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Abstract

The studies about silver nanoparticles (AgNP) increased in the last years but few is known about their effects in Brazilian
neotropical freshwater fish species. The current study investigated the effects of AgNP on adult silver catfish Rhamdia quelen
after subchronic oral exposure. After nanoparticle (NP) size and area characterization fish were administrated with three
different doses for 15 days (0.03, 0.3 and 3 ug g-1). The concentration of silver in liver and kidney was measured to evaluate
the bioaccumulation and discuss its effects in the target organs. Liver bioaccumulated 15, 1.7 and 0.2 % of administered doses
while kidney bioaccumulated 1.33, 0.33 and 0.9 % (respectively for 0.03, 0.3 and 3 pg g-1). The histopathological findings
were considered in both organs to evaluate the effects of AgNP, according to Bernet’s Lesion Index (BLI). Also were included
the melano-macrophages center (MMC) and new nephrons (NN) counting respectively in liver and posterior kidney. The
results revealed morphological injuries as inflammation in both studied organs and vascular congestion and steatosis in liver,
in a concentration dependent way. The presence of AgNP in the tissues revealed the bioavailability of the nanoparticle while
the damages and morphological disturbs showed the potential risk of exposure in R. quelen, even under environmental relevant
concentrations.
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INTRODUCTION pollutants with increased ability to cross biological barriers
and to deliver silver ions inside cells (Stensberg ef al., 2011;
Magesky et al., 2017). According to Foldbjerg et al. (2011)
and Volker et al. (2011) the increase of reactive oxygen
species (ROS) can explain some morphological effects of
AgNp in cells, while the affinity of silver with protein thiol

groups or binding of AgNP to DNA bases are included as

The bioavailability of a high diversity of pollutants in the
aquatic ecosystems including the emergent chemical is a major
challenge to evaluate the risks of exposure. More recently, the
number of studies to elucidate the toxic effects of metallic
nanoparticles has increased (Al-Sid-Cheikh et al., 2019; Luz

et al., 2020; Glinski et al., 2021), but the establishment of
minimal limits of toxicological interaction are still scarce to
biota. Silver nanoparticles (AgNP) are described as emergent
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genotoxic effect in mammals’ cells (Kim ez al. 2010).

The estimated concentrations of AgNP in the aquatic
environment are about 0.03 to 0.08 ug L-1 (Muller & Nowack,
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2008), which is comparatively lower than the concentrations
of toxic metals and organic pollutants reported in many water
bodies. Silvernanoparticles (AgNP) are widely used in products
as antimicrobial, medical applications, renewable energies,
cleaning and sport products, food additives, cosmetics,
electronic components, and environmental remediation
(Fabrega et al., 2011). However, the presence of complex
mixtures in the environment difficult the establishment of
the risk of exposure to both, biota, and human population.
Additionally, this nanoparticle can act as “Trojan horse”
carrying other chemicals into the cell (Romanovskaya et al.,
2011), increasing the risk of exposure also to other pollutants.

Silver nanoparticles can be toxic to biota, including fish
(Fabrega et al.,2011; Volker et al., 2013; Al-Sid-Cheikh et al.,
2019). The present study evaluated the effects AgNP on adult
silver catfish (R. quelen) after subchronic and oral exposure
using histopathological findings as biomarkers of effects,
including a characterization of NP and chemical analysis
in target tissues (liver and kidney). The histopathological
investigation it is particularly important in long term
exposures because represent the consequences of low-level
damages such as molecular and biochemical. Due to the lack
of information about the effects of AgNPs in Brazilian fish
species, the current study includes new approaches to discuss
the presence of this contaminant in the environment.

MATERIAL AND METHODS

Preparation and characterization of AgNP suspension

Silver nanoparticles (Sigma/Aldrich, cod. 576832) with
<10 nm, were suspended at 10 pg ml' ultrapure water,
sonicated (8 cycles of 2 min each, 100 W) and stored at
room temperature (15-30°C). The stock suspension of AgNP
was re-sonicated (3 cycles of 5 min each, 100 W) prior to
dilution in PBS to obtain the final test concentrations. AgNPs
size was determined in transmission electron microscope
images (JEOL JEM 1200 EXII), after 1:1 dilution in methanol
(100%) and spread on 300-mesh carbon cover copper grids.
Additionally, the size and zeta potential were also analyzed in
7ZS90 MALVERN Zetasizer Nano®.

