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Abstract

Biosynthesis of silver nanoparticles has received considerable attention due to their cost-effective, eco-friendly and
medicinal values. In this study, silver nanoparticles (Ag NPs) were synthesised using the aqueous leaf extracts of Piper
nigrum. TEM images revealed that the particle is spherical with 20-50 nm in size. Furthermore, to evaluate the toxicity of
synthesized Ag NPs, fish Labeo rohita were exposed to two different concentrations (2.5 pg/L as the treatment I and 5 pg/
L as treatment II) for 35 days, and antioxidant parameters and histology of gill, liver and kidney were examined. A
biphasic response in the activity of glutathione S-transferases (GST) was observed in gill and liver of fish. GST activity in
the kidney of fish was significantly increased when compared to control group. Glutathione reductase (GR) activity in
organs/tissue of fish were found to be increased while peroxidase (POD) activity was significantly decreased.
Histopathological changes such as hyperplasia, proliferation of epithelial cells and fusion of lamellae were observed in both
the concentrations. In liver, necrosis, nuclear degeneration and dilation of sinusoids were observed. Subsequently, the
representative effects of POD activity were assessed based on the Box—Behnken Equation, 3-D contour plot and ANOVA

analysis through response surface methodology analysis.
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Introduction

Nanoparticles (NPs) attract global responsiveness for
potential application in various fields such as drug delivery,
diagnostics, tissue engineering, parasitological and also in
many clinical and environmental applications due to its
unique physical and chemical properties [1, 2]. Specifi-
cally, metal nanoparticles have lots of concern owing to
their distinctive properties. Amongst, Ag NPs have been
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used enormously in industries, medicine, electronic devi-
ces, textiles, consumer products, plastics, baby products,
antiviral activity and also in home appliances because of
their antimicrobial properties [3-6]. More than that, Ag
NPs has been acknowledged with much attention among
the researchers due to their prospective usage in cancer
therapy [7]. The consumption of Ag NPs was approxi-
mately estimated to be around 20 metric tons per year [8].
Therefore, the demand for Ag NPs rapidly increases over a
period, which leads to the exploration of numerous syn-
thesis methods [9, 10].

Bio/green synthesis of nanoparticles has received con-
siderable attention as they remain free from toxic and more
advantageous when compared to physical and chemical
synthesis [11, 12]. Moreover, it also acts as a natural capping,
reducing and stabilizing agents. As a result, bio-synthesis has
been anticipated as an active approach, which necessitates no
sophisticated instrumentation, technical expertise, and
excessive use of hazardous chemicals [13]. In this study, Ag
NPs were prepared using Piper nigrum leaf extract as a
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reducing agent. P. nigrum belongs to family Piperaceae and
is considered as the ‘The King of Spices’ [14]. The leaf
contains antioxidants, vitamin A and C, alkaloids, flavo-
noids, organic acids and phenolic compounds which are
considered as an alternative reducing and stabilizing agent
for green synthesis of Ag NPs [15]. However, a limited
amount of work has been reported using P. nigrum leaf as a
reducing agent for the synthesis of nanoparticles by applying
physical, chemical and biological methods [16, 17]. To the
best of our knowledge, there is no report on the synthesis of
Ag NPs using P. nigrum leaf extract as a reducing agent by
microwave (MW) irradiation method. The main advantage
of this method is faster, economical, simple, energy efficient
and the products are pure. In this method, the energy is
transferred homogenously to the material either through
resonance or relaxation. Moreover, MW radiation is con-
trolled by the law of thermodynamics and kinetics than
typical reactions [18, 19].

Nevertheless, enormous use of Ag NPs results in the
discharge of these particles into aquatic ecosystems and
creates a severe hazardous effect on the organisms [20, 21].
Over the last few decades, quite a lot of eco-toxicity studies
have been conducted to investigate the harmful effects of the
Ag NPs in various organisms such as invertebrates, mos-
quito, algae, bacteria, albino rats, fish and human beings
[22-25]. On the other hand, green synthesis of Ag NPs from
leaf extract of Malva sylvestris and Zornia diphylla was
found to be not toxic to non-target organisms [26-28].

Additionally, substantial evidence has been obtained
that the microorganisms and plants are capable of focusing
nanoparticulate materials, which lays an opportunity for the
Ag NPs to accumulate in the food chain [29]. Some
researchers have worked on Ag NP’s toxicity in the aquatic
ecosystem, predominantly on fish as a focal objective. For
example, genotoxic effect of carbon nanoparticles has been
reported in goldfish, Carassius auratus [30]. Similarly,
high DNA damage has been reported in Poecilia reticulata
and Ceriodaphnia cornuta upon exposure to AgNO; and
Cq-AgNPs [31]. In contrast, no significant damages of
DNA were observed on peripheral erythrocytes of C.
auratus upon exposure to Ag NPs biosynthesized from
neem cake up to 12 ppm [32]. A significant alteration in
GST and AChE activity has been reported in S. serrata
crabs exposed to CdS nanoparticles [33].

