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Abstract

Silver nanoparticles (Ag NPs) have wide medical and industrial applications; therefore, their release into aquatic environments is
a problematic issue. The present study aims to evaluate the removal efficiency of Ag NPs from water using orange peel (OP) and
banana peel (BP) to moderate their toxicity on Oreochromis niloticus. Fish were divided into 4 groups: control group
(dechlorinated tap water), Ag NPs (4 mg/L) exposed group, Ag NPs (4 mg/L) + OP (40 mg/L) group, and Ag NPs (4 mg/L)
+ BP (40 mg/L) group for 24 h, 48 h, and 96 h. The adsorptive ability of both peels was confirmed by scanning electron
microscope and energy-dispersive X-ray spectroscopy after the exposure processes. The biochemical results revealed a gradual
elevation in plasma glucose, total proteins, globulin, liver enzymes (AST, ALT, and ALP), creatinine, and uric acid after Ag NPs
exposure, while albumin and total lipid concentrations were significantly decreased. The recorded antioxidant biomarkers in gills,
and liver tissues after Ag NPs exposure showed severe oxidative damages (maximally after 96 h) as indicated by marked
elevations in thiobarbituric acid reactive substances, glutathione peroxidase, catalase, and superoxide dismutase values, and
decreased glutathione reduced content. All studied parameters restored more or less to that of control groups after OP and BP
water treatment. The adsorbent abilities of both peels could reduce Ag NPs bioavailability and moderate their toxicological
impacts.
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Introduction

The extensive use of nanometals in several applications
has resulted in overspreading of these nanoparticles (NPs)
in aquatic environments (Zeumer et al. 2020). Therefore,
nano-toxicity should be regulated and monitored to reach
safe limits for both environmental and occupational safe-
ty. The environmental impacts of NPs are still question-
able and seem to be very limited compared to other con-
taminants (Khan et al. 2018). Silver NPs are one of the
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most common nanometals, with a worldwide production
rate of nearly 420 tons per year (Pulit-Prociak and Banach
2016). These NPs are classified as a very useful class of
metallic NPs that have wide applications in the medical
and industrial fields due to their unique physical, chemi-
cal, and biological properties (Khan et al. 2018). As a
result of their extensive use, the amount of Ag NPs in
the aquatic ecosystems will shortly increase leading to
unknown hazardous effects on aquatic organisms
(Khosravi-Katuli et al. 2018; Tortella et al. 2020). In
aquatic environments, Ag NPs are present as colloidal
particles that are easily invading the aquatic biota and
accumulate in their tissues (Khan et al. 2018). Once these
metallic NPs enter the biological system, they may inter-
fere with the physiological processes of aquatic biota pos-
ing potential risks. In many toxicological studies,
Oreochromis niloticus were used as an animal model be-
cause of their sustained and long-term tolerance to many
aquatic stressors (Sarkar et al. 2015; Abdel-Khalek et al.
2018; Ibrahim et al. 2021). Lately, many biomarkers are
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commonly used in aquatic species to evaluate the
nanotoxicological effects of NPs (Abdel-Khalek et al.
2020a). For example, the alteration in biochemical and
antioxidant status using enzymatic and non-enzymatic
endpoints is considered potential biomarkers for assessing
the toxicological impacts of NPs in living organisms
(Banaee et al. 2019; Kanwal et al. 2019). Several ap-
proaches were confirmed the adverse effects of metallic
NPs as silver, nickel, iron, and aluminum on the biochem-
ical status and antioxidant capacity of aquatic organisms
(Kanwal et al. 2019; Abdel-Khalek et al. 2020b). Thus,
metallic NPs should be handled properly before their re-
lease into the aquatic environments to meet the standard
values. Several techniques such as precipitation, coagula-
tion, ion exchange, reverse osmosis, membrane filtration,
and advanced oxidation processes have revealed different
degrees of remediation efficiency towards water contami-
nants including heavy metals (Zhu et al. 2016), but these
methods showed some drawbacks as low removal effi-
ciency, high-cost, high energy consumption, and genera-
tion of toxic by-products. To overcome these disadvan-
tages, a bio-adsorbent method using agricultural products
was developed (Anastopoulos and Kyzas 2014). The bio-
adsorption method is the most effective and economical
process because it depends on low-cost and highly avail-
able materials (Singh et al. 2018). Moreover, many agri-
cultural wastes serve as strong adsorbents because of their
unique chemical properties, lignin, and cellulose richness.
Orange peel (OP) and banana peel (BP) showed a strong
adsorption ability to many metals in their bulk form due
to their specific constituents. Liang et al. (2010) reported
that OP contains cellulose (11.1%), pectin (51.1%), hemi-
cellulose (12.6%), lignin (1.0%), protein (7.8%), and oth-
er constituents in small quantity. Similarly, Ahmad and
Danish (2018) reported that BP is a rich source of pectin
(10-21%), lignin (6—12%), cellulose (7.6-9.6%), hemicel-
luloses (6.4-9.4%), and galacturonic acid. Therefore, the
present work aims to (1) assess the toxicological impact
of Ag NPs on Oreochromis niloticus and (2) to evaluate
(for the first time) OP and BP as a bio-adsorbent to reduce
the toxicological impacts of Ag NPs using integrated
physicochemical, biochemical, and antioxidant endpoints.