Chemical analysis of silver in the biological samples

Samples of liver, anterior and posterior kidney previously
frozen and preserved at -80°C, were defrosted (0.5 mg) at
room temperature, digested with 2 ml concentrated HNO, (AR
grade; Fisher Scientific) and placed in Friedrich TE-128/6
Tecnal® digester at 200° C for 2 h. After cooling, extracts
were filtered on Whatman quantitative filter (No. 540) and
transferred to 25 ml round-bottom flasks, washed with Milli-Q
deionized water and gauged in flasks. Silver was analyzed with
a Flame Atomic Absorption Spectrometer (FAAS) Varian®
model 240FS attached to Sample Preparation System (SPS3)
and a Sample Introduction Pump System (SIPS). Calibration
standards containing 1.00, 0.75, 0.50 and 0.25 ppm were made
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up from a stock solution (1,000 pg ml') SpecSol® of silver.
The bioaccumulation of Ag was calculated in percentages in
liver and kidney considering the nominal dose.

Experimental Design

Forty-four adults silver catfish R. quelen (98.4 + 21.4
g) were kept in 1.0 m* fish cage (eleven individuals per
group) in the fish farm Piscicultura Panama (Santa Catarina
State, Southern Brazil). Prior to exposure, the animals
were anesthetized with 0.02% MS222 (Ethyl ether-3-
amino-benzoic acid, Sigma ®) and weighted. Oral gavages
with AgNP suspension were performed every 5 days
starting at day “0” until day 10" corresponding to three
test doses (0.03, 0.3 and 3 ug g") and control groups. The
intermediated tested dose was described as neurotoxic to
Danio rerio (Powers et al., 2011). Fish were fed daily with
commercial pellet food containing 45% crude protein. The
AgNP was diluted in phosphate-buffered saline (PBS, pH
7.2) used as vehicle and so in the control group to evaluate
the manipulation of fish. Five days after the last gavage,
fish were anesthetized with MS222 (0.02%) and liver and
kidney were sampled for analysis.

Histopathological Procedures

Light Microscopy: Liver, head and posterior kidney
samples were preserved in ALFAC fixative solution (70%
ethanol, 4% formaldehyde and 5% glacial acetic acid) for 16
h, dehydrated in a graded series of ethanol baths and xylene
and embedded in Paraplast Plus resin (Sigma®). Sections
of 5 um thickness were obtained in microtome (Leica®)
stained with haematoxylin and eosin, mounted with Entellan
(Merck®) and analyzed according to Bernet et al. (1999) with
modifications. Steatosis, melano-macrophages, and vascular
congestion were included for liver while for kidney other
parameters as glomeruli damages were considered. For each
damage or lesion an importance factor, or condition weight
(w), was assigned based on the biological significance of the
lesion, i.e., the degree in which a lesion may affect the normal
functioning of a tissue or organ. Accordingly, the lesion index
was applied using the following formula: IL=} (a x W),
where: IL = lesion index, Y alt = sum of damages/changes,
a = degree of occurrence and W = factor of importance.
The Bernet’s Lesion Index (LI) for liver and kidney was
individually analyzed. Melano-macrophages centers (MMC)
were counted on 15 randomly chosen fields in each liver slice
using an eyepiece graticule coupled to a light microscope and
expressed by number of cells mm™ according to Rabitto et
al. (2005). New nephrons (NN) were counted as suggested
for posterior kidney tissue and results were reported in new
nephrons per mm?.

Statistical data analysis

To analyze histological biomarkers, morphological
changes were applied to one-way ANOVA. Individuals
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were considered as replicates (n=11) for each treatment. Test
post-hoc Tukey were used for differences in treatments with
control. When necessary, test was applied post-hoc Dunnett
and/or Tukey. Comparison with nonparametric Kruskal-
Wallis test was used to analyze biomarkers of MMC and NN.
Statistical analyzes were performed using the R software, and
assuming a value of p < 0.05 for statistical significance.

RESULTS

The AgNP characterization showed a size distribution in
Transmission Electron Microscopy (TEM) ranged from 5 to
19 nm, with most particles in the 5 to 12 nm range (Figure
1A). The surface area of individual nanoparticles ranged from
10.34 to 78.80 nm-2 where the majority concentrated between
10 and 42 nm-2 rarige (Figure 1B). Additionally, the results
showed the presence of AgNP aggregates with more than 100
nm of diameter in all three tested concentrations. About 64%
of nanoparticles had average size of 629.4 nm for the nominal
concentration of 0.03 ug ml'; 60.7% of particles had average
size of 720 nm for 0.3 pg ml'; and 23.7% had size larger than
1000 nm for 3 pg ml'. Zeta potentials varied from -10.8 to
-15.4 mV, confirming the instability of AgNP suspensions and
the tendency for aggregation.