Since fish species considered as the best indicator of
environmental pollution due to its abrupt response under
various stress conditions [34-38]. Oxidative stress on fish
considered as an important biomarker in the field of envi-
ronmental and aquatic toxicology. Oxidative stress analysis
stated that the liberation of enzymes and radicals from
cellular organelles due to the exposure of NPs. It creates an
inequity between the oxidants and antioxidants, which
leads to accumulating excessive reactive oxygen species
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(ROS). It is noteworthy that increased level of ROS is an
important indication of the predominant mechanism of
chronic toxicity. In the normal state, free radical production
and elimination are in a dynamic balance [39]. Similarly
histopathological changes can be used to express the health
condition of fish under chronic stress.

The present study deals with the eco-toxicological effect
of green synthesised Ag NPs using P. nigrum leaf extra-
ct on freshwater fish Labeo rohita. However, a limited
amount of work has been reported on green synthesised Ag
NPs using other plant extracts [40, 41]. Labeo rohita is
recognised as an excellent animal model since it is the most
important species of the major Indian carp, which gives the
impression to be highly economical and tolerable to gen-
eral environmental conditions. Therefore, the alterations in
antioxidant enzymes like GST, GR and POD enzymes
estimated in the present study. Our primary aim of this
present investigation is (1) to prepare Ag NPs by biosyn-
thesis using P. nigrum leaf extract, (2) to investigate the
response of antioxidant enzyme activity (GST, GR and
POD) on L. rohita and (3) to analyse the histopathological
alterations of the representative gill and liver. Finally, (4)
the representative antioxidant activity (POD) is compared
with the well-depicted response surface methodology
(RSM) by making Box Behnken Equation, 3-D contour
plot and ANOVA analysis.

Materials and Methods
Preparation of the Leaf Extract

Fresh and healthy P. nigrum (Black pepper) leaves in good
physical shape were collected from areas around Coim-
batore district, Tamil Nadu, India. Initially, the leaves were
washed thoroughly with double distilled water to eradicate
the dust particles and dried under the shades for 1 week.
The collected leaves crushed into a fine powder using an
electric blender and stored in a hermetic container. Sub-
sequently, 5 gm of the powder was dispersed in 50 ml of
double distilled water and boiled at a temperature of 60 °C
for about 10 min in a water bath and allowed to cool for
few minutes. After cooling, it was filtered using Whatman
no. 1 filter paper, and the obtained extract was centrifuged
further at 5000 rpm for 15 min. to take out the undesired
impurities. Further, the prepared filtrate was used as a
reducing and capping agent throughout the present study.

Biosynthesis of Ag NPs with Microwave Assisted
Reflux Method

Analytical grade, silver nitrate (AgNOjz) was purchased
from Himedia India Pvt. Ltd., India. For the synthesis,
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1 mM of AgNOsj; dissolved in a 50 ml of DD water. Then,
5 ml of the leaf extract (filtrate) was added drop by drop
and mixed thoroughly. The obtained golden yellow colour
solution transferred into a 100 ml round bottom flask and
kept in a domestic LG microwave oven (Model no: MH-
4048 GW, Operating frequency — 2.45 GHz, output power
— 80 W). The reaction was endorsed to proceed with the
continuous 1 min on and 30 s off time. Subsequently, it
was allowed to cool until it reaches the room temperature.
Afterwards, the colour change was noticed (golden yellow
to dark brown) signifying the formation of Ag NPs. Finally,
the obtained solution was centrifuged at 20,000 rpm for
15 min and washed with distilled water and ethanol and
then dried in a hot air oven about overnight.

Characterization of the Synthesised Ag
Nanoparticles

The absorption spectra of as-synthesized Ag NPs were
recorded using UV—Vis spectrophotometer (JascoV-550).
The FT-IR spectrum was obtained using Malvon Instru-
ment Analytical Limited and used with the samples as KBr
pellets. The XPS analysis was performed through Kratos
Analytical, Ultra axis instrument. The morphology of the
as-synthesized Ag NPs was determined by using Trans-
mission electron microscope (TEM) and HR-TEM (JEOL-
JEM 2100). The hydrodynamic diameter and the zeta
potential of the Ag NPs were characterised by dynamic
light scattering (DLS) using Malvern Zetasizer Nano
(Malvern Instruments Ltd, UK.) All measurements were
carried out at 25 °C.

Experimental Animal and Maintenance

Labeo rohita (67 cm) were procured from Tamil Nadu
Fisheries Development Corporation, Aliyar Fish farm,
Aliyar, India. Handling and maintenance of fish were fol-
lowed by the CPCSEA guidelines, Government of India.
Initially, all the fish were relocated to the laboratory and
acclimated to the laboratory conditions for 3 weeks. A fish
meal with the composition of 3:1 ratio (groundnut oil cake
and rice bran) was given every day.