Materials and methods

Preparation and characterization of silver
nanoparticles

The silver nano-powders (product number of 576832)
were purchased from Sigma-Aldrich, St. Louis, MO,
USA. As provided by the product specification sheet of
the manufacturer, the purity of NPs was 99.5%, the
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molecular weight was 107.87, and the particle size was
less than 100 nm. To determine the actual size range of
NPs, structural characterization of Ag NPs was done
using field-emission transmission electron microscopy
(FETEM; JEM- 2100F, JEOL Inc., Japan) at an acceler-
ating voltage of 200 kV. The average hydrodynamic size
of Ag NPs in an aqueous medium was recorded by dy-
namic light scattering (DLS) (Nano-zeta sizer-HT,
Malvern Instrument, UK) and zeta potential was estimated
by Malvern Zeta sizer Nano ZS instrument. According to
Sarkar et al. (2015), the half lethal concentration (LCs,/96
h) of Ag NPs to Oreochromis niloticus is 8 mg/L. In the
present work, 1/, LCs0/96 h (4 mg/L) was used by dis-
persing the dry Ag nano-powders in dechlorinated water
with a pH of 7.4, then ultrasonicated for 1 h. (100 W, 40
kHz) using an ultrasonic homogenizer (BioLogics, Inc.,
Manassas, VA, USA). The selected sub-lethal concentra-
tion (4 mg/L) of the present work was according to Sarkar
et al. (2015) and Afifi et al. (2016) who reported this
concentration as a sub-lethal concentration for
O. niloticus with eliciting biological effects. No mortality
was recorded during the present study after the exposure
process. The nominal concentration of silver in water was
87 + 2% of the actual concentration as measured by in-
ductively coupled plasma (ICP-AES), Thermo Sci, model:
iCAP6000 series. The percentage of released silver ions
was also determined according to Navarro et al. (2008) by
ultrafiltration and ultracentrifugation of Ag NPs (4 mg/L)
for 30 min at 100.000 g; thereafter, the silver content in
the supernatant was estimated and related to the total Ag
content before filtration (amount of released Ag ions/
initial amount of Ag X 100) by inductively coupled plas-
ma (ICP-AES), Thermo Sci, model: iCAP6000 series.

Acclimatization of the experimental fish

Experimental fish (adult male Oreochromis niloticus)
with a bodyweight range of 41.91-50.17 g and a body
length range of 10-15 cm were obtained from an unpol-
luted fish farm located at Kafr El-Sheikh governorate,
Egypt. Fish were transported to the ecology laboratory
of the Faculty of Science, Cairo University, with good
aeration conditions in large plastic containers. In glass
aquaria (40 x 70 x 26 cm), fish were kept for 14 days
in 50 L of aerated and dechlorinated tap water with 7 fish
per aquarium. The physicochemical characteristics of wa-
ter were monitored daily and maintained in a stable range
of 25+1 °C for temperature, 7.1-7.8 mg/L for dissolved
oxygen, and 7.2-7.4 for pH. During this period, fish were
fed once daily with commercial food pellets (20% crude
protein, 4% crude fat, 5% crude fiber, 12% crude ash, and
10% crude moisture). About 20 L of water was renewed
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Table 1 Characterization of Ag NPs
Parameters Results
Representative photo from TEM 7
S - s
= - -
- = e
= = A
E 3 =
206 nm —
e - - ~
Shape Spherical
Size range (nm) 413+£5.2
Average hydrodynamic size (nm) | 84.23
Zeta potential (mV) -13.8

daily using a suction pump to remove any debris or food
remnants.

Preparation of orange and banana peels

The peels were washed several times with deionized water
then cut into small fragments and left in the oven at 80 °C
for 1 day. The dry adsorbents (OP and BP) were ground and
sieved to obtain particle size between 1 and 5 mm according to
the recommended size of Annadurai et al. (2003). A higher
dose of adsorbent materials provides more active sites for
possible contact with the target pollutants in the solution.
Therefore, the used OP and BP concentrations were 40 mg/
L (10 times the NPs concentration) as recommended by
Akpomie and Conradie (2020). The adsorbents were isolated
in the aquaria by a porous net that permitted the passage of Ag
NPs to adsorbents without allowing the opposite to avoid the
eating of absorbents by fish.

