, 0.05 mg/g body weight) resulted in 50% beetle death
(LD50/30) 30 days after exposure. In comparison, for mice, the LD50
(14 days after injection of AgNPs) has been reported to be 250 and
350 mg/kg body weight, depending on the size of the AgNPs (Hoseini-
Alfatemi et al., 2020). These values are approximately 5-7 times higher
than those found in our experiment. Thus, presumably, B. polychresta is
much more sensitive to AgNPs than mice and possibly other mammals,
even considering the shorter monitoring period of mouse survival.
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Control group

Ag3 group

W

Fig. 6. Transmission electron micrograph in normal (a-c; control group) and abnormal (a’-f"; Ag treated group) spermatogenesis of B. polychresta.

Abbreviations: early spermatids (Esp); parietal cell (P); nucleus (N), nuclear envelope (Ne), mitochondrial derivatives (MD); mitochondrial nebenkern (Nk); centriole (C), vacuolated
cytoplasm (V); accessory body (ab); electron dense vesicle (Edv); Golgi body (G); axoneme (ax); dense bodies (Ca); residual cytoplasm (*); disrupted chromatin (dc), rough
endoplasmic reticulum (RER).

a - longitudinal section of late spermatid with mitochondria and centriole; b - section in a normal late spermatid showing the two mitochondrial derivatives, a longitudinal nucleus could
be observed with the nuclear envelope, accessory body, and axoneme; cross section in the head region of normal late spermatid, each with a nucleus; ¢ - cross section in the head region of
normal late spermatids, and cross section in the flagella; a’ - abnormal late spermatogenesis, abnormal early spermatids, each with peripheral nucleus, mitochondrial nebenkern, electron
dense vesicle, Golgi body and with vacuolated cytoplasm; b’ - cross section in abnormal flagella of late spermatids with degenerated mitochondrial derivatives and highly vacuolated
cytoplasm; ¢’ -a cross section showing parietal cell with a nucleus, irregular nuclear envelope and mitochondria with dense bodies, some cells with enlarged cytoplasm (three head
arrow) with dense vesicle; d’ - agglutinated spermatids observed with degenerated axoneme, deformed abnormal mitochondrial derivatives, deformed cell (curved arrow); e’ -
abnormal spermatogenesis showing cross section in abnormal flagella of late spermatids with malformed mitochondrial derivatives, highly vacuolated cytoplasm and abnormal head
morphology of spermatids (spear arrow); f' — magnified cross section in the flagella of late spermatids showing residual cytoplasm, disrupted chromatin, rough endoplasmic reticulum

and axoneme.

Shortening of survival time was accompanied by disturbances at the
tissue, cellular and molecular marker levels, which are presented in
Figs. 3-8. DNA damage measured by the comet assay is one of the com-
monly used and valued markers of genotoxicity due to its simplicity and
ease of evaluation (Collins, 2004; Dhawan et al., 2009; Gajski et al.,
20193, 2019b). Its usefulness has been confirmed many times in studies
on insects exposed to various stress factors, including nanoparticles
(Augustyniak et al.,, 2016a; Karpeta-Kaczmarek et al., 2016; Fang et al,,
2021; Kheirallah et al., 2021). However, this marker requires careful in-
terpretation, also considering exposure time. Its use as a marker works
well in the case of short-term exposure to relatively high doses. Chronic
exposure to sublethal doses (in the NOEL or LOEL range) should
strengthen the antioxidant shield and intensify the processes of fast re-
pair of damage. DNA is a crucial material of priority importance for an in-
dividual and species. Thus, after a single exposure to a low dose, a

temporary increase in DNA damage can be expected, which, however,
should be repaired rapidly (Augustyniak et al., 2014, 2015; Augustyniak
et al., 2016b; Dexheimer, 2013; Augustyniak et al., 2020; Flasz et al.,
2021). Nevertheless, in our study, 30 days after exposure, DNA damage
in the Ag3 group was still significantly greater than the DN A damage
in the control group (Fig. 3d-f). A logical explanation for this result is
the internalization of AgNPs into the testes of males. The deposited
AgNPs can then act as a source of silver ions (McShan et al., 2014), caus-
ing chronic redox imbalances and participating in the free radical cascade
over a long time after a single exposure. Free radicals are one of the
causes of DNA damage increases. Consistent with this concept is the dras-
tic increase in MDA concentrations in the gonads of Ag3 males (Fig. 3h).
MDA is the most studied marker of lipid peroxidation (Gil et al., 2002;
Cepoi et al., 2020). MDA is highly toxic. It can interact with DNA and pro-
teins, causing damage to these molecules (Del Rio et al., 2005). The
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Control group

Fig. 7. Transmission electron micrograph in normal (a-f; control group) and abnormal (a’-d’; Ag treated group) spermatogenesis of B. polychresta.