Chronic Toxicity Studies

The median lethal concentration of green synthesised Ag NPs
was estimated [42]. 1/10th (2.5 pg/L) and 1/5th (5 pg/L) of
the LC50 range were chosen for chronic toxicity studies. After
acclimatization, fish were separated into three groups (each
set, 90 fishes). The first group was designated as control
(toxicant free), the second group as the treatment I (2.5 pg/L)
and the third group as treatment II (5 pg/L). All the groups
were exposed for a period 35 days. Before starting the

experiment, feeding was ceased for 48 h. Afterwards, green
synthesised Ag NPs were added to the experimental medium
shadowed by 1-h sonication. Proper feeding and renewal of
water were carried out every day to maintain the health con-
dition of the fish, and the nitrogenous wastes from the
experimental tanks were removed.

The experiment was conducted at 7-day intervals. Ini-
tially, fish were removed from each group, and organs/
tissue such as gill, liver and kidney were dissected out and
washed in 0.9% saline solution. Then, the organs were
weighed and homogenized with 50 mM of phosphate
buffer (pH 7) containing 0.5 mM of EDTA in a glass
homogenizer. The samples were centrifuged at 15,000 rpm
for 20 min. The supernatants were utilized for the esti-
mation of antioxidant enzymes such as GST, GR and POD.

Antioxidant Enzyme Activities
Assay of Glutathione S-Transferase (EC 2.5.1.14)

GST activity was measured by the method of Habig
et al. [43]. Three different test tubes were taken and
marked as Control, Blank and Test. To this, 1 ml of
phosphate buffer and 0.1 ml of supernatant of tissue extract
(gill, liver and kidney) was added, and the total volume was
adjusted to manage 2.9 ml. The reaction mixture was
incubated at 37 °C for 5 min followed by 0.1 ml of 30 mM
of glutathione. The absorbance-wavelength was read at
340 nm against the Blank with 3 min of interval time. The
reaction mixture without the tissue extract was used as a
Blank.

Assay of Glutathione Reductase (GR, EC 1.6.4.2)

GR activity in the gill, liver and kidney was estimated by
the method of David and Richard [44]. The assay system
contained 1 ml of phosphate buffer, 0.1 ml of EDTA,
0.1 ml of sodium azide, 0.1 ml of oxidized glutathione and
0.1 ml of the supernatant of tissue homogenate and the
volume was made up to 2 ml with distilled water. The
tubes were incubated for 3 min at room temperature, and
0.1 ml of NADPH was added. The absorbance was read at
340 nm in a Spectrophotometer at every 15 s interval for
2-3 min. For each series of measurement, a blank was
maintained with distilled water.

Assay of Peroxidase (EC 1.11.1.7)

POD activity was estimated following the method of
Reddy et al. [45]. 3 ml of 0.05 mol of pyrogallol solution
and 0.1-0.5 ml of supernatant of tissue homogenate was
taken in a test tube, and the contents were read ‘0’ at
400 nm. After that, freshly prepared 0.5 ml of 1% H,0,
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was added, and the change in the absorbance was recorded
for every 30 s up to 3 min.

Protein content in the gill, liver and kidney tissue was
estimated by the method of Lowry et al. [46].

Histopathological Examination

Gill and liver from control, treatment 1 and treatment II
were dissected out and washed in 0.9% cold saline solution
and immediately fixed in 35% formalin for 24 h. After that,
the fixed tissues were processed for paraffin embedding
technique. Tissues were sectioned at 7 um thickness and
stained by hematoxylin and eosin. Changes were examined
under light microscopy [47].

Statistical Analysis

Interpretation of data analysis was carried out using SPSS
software version 20.0 via statistical package program. To
compare the data, One-way ANOVA was used, after which
individual means were compared using Tukey’s HSD
method (P < 0.05).

Experimental Design and Data Analysis

Usually, Central Composite Design (CCD) and
Box Behnken Design (BBD) methods were used in RSM
analysis [48]. In the present study, Response Surface
Methodology with Box Behnken design (BBD) was applied
to analyse the POD activity of the fish. Regarding this, the Ag
NPs concentrations, weeks of exposure (in time), pH were
selected as important factors for toxicity assessment. Totally
17 experiments were evaluated according to BBD. From this,
the outcome of the results was analyzed by applying a
coefficient of determination (R?), analysis of variance
(ANOVA) and response plots. Further, the polynomial
equation of the BBD was prepared to fit the experimental
results and categorise the appropriate model terms.

Y =By + ZBXi + IBX] + 2B XiX; (1)
Here we observed that Y is considered as a predicted

response; By, Bi, Bj are constant regression coefficients of

the model and, X; and X are the independent variables.