Experimental design

After the acclimatization period, eighty-four of healthy fish
(swimming actively, normal skin appearance, and no sign of
fungal infection) were divided into 4 groups: control group
(dechlorinated tap water), Ag NPs (4 mg/L) exposed group,
Ag NPs (4 mg/L) + OP (40 mg/L) group, and Ag NPs (4 mg/
L) + BP (40 mg/L) group for 24 h, 48 h, and 96 h. Each
experimental group was divided into 3 aquaria (7
fish/aquarium) and each aquarium was supplied by 4 oxygen
pumps. At each time interval, 7 fish were sampled and proc-
essed from each group. The experimental and feeding condi-
tions were maintained as in the acclimatization period.

Surface study on the surfaces of orange and banana
peels

After each time interval, both types of used adsorbents
(OP and BP) were collected and scanned to confirm the
adsorption of Ag NPs on their surfaces using scanning
electron microscopic (SEM) models FEI Inspect S 50-
Netherlands and energy-dispersive X-ray spectroscopy
(EDS) attachment with Bruker AXS-Flash Detector, 410-
M-Germany.

Biosorbents and fish sampling

After each time interval, OP and BP were collected to
measure the concentration of silver metals. Blood samples
were taken from 7 fish in each group using a heparin-
coated syringe for the biochemical analysis; then, the gills
and liver tissues were isolated and stored at —80 °C for the
antioxidant assay. All procedures performed in the current
work involving fish were approved with approval no. CU
I F 2019 and were following the ethical standards of the
Faculty of Science, Cairo University, Institutional Animal
Care and Use Committee (IACUC) at which the studies
were conducted.

The concentration of Ag in both OP and BP

The concentrations of Ag metal were estimated in both
peels after each time interval according to APHA (2005)
using inductively coupled plasma (ICP-AES), Thermo
Sci, model: iCAP6000 series. According to the method
described by Neugebauer et al. (2000), the samples were
left in the oven (80 °C for 8 h.) to dry out completely. A
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.E % mixture of concentrated nitric acid (HNO3) and perchloric
§§ N acid (HC1Oy4) (4:1, v-v) was used in an acid digestion
g P § process. After complete digestion, the obtained clear so-
lutions were diluted in volumetric flasks to a known vol-
ume. To check the accuracy of the measurement process,
B o) procedural blanks were aspirated along with the measur-
EE ing process to correct background absorption. Besides,
&Z%ﬁ © standard reference material (Lake Superior fish 1946
B2 < | @A NIST, National Institute of Standards and Technology,
USA) was used and the metal recovery ranges were be-
= tween 94 and 106%. The concentrations of Ag in OP and
E & BP were expressed as mg/Kg dry weight.
12508
<)< Biochemical biomarkers
2 Blood samples were centrifuged (3000 rpm for 10 min) to get
g & pla§ma (using heparin as' an apticoagulgnt) for piochemi?al e'nd—
5 + points using commercial kits (Biodiagnostic, Dokki, Giza,
§ ﬂzvj § Egypt) for enzymatic/colorimetric methods.
o The concentrations of plasma glucose and total lipids
<
'g & The glucose level (mg/dL) was determined (at 510 nm)
&Z é < after converting all glucose into colored quinonemine as
2z | % described by Trinder (1969). According to the method
described by Knight et al. (1972), a pink-colored complex
= (equivalent to the total lipids) was obtained after treating
E &z samples with sulfuric acid, phosphoric acid, and vanillin.
= 2 %D g The obtained complex was determined colorimetrically at
sl=<| 545 nm and total lipids expressed as mg/dL.
& Total proteins, albumin, and globulin concentrations
"
= %) The total proteins were determined by the biuret method
K < based on the conversion of proteins into a violet-colored
g 5; compound (measured at 550 nm) in the presence of alka-
gj &Z < line cupric sulfate as detailed by Gornal et al. (1949).
o = = Albumin concentration was measured after converting al-
S bumin into albumin/bromocresol-green according to
& P Doumas et al. (1971). The intensity of the produced color
Z S was measured at 630 nm. Globulin concentration was cal-
'So E? culated as the difference between the total protein and
< 2l albumin.
E =Z | <
% Enzymatic and non-enzymatic biomarkers for liver
B = and kidney functions
¥ c
:§ j § <Z?:D PN The liver functions were evaluated based on the activities of
2| “ N three liver enzymes (IU/L). Aspartate transaminase (AST) and
é alanine transaminase (ALT) activities were evaluated accord-
~ é ing to the colorimetric method of Reitman and Frankel (1957)
2 & while alkaline phosphatase (ALP) activity was estimated ac-
e S cording to Belfield and Goldberg (1971). The kidney
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Fig. 1 Representitive SEM/EDS spectra analysis of orange and banana peel; e banana peel after adsorption of Ag NPs; ¢ EDS image of banana
peels. a Original orange peel; b orange peel after adsorption of Ag NPs; ¢ peel after adsorption of Ag NPs
EDS image of orange peel after adsorption of Ag NPs; d original banana