The bioaccumulation of silver was observed in
a concentration and time dependent way, where the
bioaccumulation in liver was higher than found in kidney
(Figure 2) but, both tissues decreasing the Ag concentration
after 15 days of exposure inversely proportional do tested
doses: 15, 1.7 and 0.2 % (liver) and 1.33, 0.33 and 0.9
(kidney), respectively for 0.03, 0.3 and 3 pg g™

The Table 1 resume the histopathological findings
considered in the current study. The damages or alteration in
liver and kidney revealed a high diversity of morphological
disturbs in both studied target organs, but not necessarily in a
concentration dependent way. The highlight was the occurrence
of inflammatory responses in both studied organs, including
here the peritubular and perivascular granulomatosis (Figures
3B and D, 4E and 5E), or even leucocytes infiltration (3F and
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Figure 2. Chemical analysis of Ag in liver and kidney of R. quelen after
oral exposure to silver nanoparticles (0.03, 0.3 and 3 pg g'). Letters
represent difference among tested groups and (*) difference with the

control group (p <0.05).

4c). In liver the presence of vascular congestion (Figure 3C)
was found in individuals from all tested concentrations while
the occurrence of basophilic foci was higher in individuals
exposed to 3 pg ml' (Figure 3E). Steatosis and hemorrhage
were found in individuals exposed to higher and lower tested
concentrations respectively (Figures 3B, 3D and 3H) but
necrosis were found in all tested groups including control
(Figure 3G).

The erythrocyte concentration (Figure 4C) is common
in head kidney, but this finding was frequent in individuals
exposed to AgNP, also observed by the presence of center
for erythrocytes degeneration (Figure 4D). Necrosis (Figure
4C), hemorrhage (Figure 4D) and vascular enlargement
were also found.

The posterior region of kidney presents the function of
blood filtration and excretion in fish. The alterations described
in this part of kidney revealed drastic alteration in the nephron
system, including severe damages in glomeruli (Figures 5B,
C and D) and in the tubules (Figures 5E and F), or in vessels
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Figure 1. Characterization of silver nanoparticle (AgNP) size using transmission electron microscopy (TEM). (A) Histogram of size (nm) distribution of
silver nanoparticles demonstrate an average size of 7.83 = 2.21 nm and (B) a surface area (nm?) of 28.92 + 13.69 nm.
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Table 1. Occurrence of morphological damages in liver and kidney of R. quelen after oral exposure to silver nanoparticles

Morphological damages Occurrence (%)
Control 0.03 pg g-1 03pgg-1 3pgeg-l
Liver
Vascular congestion 9 64 55 55
Perivascular granulomatosis 0 18 9 9
Peritubular granulomatosis 0 9 0 0
Basophilic foci 0 9 9 36
Leucocyte infiltration 0 73 72 91
Steatosis 0 0 0 9
Hemorrhage 9 9 0 0
Necrosis 9 21 33 64
Head kidney

Erythrocytes concentration 9 9 18 9
Center for. Erythrocytes 18 64 45 63
degeneration

Necrosis 9 55 0 9
Hemorrhage 9 0 19 0
Erythrocytes concentration 9 9 18 9

Posterior kidney

Glomeruli alteration 9 72 55 45
Tubular alteration 0 64 18 9
Granulomatosis perivascular 0 18 18 0
Granulomatosis peritubular 0 9 18 0
Necrosis 9 9 0 0

Figure 4. Head kidney cross section of R. quelen after oral exposure to
AgNP. A. Control showing the general aspect of tissue; B. transition tissue

Figure 3. Liver cross section of R. quelen after oral exposure to AgNP. . )
between head (*) and posterior (arrow). Observe the presence of necrosis