Results and Discussion

Spectral and Morphological Analysis

Figure l1a shows the UV-Vis spectra of the Ag NPs pre-

pared in different microwave powers (20, 40, 60, and 80%)
at 5 min reaction time. At low (20%) power, the surface
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Plasmon Resonance (SPR) band is broad, and it was
observed at 447 nm. For obtaining a sharp peak, the power
was slightly increased (40%), where the SPR band gets
slightly sharpened, and the peak was shifted to 438 nm.
While further increasing the power (60%), a peak was
obtained at 429 nm with deepened sharpness. Finally, at
high power (80%), the SPR band becomes exceptionally
sharper (419 nm) compared to other conditions. To further
optimize the condition for the synthesis of Ag NPs, the
reaction time was increased to 6 min with 80% power, the
SPR band spectacles the sharp, smooth and narrow peak at
420 nm. Simultaneously, the colour of the reactant solution
was changed from golden yellow to dark brown. On the
other hand, increasing the reaction time (7 min) without
altering the power (80%) resulted in shifting of the peak to
a higher wavelength region. Therefore, it confers that the
80% power and 6 min reaction time is the optimum con-
dition for the synthesis of Ag NPs by microwave-assisted
synthesis. Further, it indicates that the microwave method
is an efficient one and also its power plays a crucial role in
the synthesis of Ag NPs.

It is well depicted that biosynthesised Ag NPs have
greater electromagnetic absorption in the visible range due
to its optical resonant property, known as Surface Plasmon
Resonance [49]. The formation of the SPR band is due to
the combined vibration of electrons in the metal nanopar-
ticles. The observed difference in absorption wavelength
may attribute to the number of particles and the particle
size distribution in the solution. Mainly, Ag NPs acquires
the free electron in abundance, which could move through
conduction and valence band. In the present study, the
observed strong peak at 420 nm might arise from the
excitation of longitudinal Plasmon vibrations of Ag NPs
present in the solution. A similar type of observations has
already been reported [50, 51]. They have obtained Ag NPs
using Anacardium occidentale leaf extract and observed
the SPR at 420 nm.

For identifying the efficacy of microwave method, two
different methods were adopted for the synthesis of Ag NPs
including mechanical stirring and sonochemical method.
For mechanical stirring, the reaction was carried out at
100 °C at different reaction periods (20, 30 and 60 min)
and the obtained absorption spectra are shown in Fig. 1b.
Unfortunately, no Ag peak was obtained even at a high
reaction time of 1 h. Similarly, in the sonochemical
method, the absorption spectra of Ag NPs were measured
at different time intervals of 10, 20 30 and 60 min (Fig. 1b:
inset), likewise, no Ag peak was observed at this juncture
as well. That infers the importance of microwave assisted
green synthesis of Ag NPs.

FT-IR analysis was carried out to find the functional
groups of the potential bio-molecules present in P. nigrum
leaf, which is responsible for the capping of the bio-
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Fig. 1 UV-Vis spectra of Ag NPs prepared a at different microwave
power and time, b stirring method and (inset: b) sonochemical
method. ¢ FT-IR spectrum, d XPS spectra of Ag 3d, e TEM image

reduced Ag NPs (Fig. 1c). The following are some of the
prominent peaks observed in FT-IR Ag band such as 3435,
2929, 2857, 1632, 1568, 1433, 1312 and 1027 cm ™. The
formation of IR band due to the C-O stretching at
1312 em ™! is intense in the spectrum of Ag NPs, and this
streak coincides with the results of [52]. A broad and sharp
peak was observed at 3435 cm ™' due to the O—H stretching
of the hydroxyl functional groups. The IR bands on 2929
and 2857 cm ™' are due to the C—H stretching of methyl,
methylene or methoxy groups [53]. The IR band at
1632 cm™' was due to the stretching vibration of —C=C.
The noticeable band at 1433 and 1027 cm ™" was due to the
—C-N stretching and (-C-O-C) stretching, respectively
[54]. The peak at 1568 cm~! was due to amide-II band.
The other peaks like 778, 642 cm~! was due to stretching
of heterocyclic compounds like alkaloids, flavonoids pre-
sent in P. nigrum leaf extract. The observed peaks
empower the occurrence of active components of P.
nigrum leaf extract, which acts as the reducing and capping
agent for the entire duration of synthesis of Ag NPs. Thus,
the result of the FTIR spectroscopic study revealed that the
P. nigrum leaf extract could perform dual functions as both
the reduction and stabilization of the Ag NPs.

X-ray photoelectron spectroscopy is considered as an
essential surface-sensitive analytical technique, which is

1 10 100 1000 10000
Size (d.nm)

and f DLS spectrum of Ag nanoparticles prepared by microwave
assisted green synthesis at 6 min reaction time

not only used for the identification of elements present in
the sample but also to predict their oxidation states.
Moreover, XPS measurements were employed to examine
the chemical composition of Ag NPs and shown in Fig. 1d.
The convoluted Ag 3d spectrum (Fig. 1d), centred at the
binding energies of 367.53 and 373.56 eV, corresponding
to Ag 3ds,, and Ag 3ds,, respectively, which is the char-
acteristic zero oxidation state of Ag [55, 56]. Usha Rani
and Rajasekharreddy [57] have reported a similar type of
observations by obtaining binding energies at 368.4, and
374.4 eV corresponding to the Ag 3ds, and Ag 3d3,,
respectively are due to the spin—orbit splitting.