functions were estimated based on the creatinine concentra- (1972) and the concentration of uric acid (mg/dL) was accord-
tion (mg/dL) using the colorimetric method of Bartles et al. ing to Pratorius and Poulsen (1953).

2500 (2’
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24 h. 48 h. 96 h.
Exposure time
Fig. 2 The concentrations of silver metal in OP and BP after 24 h, 48 h, capital letters are not significantly different; otherwise, they do. The
and 96 h. Data are represented as means of three samples at each time small letters represent Duncan’s test (p < 0.05) between the different
interval + SE. The capital letters represent Duncan’s test (p < 0.05) time intervals of the same biosorbent (OP or BP). Means with the same
between OP and BP at the same time interval. Means with the same small letters are not significantly different; otherwise, they do
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Fig. 3 The effect of exposure to 00 H24h.
AgNPs, Ag NPs with OP, and Ag = E4ash.
NPs with BPs on plasma glucose E o A+ SOk
and total lipids of Oreochromis S 70 - L
niloticus after 24 h, 48 h, and 96 = 7603+
h. Data are represented as means L 50 -
of seven samples in each time ) o " Cc BC
interval of each group + SE. The 5 =
capital letters represent Duncan’s P 30:
test (p < 0.05) between the same 8 20 -
time interval among different S 10
groups. Columns with the same O o
capital letters are not significantly Control group Ag NPs group Ag NPs + OP group Ag NPs + BP group
different; otherwise, they do. The
letters are arranged in descending P
order as A, B, C, and D. Symbol .
asterisk means that values are 1000 - ®@48h.
significantly different (p < 0.05) = 900 A A A M96h.
from different time intervals £ e J_ A A
within the same group 8
i 700 -
=
600
£
S— sm =
v
S 400 -
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- 300 4
.g 200
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o e

Control group

Enzymatic and non-enzymatic antioxidant
biomarkers

According to the instructions of the used kits (Biodiagnostic
Dokki, Giza, Egypt), the isolated gills and liver tissues (1 gm)
were homogenized in 5 ml cold buffer solution (specific for
each biomarker). The obtained homogenates were centrifuged
at 4000 rpm (15 min) at 4 °C and the resulted supernatants
were used in all studied antioxidant biomarkers.

The determination of catalase (CAT) activity was based on
stopping the enzymatic reaction between CAT and a known
amount of H,O, after one minute with a catalase inhibitor. The
remaining H,O, reacts with 3, 5-dichloro-2-hydroxybenzene sul-
fonic acid, and 4-aminophenazone (in the presence of peroxi-
dase) to form a chromophore. The color intensity at 510 nm is
inversely proportional to the amount of catalase (Aebi 1984). The
used cold buffer solution for CAT was 50 mM potassium phos-
phate, pH 7.4. 1 mM EDTA, and 1 mL/L Triton X100. As
described by Nishikimi et al. (1972), superoxide dismutase
(SOD) activity could be estimated depending on its inhibition
ability to the phenazine methosulphate-mediated reduction of
nitroblue tetrazolium dye. The change in absorbance at 560 nm
was directly proportional to the inhibition rate of SOD. The used
cold buffer solution for SOD was 100 mM potassium phosphate,
pH 7.0, containing 2 mM EDTA. Depending on the ability of
glutathione peroxidase (GPx) to reduce organic peroxide to ox-
idized glutathione (which is recycled to its reduced state by

@ Springer

Ag NPs group Ag NPs + OP group Ag NPs + BP group

glutathione reductase), GPx activity was indirectly determined
as described by Paglia and Valentine (1967). The oxidation of
NADPH to NADP™ is combined with a reduction in absorption
(at 340 nm) providing a spectrophotometric means for estimating
GPx activity. The used buffer for GPx determination was con-
sistent from 50 mM phosphate buffer, pH 7.0, containing 5 mM
EDTA and 1 mM 2-mercaptoethanol. All the above enzymes are
expressed as U/g protein. According to Beutler et al. (1963),
glutathione reduced (GSH) could be determined colorimetrically
(at 405 nm) depending on its ability to reduce 5, 5'-dithiobis 2-
nitrobenzoic acid into a yellow color product. The used buffer for
GSH was 50 mM potassium phosphate, pH 7.5, 1 mM EDTA
and the measurement unit is mmol/g protein. The level of lipid
peroxidation indicated by thiobarbituric acid reactive substances
(TBARS) concentration was evaluated as described by Ohkawa
et al. (1979). The reaction between TBARS with thiobarbituric
acid forming a colored product with a color intensity is directly
proportional to the TBARS level (expressed as nmol/g tissue).
The used buffer was 50 mM potassium phosphate, pH 7.5.