Abbreviations: nucleus (N); nuclear envelope (Ne); apical acrosome (A); mitochondrial derivatives (MD); mitochondrial nebenkern (NK); axoneme (ax); centriole (C); accessory bodies
(ab); residual cytoplasm (*); mitochondrial derivatives (MD); parietal cell (P); electron dense vesicle (Edv), acrosome (A).

a - alongitudinal section in the head region of a normal sperm with a nucleus and an apical acrosome; b - longitudinal section in the flagella of normal sperm showing two mitochondrial
derivatives and axoneme; c - longitudinal section showing head and flagella of normal sperm; d - magnified micrograph showing the head region with the apical acrosome and centriole;
e - higher magnification of cross section in the head region of normal sperms, each with an oval nucleus with nuclear envelope; f - cross section in the flagella of normal sperms, each
having an axoneme,two symmetrical fully formed mitochondrial derivatives and two small accessory bodies; a’ - spermatids with residual cytoplasm, deformed mitochondrial
derivatives and parietal cell; b’ - spermatids with irregular nuclear envelope, nucleus, centriole, axoneme and degenerated nebenkern; ¢’-d’ - convoluted plasma membrane (arrow),
electron dense vesicle, centriole, dense bodies (double head arrow) and acrosome.

Control group Ag3 grou

SRR T

Fig. 8. SEM of the testicular follicles of B. polychresta from the control (a-d) and Ag treated (a’-d’) groups.
Abbreviations: head (H); flagellum (FL); mitochondrial derivatives (MD).
c—d - late spermatids, suture in the plasma membrane (*), axoneme (arrow). a’-d’ - agglutinated spermatids with head sutures (arrow) and tail to tail (*).
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genotoxic potential of this aldehyde is most likely partly responsible for
the increase in DNA damage in B. polychresta from the Ag3 group. A sim-
ilar relationship between exposure to nickel oxide nanoparticles (NiO-
NPs) and the degree of DNA damage in the ovaries was demonstrated
for B. polychresta females subjected to a single injection (Kheirallah
et al,, 2021). However, the level of MDA was not measured in the
study mentioned. Dose-dependent DNA damage, accompanied by
an increase in MDA concentration, was also demonstrated for
sperm of Wistar rats chronically exposed to zinc oxide nanoparticles
(Husain et al., 2019). Thus, it can be generalized that the phenomena
are typical for metal nanoparticles and occur in both invertebrates
and vertebrates, as long as the nanoparticles are internalized in go-
nads.

Complementing the described relationships is the reduction in the
protein content observed in Ag3 beetles (Fig. 3g), including enzymatic
proteins that play a key role in eliminating the effects of oxidative stress
(Fig. 3h). SOD (responsible for the dismutation of the superoxide radical
anion), CAT (decomposing hydrogen peroxide), and GPx (reducing hy-
drogen peroxide and organic peroxides) should intensify activity under
oxidative stress (Yousef et al., 2019). However, prolonged stress may re-
sult in the depletion of energy resources and impairment of enzyme ac-
tivity and the synthesis of new molecules (El-Gendy et al., 2020). Fang
et al. (2021), investigating the ovarian cell line BmN of Bombyx mori,
showed that exposure to titanium dioxide nanoparticles (TiO,NPs)
leads to reduced transcription of antioxidant genes, accumulation of
peroxides, and inflammation. Energy reserves can be allocated toward
other enzyme pathways, for example, ALT and/or AST. Both enzymes
may perform slightly different functions in insects than in mammals,
but they can still be used to assess the immunity status (Lo$ and
Strachecka, 2018). ALT and AST activity in bees may increase with
aging but decrease after contact with unfavorable or harmful factors.
At a low dose, cyromazine reduced ALT and AST in Culex pipiens, while
a higher dose caused the opposite effect (Assar et al.,, 2012). Addition-
ally, the administration of cytotoxic drugs increased ALT activity in
Bombyx mori (Inagaki et al., 2012). In our experiment, the ALT and
AST activities were significantly higher in the Ag3 group than in the
control group (Fig. 3g). Los and Strachecka (2018) pointed out that
ALT and AST, markers used in assessing liver function in mammals,
can also be used as markers of pathological changes in insects. Im-
portantly, great caution is advised, as these enzymes may have a
slightly different function for particular insect species (Lo$ and
Strachecka, 2018).