TEM images show the morphological characteristics
and size of the synthesized Ag NPs. Figure le and Fig. S1
(a, b) shows the TEM images of the Ag NPs prepared at
6 min. Here we could notice that the particles were the
spherical shape and uniformly distributed in size ranging
from 40 nm. Moreover, each nanoparticle remains discrete
without forming any agglomeration. Fig. S1(c) shows the
particle size histogram of silver NPs; it depicts that the
maximum number of particles were lying in the range of
3040 nm. The HRTEM image (Fig. S1 d, e) shows the
well-defined lattice fringes with an inter-planar spacing of
0.937 nm, which corresponds to the (331) plane of Ag NPs.
The observed high-quality fringes indicate the formation of
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highly crystalline nature of Ag NPs. Further, the SAED
pattern revealed the formation of ring pattern that corrob-
orates the polycrystalline nature of silver (Fig. Sle). The
calculated d-spacing values from the inner to outer ring is
0.2414, 0.2149, 0.1533, 0.1324 and 0.1212 nm corre-
sponding to the (111), (200), (220), (311) and (222) planes,
respectively. The diffraction rings also suggested that the
prepared Ag NPs were polycrystalline nature.

Further, to identify the size of the nanoparticles, the
dynamic light scattering (DLS) measurement was carried
out. It is a technique for characterising the size of colloidal
dispersions through the illumination of a suspended parti-
cles or molecules, which undergoing Brownian motion by a
laser beam. The obtained size distribution of Ag NPs is
shown in Fig. 1f. From this study, it was observed that the
Ag NPs prepared with P. nigrum leaf extract was around
20-100 nm, but the size of the maximum number of par-
ticles was around 30-40 nm. Usually, the size and shape of
the metal nanoparticles were influenced by some factors
including pH, precursor concentration, reductant concen-
tration, time of incubation, temperature as well as the
method of preparation. Therefore, DLS study confirms that
the prepared Ag NPs are nanoscale in size.

Antioxidant Enzyme Responses

The response of antioxidant enzyme activities including
GST, GR and POD were assessed for 35 days from the gill,
liver and kidney of the Indian major carp L. rohita, and the
corresponding results are shown in Figs. 2, 3 and 4. It
infers that significant variations were observed in all the
organs when compared with their control group. During
chronic exposure, GST activity (Fig. 2a) in gill was sig-
nificantly decreased up to 21st day in both the treatments.
A maximum percent decrease (44.79%) was witnessed
during treatment II at the end of the 7th day. In contrast,
GST activity was found to be progressively increased to a
considerable extent (P < 0.05) at the end of the 35th day in
both the treatments. A maximum activity (90.77%) was
noticed at the end of the 35th day in treatment II. On the
contrary, a significant reduction was observed in liver
(Fig. 2b) at the end of the 7th and 14th day in both the
treatments. A maximum percent increase of 74.43 and
118.41% was noticed treatment I and II at the end of the
35th day, respectively. On the other hand, GST activity in
the kidney (Fig. 2c¢) was gradually increased in both the
treatments throughout the study period showing a maxi-
mum percent increase of 116.58 and 198.86% at the end of
the 28th day in treatment I and II, respectively.

In general, GST is an enduring enzyme that participates
in the detoxification of a wide variety of xenobiotics and
also plays a part in the waning of free radical damages in
erythrocytes. A substantial decrease in the GST activity
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was observed in Cyprinus carpio fingerlings exposed to
tebuconazole [58]. On the other hand, GST activity in the
liver was increased, when rainbow trout was treated with
propiconazole for 20 and 30 days [59]; but in the case of
gill, GST activity was found to be decreased. In the present
study, the observed increase in GST activity in the kidney
of fish may be one of the adaptive mechanisms of mild
oxidative stress induced by the Ag NPs. A similar increase
in GST activity has been reported in S. serrata upon
exposure to CdS nanoparticles indicating that oxidative
stress produced by CdS nanoparticles may be the possible
reason [33]. However, the decrease in the GST activity of
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the gill and liver may be due to the severe oxidative stress
results in a rise to the exhaustion of GSH [60, 61].
Glutathione reductase (GR) is an auxiliary enzyme in an
antioxidant defence; GR reduces the oxidized glutathione
(GSSG) to its active form of reduced glutathione (GSH)
action [62]. Alterations in the glutathione reductase (GR)
activity in gill, liver and kidney are presented in Fig. 3a—c.
Glutathione reductase (GR) activity in gill (Fig. 3a) has
shown a significant elevation (P < 0.05) throughout the
study period. In this study, a maximum GR activity in gill
was noticed at the end of the 35th day in treatment I
(42.32%) and treatment II (4 87.09%). Similarly, in the
liver, GR activity (Fig. 3b) was intensely increased during
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Fig. 4 Changes in the antioxidant enzyme, POD (a Gill, b liver,
¢ kidney) in a freshwater fish Labeo rohita treated with Ag NPs for
35 days. Results are presented as mean & SE. Bars with same letters
are not significantly different (P > 0.05) according to DMRT

the chronic exposure and showed a maximum increase of
+ 63.39 and + 84.24% in treatment I (on 35th day) and
treatment II (on 28th day), respectively. In contrast, GR
activity in kidney was significantly (P < 0.05) increased at
the end of the 7th day in both the treatments (Fig. 3c). The
statistical analysis revealed that the substantial level of 5%
(P < 0.05) was acquainted with all the cases.