Statistical analysis

Data were statistically analyzed using the Statistical
Processor Systems Support, SPSS software, version
16.0, IBM, Chicago, IL, USA. The results were expressed
as the mean = SE. Data were statistically analyzed with
analyses of variance ANOVA test and Duncan’s multiple
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Fig. 4 The effect of exposure to
AgNPs, Ag NPs with OP, and Ag
NPs with BP on the plasma
protein concentrations of
Oreochromis niloticus after 24 h,
48 h, and 96 h. Data are
represented as means of seven
samples in each time interval of
each group + SE. The capital
letters represent Duncan’s test (p
< 0.05) between the same time
interval among different groups.
Columns with the same capital
letters are not significantly
different; otherwise, they do. The
letters are arranged in descending
order as A, B, C, and D. Symbol
asterisk means that values are
significantly different (p < 0.05)
from different time intervals
within the same group

Total proteins (9/100 ml)

Control group

Albumin (g/100 ml)

Control group

Globulin (g/100 ml)

Control group

ranges to measure the comparability between all studied
groups as indicated by different letters and symbols at a
significant level of p < 0.05.

Results
Characterization of Ag NPs

As represented in Table 1, the characterization results of
Ag NPs revealed that these NPs had spherical shapes with
an average size of 41.3 £ 5.2 nm. Moreover, these NPs
showed a good distribution pattern and a low tendency for
aggregation in water as confirmed by DLS (84.23 nm)
and zeta potential (—13.8 mV) results.

24 h.

e
*

Ag NPs group Ag NPs + OP group Ag NPs + BP group

24 h.
wAash.
WO h.

Ag NPs group Ag NPs + OP group Ag NPs + BP group

w24ah.
A x wash.

Ag NPs group Ag NPs + OP group Ag NPs + BP group

The percentage of Ag ions released

As shown in Table 2, approximately 45%, 52%, and 62%
of the silver were in the form of silver ions after 24 h, 48
h, and 96 h respectively. The percentage of Ag ions was
decreased after water treatment with OP to be 40%, 48%,
and 55% and with BP to be 41%, 47%, and 53% at 24 h,
48 h, and 96 h respectively confirming that both OP and
BP could decrease the dissolution rate.

Surface study on orange and banana peels using
SEM/EDS spectra analysis

Figure 1 shows representative SEM images of OP and BP
before and after the adsorption process of Ag NPs. The
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Fig. 5 The effect of exposure to
AgNPs, Ag NPs with OP, and Ag
NPs with BP on liver function
biomarkers (AST, ALT, and
ALP) of Oreochromis niloticus
after 24 h, 48 h, and 96 h. Data are
represented as means of seven
samples in each time interval of
each group + SE. The capital
letters represent Duncan’s test (p
< 0.05) between the same time
interval among different groups.

Aspartate aminotransferase
(AST) (U/L)

Columns with the same capital el
letters are not significantly PO
8o

different; otherwise, they do. The
letters are arranged in descending
order as A, B, C, and D. Symbol
asterisk means that values are
significantly different (p < 0.05)
from different time intervals
within the same group

Alanine aminotransferase
(ALT) (U/L)

70 A

60 -

S0

40 A

30 o

20 A

Alkaline phosphatase
(ALP) (1U/L)

10 A

Control group

original peels (Fig. 1a and d) showed highly porous and
clear surfaces. Peels after the exposure to Ag NPs (Fig. 1b
and e) had surfaces that were partially covered with cir-
cular NPs. The data obtained from energy-dispersive X-
ray spectroscopy (EDS) confirmed the existence of Ag
NPs on the surfaces of both peels (Fig. 1c and f).

The concentration of Ag metal in OP and BP

Both OP and BP unloaded with silver NPs showed unde-
tected concentrations of Ag metal. The concentrations of
silver metal in both OP and BP after the exposure to Ag
NPs at each studied time interval were represented in Fig.
2. According to the recorded results, the adsorptive capac-
ity of BP toward Ag NPs was higher than OP at all time
intervals. Also, the removal efficiency of OP and BP to-
ward Ag NPs was maximized after 96 h compared to the
other intervals. According to silver concentrations, the
efficiency of Ag NPs removal was arranged as BP (96
h) > BP (48 h) > BP (24 h) > OP (96 h) > OP (48 h) >
OP (24 h).