The above-described effects of AgNPs are reflected in the condition
of cells and tissues. In insects treated with AgNPs at a dose of 0.03 mg/
g b.w.t, there was a significant reduction in viable cells and an increase
in the number of apoptotic cells, especially early apoptosis (Fig. 3a).
Similar results were reported by El-Ashram et al. (2020) in Trachyderma
hispida ovaries after exposure to gold nanoparticles (Au-NPs) and by
Kheirallah et al. (2021) in B. polychresta ovaries injected with NiO-NPs.
Additionally, O'Donnell et al. (2017) revealed an increase in apoptosis
in germ cells of Caenorhabditis elegans treated with zinc oxide nanopar-
ticles (ZnONPs). Increased apoptosis, a process of programmed and con-
trolled cell death, attempts to maintain homeostasis and indirectly
indicate an increase in abnormalities in cells exposed to metal nanopar-
ticles, including AgNPs. Interestingly, B. polychresta from the Ag3 group
showed significantly lower necrosis than insects from the control group.
Apoptosis and necrosis are types of cell death that differ in their genesis
and course (Krysko et al., 2008; Kanduc et al., 2002). Necrosis can be
caused by a variety of factors, including bacterial infections. Necrosis is
regulated at the cell level in the context of host-pathogen interactions
and may be involved in (but may also contribute to) infection (Blériot
and Lecuit, 2016). Both apoptosis and necrosis in spermatozoa have
been observed following in vitro treatment of sperm with pathogenic
bacteria (Fraczek et al., 2015). Considering the antiseptic nature of
AgNPs, we can hypothesize that AgNPs offer a chance to reduce the risk
of infection and inflammation in various compartments of the animal's

11

Science of the Total Environment 806 (2022) 150644

body. This, in turn, can lower the risk of necrosis. B. polychresta is a terres-
trial insect that lives in contact with various microorganisms present in
the soil. Some of them can contribute to inflammation and accelerate ne-
crosis. AgNPs can limit the number of such bacteria and their adverse ef-
fects on B. polychresta. This somewhat brave hypothesis requires further
sophisticated research, which our team intends to perform in the future.
Wang et al. (2018), discussing the potential adverse effects of NPs on the
reproductive system, mentioned that AgNPs may be considered one of
the most toxic. Detailed analysis of the structure and ultrastructure of
the testes of male B. polychresta from the Ag3 group revealed many unfa-
vorable changes (Figs. 4-8), which indicate severe degeneration of this
organ. Changes in the structure and ultrastructure of the ovaries
have been reported in B. polychresta after injection with NiO-NPs
(Kheirallah et al., 2021) and in T. hispida ovaries exposed to Au-NPs
(El-Ashram et al., 2020). Raj et al. (2017) showed that AgNPs signifi-
cantly affect egg-laying capacity and impair ovarian growth. TiO,NPs at
high doses have shown reproductive toxicity to B. mori (Ni et al.,
2015). Interestingly, however, low doses can enhance the reproduction
and fecundity of B. mori, manifested by faster ovarian and testicular
development and faster gamete formation and differentiation (Ni et al.,
2015). This result highlights the importance of the dose. For beneficial
(breeding) insects, it may be advisable to stimulate reproduction, in
contrast to crop pests or disease vectors. However, it should be empha-
sized that any reproductive disorders are not advisable in wild insects.

5. Conclusions

This research describes the effects of the widely and readily used
AgNPs on the testes of wild insects - B. polychresta. Even after a single
application, AgNPs caused long-term effects manifested by numerous
changes in the testes of male B. polychresta. Most likely, AgNPs, in a sin-
gle exposure, take the form of chronic exposure, as the nanoparticles
serve as the source of Ag ions in the animal's body. The long-term con-
sequences of damage to the testes of wild animals, which may be asso-
ciated with an increase in the mortality of individuals, extinction of
species, and disturbance of the structure of ecosystems, should be em-
phasized. Therefore, considering the results of this study, we can reject
the null hypothesis (HO) and accept the alternative hypothesis (H1). It
is advisable to develop the principles of safe production, controlled
use, and disposal of AgNPs.
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