Glutathione reductase is found in the cells of the
organisms, which catalyzes the reduction of oxidized glu-
tathione (GSSG) to glutathione (GSH). Besides, it is
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entangled in the glutathione redox cycle that maintains
sufficient levels of reduced cellular GSH [63-67]. GR
activity in gill cells of Anguilla exposed to iron oxide
nanoparticles significantly elevated at the end of 72 h [67].
Similarly, increased level of GR activity was observed,
when the fish C. auratus treated with manganese for 3 days
[64], fish exposed to MRC-5 cells of iron oxide nanopar-
ticles [65] and in rainbow trout exposed to Cu nanoparti-
cles [66]. In the present study, GR activity was noticeably
increased in gill, liver and kidney throughout the study
period (35 days). The prominent level of GR activity may
be due to the adaptive response of the cells to defend the
oxidative stress generated by the exposure of Ag NPs [63].

POD activity of fish exposed to Ag NPs is depicted in
Fig. 4a—c. When compared with the control group, gill
POD activity was gradually decreased at the end of the
35th day, and a maximum decrease of — 89.83% was noted
for treatment II. It can be seen that the enzyme POD
activity in liver (Fig. 4a) was increased at the end of 7 and
14 days with the maximum increase of + 47.83% for
treatment 1. Likewise, a major reduction of POD activity in
liver (Fig. 4b) was revealed at the end of 21, 28 and 35th
day in both the treatments. However, the perceived maxi-
mal decrease rate of — 40.89% was noticed at the end of
the 35th day in treatment II. A biphasic trend was observed
in kidney (Fig. 4c) during the investigation of both the
treatments when compared with their control group
(P < 0.05). Nevertheless, in most of the days, the enzyme
POD activity was identified as decreasing with a maximal
decrease of — 74.94% at the end of the 35th day in treat-
ment II.

It is well known that the POD is considered as a key
enzyme like CAT, in an antioxidant defence system which
converts the obtained free radicals H,O, to water and
oxygen. Also, the enzyme POD comes under the category
of the first level of defence against the oxidative toxicity at
the cellular level [68, 69]. A significant decrease in POD
activity was observed in gill and liver of fish Oreochromis
exposed to mnickel nanoparticles [69].
Govindasamy and Rahman [39] reported the elevated level
of POD activity in different tissues of the fish O.
mossambicus exposed to Ag nanoparticles. Likewise, in the
present study also POD activity in the gill was significantly
increased during the study period. However, in the case of
liver and kidney, a biphasic trend of POD activity was
observed throughout the study period.

In general, silver has the capability of high reactivity
and great adsorption of the biologic particles. The
physicochemical itineraries like sedimentation, aggregation
of NPs postures as the crucial factors that determine the
behaviour and fate of NPs in the aquatic environment [70].
The exposure media has the physicochemical features like
salinity, ionic strength, pH, divalent cations, and organic

mossambicus
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material that are the most noteworthy parameters unsettling
the strength of the dispersed nanoparticles in an aqueous
environment [71]. The primary mechanism of the Ag NPs
toxicity may involve adhesion to membranes, shifting their
properties such as permeability or ion transport shadowed
by disturbances in the cellular phosphate management,
induction of DNA synthesis, creating a collapse in the
proton pump, alluring ROS generation, instigating the
DNA damage, breaking of H bonding, denaturation of
ribosomes, degradation of lipopolysaccharide molecules,
and inactivation of proteins and enzymes by bonding on
active sites (especially on SH groups) [19, 72].

Moreover, the Ag ions released from the surface of NPs
can interact with the thiol groups, and proteins are demo-
bilizing enzymes, which can restrict the accessibility of
these molecules for ROS neutralization resulting in oxi-
dant-mediated response to ROS [70, 73]. Apart from these,
different factors also responsible for the toxicity of Ag NPs
like as size, surface area, shape, chemical composition and
surface charges [74]. The alterations of ROS results in lipid
peroxidation, protein oxidation, modulation of gene
expression, changes in redox status as cellular effects, and
some diseases and premature ageing as effects in the stages
of the organism [75].