@ Springer

Control group

Control group

24 h.

a8 h.
I 96 h.

Ag NPs group Ag NPs + OP group Ag NPs + BP group

24 h.
Ax

48 h.
.[ W96 h.

Ag NPs group Ag NPs + OP group Ag NPs + BP group
- 24 h.

a8 h.

Q

W96 h.

¥

Ag NPs group Ag NPs + OP group Ag NPs + BP group

Biochemical biomarkers
The concentrations of plasma glucose and total lipids

As shown in Fig. 3, there is a significant elevation in the
glucose level in all studied groups compared with the control
group. The maximum elevation was observed in the Ag NPs
exposed group followed by Ag NPs with OP group in all
studied periods. Comparing the elevation level within the
same group, the glucose level showed insignificant changes
in Ag NPs with OP group through the studied intervals, while
the other groups showed marked elevation at the end of the
experiment. Regarding the total lipid, a significant decrease in
all studied groups was observed except in Ag NPs with BP
group after 48 and 96 h of exposure. The maximum decrease
was recorded in the Ag NPs exposed group (after 48 and 96 h
of exposure) followed by Ag NPs with the OP group.

Total plasma proteins, albumin, and globulin concentrations

As represented in Fig. 4, the total proteins and globulin levels
were sharply increased in the Ag NPs group after 96 h of
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exposure and in Ag NPs with the OP group after 24 h of
exposure. Also, a significant decrease in the total protein con-
centrations was observed after 24 h of exposure to Ag NPs
only and Ag NPs with BP. The albumin concentrations were
significantly decreased in all studied periods of the Ag NPs-
exposed group. While the OP and BP effects were noticeable
as all studied fish groups showed insignificant differences
with the control groups at all studied periods.

Enzymatic and non-enzymatic biomarkers for liver
and kidney functions

The activities of all studied enzymatic biomarkers for evalu-
ating the liver functions (Fig. 5) showed a sharp increase after
Ag NPs exposure at all studied periods compared to the con-
trol groups. While the recorded liver function biomarkers in
OP and BP water-treated groups showed lower increment at
all studied periods and in some cases (ex: AST after 24 h of
exposure to Ag NPs with BP; ALP of Ag NPs with OP; and
Ag NPs with BP groups after 24 and 48 h of exposure), these

Fig. 6 The effect of exposure to 3.5 1
AgNPs, Ag NPs with OP, and Ag
NPs with BP on kidney function
biomarkers (plasma creatinine
and uric acid) of Oreochromis
niloticus after 24 h, 48 h, and 96
h. Data are represented as means
of seven samples in each time
interval of each group + SE. The
capital letters represent Duncan’s
test (p < 0.05) between the same
time interval among different
groups. Columns with the same
capital letters are not significantly
different; otherwise, they do. The
letters are arranged in descending
order as A, B, C, and D. Symbol
asterisk means that values are
significantly different (p < 0.05)
from different time intervals
within the same group

3 4

2.5

2

1.5

Creatinine (g/100 ml)

Control group

[
o
J

Uric acid (g/100 ml)

©C B N W » U1 O N O ©

Control group

biomarkers became insignificant with the control groups.
Besides, the levels of plasma creatinine and uric acid showed
the same trend as liver enzymes (Fig. 6). The recorded bio-
markers showed the evident effect of OP and BP water treat-
ment in lowering these studied biomarkers.

Enzymatic and non-enzymatic oxidative stress
endpoints

Oxidative stress endpoints in gills

The activities of CAT, SOD, and GPx showed marked and
gradual increases in the Ag NPs-exposed group reaching their
maximum values after 96 h of exposure. The non-enzymatic
endpoints (TBARS and GSH) showed significant elevations
in the TBARS content versus significant declines in the GSH
level of the Ag NPs-exposed group, while the effects of water
treatment with OP and BP were obvious as all studied fish
groups restored those studied biomarkers more or less to that
of the control groups (Figs. 7 and 8).

w24h.
A= ash.

Ag NPs group Ag NPs + OP group Ag NPs +BP group

24 h.