A. Control group (scale bar = 250 and detail, 100pum); B. occurrence of

peritubular granulomatosis (black arrow) and hemorrhage (white arrow), in head kidney; C. damages observe in the parenchyma as necrosis (*)
observe the presence of melano-macrophage centers (*); C. the (*) and intense regions of erythrocytes degeneration (black arrow). The
represent vascular congestion; D. tissue damages showing hemorrhage white arrow showed a perivascular granulomatosis; D. observe the high
(with arrow) and perivascular granulomatosis (black arrow); E. the concentration of erythrocytes and black deposits (small arrow); E. the
(*) identify a basophilic focus; F. the arrows showed the presence of arrows showed a more dispersed parenchyma while the (*) represent a
inflammatory response; G. large necrosis area (*) while in (H, h) is perivascular granulomatosis; F. a vascular enlargement is observed in the

observed an area of intense steatosis (*) (B, C, D, E, F, G and H scale bar parenchyma. (Scale bar A and F =250 pm, b= 100 um, B, C, Dand E =
=50 pm, h scale bar = 100 pm). Hematoxylin and Eosin stains. 50 pm). Hematoxylin and Eosin stains.
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(Figure 5E and G) including the interrenal cells (Figure 5H).
The inflammatory response was observed in the vessels as
perivascular granulomatosis (Figure S5E and F).

The Bernet’s Lesion Index (LI) revealed the toxicity of all
tested doses in liver and kidney of R. guelen. The liver was the
organ most affected (Figure 6A) showing high LI, differently
than observed to kidney (Figure 6B). In posterior kidney the LI
present high values in individuals exposed to the lower dose,
differently than observed to liver (Figure 6C). The presence
of melano-macrophage centers was higher in posterior kidney
comparatively with liver or head kidney (Figure 6D), while
the counting of new nephrons increases in individuals exposed
to higher doses in posterior kidney (Figure 6E).

DISCUSSION

The histopathological findings are at least the results of
protective cell mechanisms failure reflecting molecular and
biochemical disturbs that reflect injuries in cell or tissues.
These endpoints are biomarkers of effects to evaluate the
risk of exposure to pollutants in target organs as liver and
kidney in biomonitoring programs. In general, these findings

Figure 5. Posterior kidney cross section of R. quelen after oral exposure to
AgNP. A. control, observe the normal glomeruli (*); B. the arrow shows
a degenerated glomerulus while the (*) show an altered glomeruli with an
expressive capillary and Bowman space dilatation also observed in (C); D.

the (*) indicates the presence of perivascular granulomatosis (*), also found
in (E) and (F), while the interenal cells damage is observed in (D) and (H)

(arrows); in F the (*) represent altered glomeruli. (Scale bar = 50 pm).
Hematoxylin and Eosin stains.
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can develop to physiological disturbs leading individuals to
develop diseases or even death, decreasing the population
size. The present results showed the risk of exposure to AgNP
and aggregates inducing severe damages in two important
target organs of R. quelen, a native Brazilian species.

The characterization of AgNP also showed the presence
of particles in aggregates larger than 100 nm, which can be
explained by the low zeta potential values. It is interesting
from the perspective of environmental toxicology, since
several environmental factors affect the kinetics of aggregation
of nanoparticles in the field, such as: organic matter (Huynh
& Chen, 2011), solar radiation (Cheng et al., 2011) and
solubility (Zhang et al., 2011). According to Tejamaya et al.
(2012), most of AgNPs are present as aggregates in the field,
and so the results reported in the current study represent an
environmental significant way.

The chemical analysis showed the bioavailability of AgNP
in a concentration dependent way for both studied target organs
and established that liver is more susceptible than kidney. This
result confirms the liver as an important target organ for AgNP
effects after oral exposure. In other hand, the bioaccumulation
in kidney is nominally lower but also suggest this organ as
an important excretion route for Ag or even AgNP, and so a
potential target tissue to evaluate its effects.