Histopathological Studies

The photomicrographs of the histopathological images of
the representative organs of gill and liver are given in
Fig. S5a—f. Compared with control group, various
histopathological changes were identified in the gill and
liver tissue of L. rohita exposed to Ag NPs at the end of
35th day. Gills are recognized as the key organ, which
involved in respiration, osmotic balance and nitrogenous
elimination of waste materials. At lower concentration of
Ag NPs (Fig. 5b), degeneration of primary and secondary
lamellae, a fusion of secondary lamellae and curling of
lamellae were observed. At higher concentration (Fig. 5c¢),
the severity of lamellar degeneration, the proliferation of
epithelial cells, severe congestion of secondary lamellae
and gill edema were identified when compared with control
group (Fig. 5a). The above said changes might affect the
osmoregulation and respiratory stress to the fish. Griffitt
and his group [76] have already reported a similar type of
observations for the gill tissue of zebrafish exposed to Ag
NPs. Likewise, gill stimulation and increased mucus
secretion have been reported in P. reticulata and C. cor-
nuta when exposed to green synthesized Ag NPs [31].

It is well known that liver is the primary organ and
important site for storage and glycogen synthesis, which
also considers as an essential metabolic centre for detoxi-
fication of chemicals and glucose manufacture and storage
mechanism. While treating with a low concentration of Ag
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Fig. 5 Light micrographs of sections through gill (a—c) and liver (d—
f) of Labeo rohita showing histological structure (a, d control; b,
e treatment 1; c, f treatment 2) after the treatment of Ag NPs for
35 days. PL primary lamellae, SL secondary lamellae, PC pillar cells,
EG erythrocyte granules, BC bavement cells, MC mucous cells, DPL
degeneration of primary lamellae, FSL fusion of secondary lamellae,
LD lamellar degeneration, PEC proliferation of epithelial cells, SCL

NPs, lipid vacuolation, pycnotic nuclei, cloudy swelling of
hepatocytes, dilated sinusoids and cytoplasmic degenera-
tion was examined (Fig. 5e). Similarly, severe necrosis,
nuclear and cytoplasmic degeneration, condensation of
nuclei, melanomacrophage aggregates were noticed at
higher concentration (Fig. 5f), when compared with control
group (Fig. 5d). A similar type of pathological liver alter-
ations was also noticed in zebrafish (Danio rerio) exposed
to Ag NPs [77].

Response Surface Methodology (RSM) Analysis

In the current scenario, the development of modern sta-
tistical analytical methods has encouraged to analyze the
toxicity assessment of nanoparticles [78-80]. It is well
known that the RSM analysis implicates many independent
variables and their interactions triggering the desired
responses [81]. In addition to the experimental strategy,
RSM can also assist the scientists to prove if any alterations
in the independent factors are produced with a statistically
significant variation in the observed response [82, 83]. In

severe congestion of secondary lamellae, SE small edema in gill
tissue (200X), LV lipid vacuolization, H hypertrophy, S sinusoids, CD
cytoplasmic degeneration, ND nuclear degeneration, CV cytoplasmic
vacuolation, DS dilated sinusoids, CND cytoplasmic and nuclear
degeneration, PN pycnotic nuclei, CS cloudy swelling, N necrosis, CN
condensation of the nuclei (400X)

this study, BBD was applied to analyze the toxicity con-
centration of green synthesized Ag NPs, the essential time
duration and pH value. The parameters used for the
experimental design is given in Table S1. The significant
importance of RSM is the least number of experimental
trials are preferred to analyze various parameters and their
interactions. This characteristic feature is known as the
response and is usually evaluated on a continuous scale,
which represents an essential function of the systems [84].

The ANOVA for surface quadratic regression model
explained that it was a more significant model evident from
the F test and the F value is 2727.86, and the probability
was < 0.0001, and this data indicates that the models were
highly significant (Table 1). Values of “Probability > F”
less than 0.0500 indicate model terms are worth mention-
ing. Here, A, B, AB, A2, B2, C? are renowned as model
terms. Values greater than 0.1 indicate the model terms are
not influential. There was only a 0.01% chance that an
F value could occur due to noise. From this study, the
predicted R? is 0.9954 and the adjusted R? value is 0.9993,
which is in good agreement with the attuned R* and the
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Table 1 Analysis of variance (ANOVA) for the response surface quadratic model

Source df SS F value Prob > F

Gill Liver Kidney Gill Liver Kidney Gill Liver Kidney
Model 9 73509 32746 19351 47345  36.85 2727.86 < 0.0001 < 0.0001 < 0.0001

significant significant significant
A-Week 1 66832 30752 177.19 3873.98 31149 2247997 < 0.0001 < 0.0001 < 0.0001
B-Ag 1 12.60 2.24 1.19 73.04 2.27 150.44 < 0.0001 0.1760 < 0.0001
Concentration