Ag NPs group Ag NPs + OP group Ag NPs + BP group
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Fig. 7 The effect of exposure to adly
AgNPs, Ag NPs with OP, and Ag 12 4

NPs with BP on some antioxidant
enzymes (CAT, SOD, and GPx)
in the gills of Oreochromis
niloticus after 24 h, 48 h, and 96
h. Data are represented as means
of seven samples in each time
interval of each group + SE. The
capital letters represent Duncan’s
test (p < 0.05) between the same
time interval among different
groups. Columns with the same

Catalase (CAT) (U/g protein)

Control group

capital letters are not significantly 250 -
different; otherwise, they do. The
letters are arranged in descending 260, -

order as A, B, C, and D. Symbol
asterisk means that values are
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Oxidative stress endpoints in hepatic tissues

The measured enzymatic and non-enzymatic biomarkers in
liver tissues (Figs. 9 and 10) followed the same trend as in
gills with an obvious amelioration in the antioxidant status
after OP and BP water treatment.

Discussion

The present data showed the toxicological impacts of Ag NPs
on the biochemical and antioxidant status of the studied fish
species. Therefore, Ag NPs should be reduced or effectively
treated before their release into aquatic habitats. The adsorp-
tion behavior of several agricultural products has been
established as the most effective solution for toxic metals re-
moval from water. Within this context, the present work was
designed to be the first approach that evaluates the adsorption

@ Springer

24 h.

“ash.

Ag NPs group Ag NPs + OP group Ag NPs + BP group
24 h.
“ash.
W96 h.

Ag NPs group Ag NPs + OP group Ag NPs + BP group

A* 24 h.
A* I =48 h.
W96 h.

Ag NPs + OP group Ag NPs + BP group

Ag NPs group

efficiency of OP and BP toward Ag NPs to reduce their nano-
toxic properties. The observed improvement in all studied
biochemical and oxidative stress biomarkers after OP and
BP water treatment is consistent with the hypothesis of the
present study indicating the effectiveness of both peels in re-
moving Ag NPs from water.

The widespread usage of silver NPs acts like a double-
edged sword because their current application in many indus-
tries increases the likelihood of their discharge into aquatic
bodies (Taju et al. 2014; Naguib et al. 2020). Therefore, it is
necessary to understand the actual behavior of Ag NPs in the
aquatic environment to determine their toxic effects on differ-
ent aquatic biota (Ale et al. 2018). The particulate size is the
key factor affecting the toxicity of several nanoparticles
(Abdel-Khalek et al. 2016). The TEM imaging showed that
the sizes of Ag NPs were less than 50 nm which facilitate their
entrance into living organisms through different size-
dependent mechanisms (Abdel-Khalek 2016). The average
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hydrodynamic diameter of these NPs in water (recorded by
DLS) was larger than 50 nm. The aggregation and hydration
of Ag NPs can cause these different sizes. Such unique char-
acterizations of Ag NPs appear remarkably to cause excep-
tional toxic effects, which is supported by many authors (Ale
et al. 2018; Banan et al. 2020). During the toxicity evaluation
of Ag NPs, the effects of solid nanoparticles and the metal ions
emitted from the nanoparticles should be considered. Kittler
etal. (2010) recorded a significant increase in nano-toxicity of
Ag NPs that had been stored in dispersion for several weeks
due to high concentrations of Ag ions. Chae et al. (2009)
reported that the toxicological impacts of Ag nanoparticles
on Japanese medaka (Oryzias latipes) were higher than Ag
ions after 24 h of exposure and similar in toxicity after 96 h.
Therefore, the aim of the present approach was not only to
evaluate the toxicity of Ag NPs but also to evaluate a new
adsorptive technique to reduce their potential toxicological
impacts. Based on their chemical composition and physical
properties, the residues of OP and BP are suitable to be used as
adsorbents since they have wide surface areas, high swelling
abilities, and excellent mechanical strengths (Annadurai et al.

Ag NPs + OP group Ag NPs +BP group

Ag NPs group

2003). The surface morphology of OP and BP showed the
ability of both peels to adsorb Ag NPs on their active sites.
The biosorption of BP toward Ag NPs showed higher capac-
ities than that of OP as represented by the higher density of
dense spots on the BP surfaces and higher Ag concentrations
after the exposure periods. This observation may be due to the
presence of additional amino groups in BP that can improve
its ability to adsorb metal ions compared to other agricultural
products (Oyewo et al. 2018). Moreover, this efficient adsorp-
tion ability may be due to the greater number of pores in BP
compared to OP. As reported by Safa and Bhatti (2011),
biosorption relies on the number of pores of the adsorbents
as the greater the number of pores, the greater the biosorption
efficiency.