The high diversity of damages or disturbs described to
liver and kidney of R. quelen revealed the sensibility of the
species to oral exposure of AgNP, even if the tested doses
are environmentally significant. The inflammatory response
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Figure 6. Indexes of histopathological findings in R. quelen after oral
exposure to silver nanoparticles. Bernet’s Lesion Index in liver (A), head
kidney (B) and posterior kidney(C); (D) occurrence of Melano-macrophages
centers in liver and posterior kidney respectively (E) occurrence of new
nephrons in posterior kidney. (p<0.05). CMM = Melano-macrophage
Center. The letters indicate the difference among tested groups.
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found in both organs shows that cell injury or tissue damages
are important findings to study the exposure of fish to AgNP,
as the occurrence was present in individuals from all tested
doses. The presence of granulomatosis perivascular in liver
and kidney is an important finding to explain the route
of AgNP to liver and represent an effect that can lead to
physiological disturbs to the organ. According to Matushima
et al. (2006), changes such as vascular congestion, leukocyte
infiltration and peri-vascular and peribiliary granulomatosis
are associated with protection of tissue as a primary immune
response. Additionally, the presence of vascular congestion,
hemorrhage and vascular dilatation strongly suggest the
fragility of circulatory system in R. quelen after exposure to
AgNP. Gernhofer et al. (2001) described that teleost liver
is the primary organ in xenobiotic transformation, storage, or
elimination of chemicals, making the hepatocellular damages
typical responses against pollutants exposure. The injuries
as necrosis are permanent damages and in liver can decrease
the hepatic function with expressive consequence to organ
physiology. This event represents an irreversible structural
and functional damage and is a consequence of many cell
disorders. According to Mela et al. (2013) enzyme disturbs,
protein synthesis, oxidative stress or cell membrane integrity
loss are a set of events responsible for necrosis. The presence
of steatosis revealed physiological disturbs of cell function,
where the fat accumulation may indicate a disarrange of
cytoskeleton with consequence for the vesicles traffic or even
a disturb in the metabolism. According to Giari et al. (2007)
the presence of steatosis can be also classified as a prenecrotic
stage already observed in fish exposed to pollutants
including metals. Additionally, the basophilic foci mean the
high susceptibility for phenotypic changes increasing the
permanent effects and putting in risk the integrity of the organ.

The increased number of melano-macrophage centers
observed in hepatic tissue of individuals exposed to AgNP,
demonstrated that animals are responding to the observed
tissue damages by defensive processes and inflammatory
events (Gagné et al., 2012). Additionally, Pacheco & Santos
(2002) described the presence of melano-macrophage centers
with degenerative and necrotic processes in fish. In the current
study, due to the oral route of exposure to AgNPs it is expected
the related adverse effects in liver and kidney, as observed for
other toxic metals leading to cell death. This would explain a
pattern of inflammatory response found by different kinds of
changes or lesions in hepatic and renal tissues. Particularly, the
alterations observed in vessels suggest that the oral exposure
is an important route for AgNP in fish and it also reveals the
circulatory system as potential targets.

The head kidney in fish present both hematopoietic and
endocrine functions and the effects observe in the current
study highlight this organ as an important target to AgNP. The
negative effects described after AgNP exposure on this tissue
revealed disturbs that can disable some functions as erythrocyte
destruction by the occurrence of necrosis and the increase areas
of red blood cells degeneration. Additionally, as described
to liver above, the presence of hemorrhage and vascular
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dilatation, confirm the circulatory effects of AgNP also to
kidney. The hematopoietic is noted by the occurrence of centers
for erythrocytes destruction and melano-macrophage centers,
increased with the exposure in individuals from all tested
doses. According to Agius & Roberts (2003) these findings are
associated with lesions of chronic inflammation. Despite of the
damages and alterations described to head kidney, the Bernet’s
Lesion Index (LI) were not different among the tested doses,
differently from observed to posterior kidney, where individuals
exposed to the lower dose showed the higher LI.

Differently than observe in other studies kidney presented
a large amount of morphological alteration, showing the
sensibility of the organ to AgNP exposure, especially in posterior
section. This distinct regions of kidney in fish means different
physiological role highlighting the organ as an important target
to pollutants. The posterior kidney section in fish is responsible
to regulate the waste excretion eliminating toxic molecules, salt
and water homeostasis (Davidson, 2014) or even pollutants.
This part of urinary system in fish was quite affected by
AgNP showing drastic damages in glomeruli, significantly
compromising the nephron function. Fish can modulate the loss
of nephrons by the development of new nephrons, suggesting
a ‘neo-nephrogenic’ process that recapitulates conserved
pathways utilized during vertebrate kidney organogenesis
(Diep et al., 2011). This is an interesting biomarker for renal
effects of pollutants including chronic or acute exposure
(Davidson, 2014). Although the counting of new nephrons was
not significantly different among tested doses or control group,
the present results showed an increase in the number from
individuals exposed to higher doses in relation with the lower
dose. The persistence of nephrons progenitors found in fish
can explain the high LI found in individuals exposed to higher
doses, suggesting an more intensity of tissue regeneration.

Finally, the present study reported liver and kidney injuries
observed in R. quelen related to AgNP after oral and subchronic
exposure. The bioaccumulation of Ag in liver and kidney
confirms these organs as target to AgNP exposure and explain
partially the injuries observed in both tissues. Overall, the
histopathological markers reflected a poor health status of the
fish and showed that further studies are necessary to understand
the risk of exposure of AgNP to Brazilian and other fish species.
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