C-pH 1 2.29 0.33 1.125E—004 13.27 0.34 0.014 0.0083 0.5801 0.9083
AB 1 0.92 4717 2.36 5.34 4.84 298.93  0.0541 0.0638 < 0.0001
AC 1 0.19 1.60 0.000 1.12 1.62 0.000 0.3246 0.2436 1.0000
BC 1 2.02 0.000 2.250E—-004 11.69 0.000 0.029 0.0112 1.0000 0.8706
A? 1 4151 9.16 6.66 240.64 9.28 844.71 < 0.0001 0.0187 < 0.0001
B? 1 1.57 0.44 1.10 9.08 0.44 138.94  0.0196 0.5267 < 0.0001
c? 1 3.01 1.63 3.86 17.43 1.65 489.74  0.0042 0.2395 < 0.0001
Residual 7 1.21 6.91 0.055
Lack of Fit 3 1.21 6.91 0.055
Pure Error 4 0.000 0.000 0.000
Cor Total 16 73630 33437 193.57

differences between these two are less than 0.2. This result
may indicate better concurrence of the model with the
experimental data, thus mitigating the validity of the
response model and the necessity for optimal conditions. In
connection with this above testimonials, 3D plots of
graphical representations were created which is given in
Fig. 6. Mainly, the results of this study indicated that POD
enzyme activity play a pivotal role in antioxidant response
because it is involved in the first line of the defence system.

The outcome of this study revealed that there was a
significant relationship between the metal concentration,
time duration (week) joint with pH value and enzyme
activity (POD) of gill, liver and kidney for toxicity
assessment. The model predicted a maximum POD activity
of 22.35 umol/mg protein in a gill appeared at first week of
2.5 ng/L of Ag NPs exposed concentrations with a pH of
7.5. Like that, the encroachment of enzyme POD activity in
a liver of 27.06 pmol/mg protein appeared at first week of
5 pg/L of Ag NPs treated concentrations with a pH of 7.5.
Similarly, the results obtained from the model predicted an
upgraded level of enzyme (POD) activity in the kidney of
13.43 pmol/mg protein appeared at first week of 5 pg/L of
Ag NPs treated group with a pH of 7.0. During this study,
the predicted model was validated, and the experiments
were carried out using the same conditions as mentioned.
The intended value predicted from the model was in good
concordance with the results achieved from the
experiments.

The coefficients of the regression equation were calcu-
lated and the regression equations for gill (Eq. 2), liver
(Eq. 3) and kidney (Eq. 4) are as follows:

@ Springer

Y =1555-9.14x A—125xB —0.54 x C+0.48
x AB 4+ 0.22 x AC +0.71 x BC — 3.14
x A2 —0.61 x B> —0.84 x C?

(2)
Y =17.85—-6.20 x A —0.53 x B4+ 0.20 x C 4+ 1.09
x AB 4 0.63 x AC +0.00 x BC
+1.47 x A2+ 0.32 x B2 —0.62 x C?
(3)
Y =6.50—4.71 x A—0.38 x B+3.750 x 1073
xC—0.77 x AB4+0.00 x AC—75x 1072  (4)

x BC +1.26 x A2 +0.51 x B> +0.96 x C?

Here Y stands for POD enzyme activity in a gill, liver
and kidney. A meant for a time duration (in weeks), B
meant for Ag concentration, C is water pH respectively.

Similarly, Guo and his group [80] analyzed this RSM
model in the field of toxicology using organophosphorus
pesticide dimethoate on rotifers. Giloni-Lima [85] reported
that the non-linear polynomial model was employed in the
simulation to afford a better understanding of the concen-
tration of the toxicant and time interaction in aquatic tox-
icity, which also corroborated with our results. To the best
of our knowledge, there is no RSM analysis about the Ag
NPs toxicity associated with the antioxidant enzyme (POD)
activity.
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Fig. 6 3D plots of combined effects of three variables on POD enzyme activity in gill (a—c), liver (d—f) and kidney (g—i)

Conclusions

Using microwave assisted reflux method; Ag NPs were
efficiently synthesized using P. nigrum leaf extract as
reducing agent. Different microwave powers were utilized
in this study, demonstrates that power plays a vital role in
synthesizing Ag NPs. The obtained SPR band at 420 nm
through UV-visible spectra corroborated the formation of
Ag NPs. TEM and HRTEM images confirmed that the
prepared Ag NPs were a spherical shape with polycrys-
talline nature. Subsequently, the antioxidant responses
(GST, GR and POD) of Indian major carp L. rohita was
studied using Ag NPs at two different sublethal concen-
trations. The corresponding changes were estimated using
various organs like gill, liver and kidney. It revealed that
the Ag NPs produces an alteration of antioxidant enzyme
activity and oxidative stress in the experimental animal L.
rohita. Further, the RSM analysis emphasised that the

assessment of predicted values is good agreement with the
enzyme POD activity in gill, liver and kidney (F-2727.86,
P < 0.0001%). The estimated result of this study indicates
that the data is beneficial for the evaluation of environ-
mental monitoring assessment and also for the safe design
of Ag NPs and their potential applications. However, fur-
ther studies are needed to carry out the bioaccumulation of
Ag NPs in tissues and compare the toxicity with their ions.
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