To give a real picture of the role of OP and BP in reducing
the Ag NPs nanotoxicity, integrated biochemical and antiox-
idant biomarkers were applied to various tissues of
Oreochromis niloticus. In many toxicological works, the high
level of plasma glucose was used as a good sign of exposure to
many toxicants (Eslamloo et al. 2014). In the present study,
the maximum elevation in glucose levels was observed in Ag
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NPs-exposed groups. This observation agrees with Farmen
et al. (2012) who documented a concentration-dependent ele-
vation in blood glucose of juvenile Atlantic salmon after the
exposure to silver NPs and this elevation was related to the
accumulation level of Ag NPs in gills. The continuous release
of stress-induced hormones like epinephrine and norepineph-
rine into the blood circulation increases the glucose level via
eliciting glycogenolysis which is the key mechanism that
compensates the energy shortage during and after stress cir-
cumstance (Eslamloo et al. 2014; Abdel-Khalek et al. 2020b;
Ibrahim et al. 2021). Furthermore, Bacchetta et al. (2017)
showed that Ag NPs exposure may cause excessive produc-
tion of ROS within the tissues which has catabolic effects on
the carbohydrate molecules. In addition to being an essential
constituent in many cellular structures and tissues, lipid plays
an important role in the physiology and energy regulation
processes of fish (Javed et al. 2017). The sharp decrease in
total lipids induced by Ag NPs is in line with Zeumer et al.
(2020) who reported a significant depletion in total lipids of
rainbow trout after 28 days of exposure to Ag NPs. This lipid
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depletion may be due to the stress-induced lipolysis to manage
the stress metabolically and/or due to overproduction of ROS
and high lipid oxidation following metallic NPs exposure
(Kanwal et al. 2019; Abdel-Khalek et al. 2020b). The current
data generally showed that the total proteins were decreased
after 24 h of exposure to Ag NPs then started to show a
significant increase at the end of the experiment. This trend
of elevation was also observed with the globulin levels. Ale
et al. (2018) recorded the same observation in Prochilodus
lineatus fish after 5 days of exposure to Ag NPs as an inflam-
matory response because Ag NPs can bind to various tissues
inducing cell activation, production of ROS, and finally se-
vere inflammation. Also, NPs-protein corona (NPs coated
with proteins) increases the synthesis of several stress proteins
as reported by Besnaci et al. (2016) so both reasons may
elevate the level of total proteins. The degree of elevation
may be attributed to different factors like the concentration
of NPs, inter-species responses, and time of exposure, while
the recorded albumin depletion after Ag NPs exposure at all
studied periods in the present work coincides with Naguib
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Fig. 10 The effect of exposure to
AgNPs, Ag NPs with OP, and Ag
NPs with BP on some antioxidant
biomarkers (GSH and TBARS
contents) in the liver of
Oreochromis niloticus after 24 h,
48 h, and 96 h. Data are
represented as means of seven
samples in each time interval of
each group + SE. The capital
letters represent Duncan’s test (p
< 0.05) between the same time
interval among different groups.
Columns with the same capital
letters are not significantly
different; otherwise, they do. The
letters are arranged in descending
order as A, B, C, and D. Symbol
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et al. (2020) who suggested that the hypo-albuminemia in
Clarias gariepinus fish may be due to albumin use to meet
the direct energy requirements to face stress induced by Ag
NPs.

Metallic NPs could induce hepatotoxic damages in fish as
the liver acts as the major metabolic tissue for several NPs
(Abdel-Khalek 2016; Banaee et al. 2019). The significant el-
evation in all studied liver enzymes in blood after Ag NPs
exposure with the maximum level at the end of the experiment
indicates the presence of metallic-NPs liver damage. This
damage could develop hepatic leaky membranes and permit
the escaping of intracellular enzymes into the bloodstream
(Banaee 2020; Banaee et al. 2020). This result is in agreement
with Hajirezaee et al. (2020) who observed increases in ALT,
AST, and ALP activities in common carp exposed to TiO,
NPs. Also, Banan et al. (2020) observed an increase in ALP
levels in juvenile Persian sturgeon exposed to Ag NPs due to
stress-based tissue damage after a high amount of Ag storage
in the liver.

Blood levels of creatinine and uric acid may serve as a
useful index for renal filtration and kidney dysfunction. In
line with the present observations, Mahmoud et al. (2019)
reported an elevation in both creatinine and uric acid of

Control group
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Clarias gariepinus after exposure to different sizes (20 and
40 nm) and concentrations (10 and 100 pg/L) of Ag NPs.
These raises in blood levels of uric acid and creatinine indicate
that the absorbed Ag NPs could be filtered in the renal system
inducing kidney dysfunction and impair renal filtration.

Ag NPs can modify antioxidant defense systems by in-
creasing oxidative damage through the production of reactive
oxygen species (Taju et al. 2014). The results of the present
work showed a growing induction of all analyzed antioxidant
enzymes (CAT, SOD, and GPx) in both the gills and the liver
after exposure to Ag NPs. Such activation gradually reached
its maximum level after 96 h of exposure. This observation
agrees with Govindasamy and Rahuman (2012) who recorded
CAT-SOD induction in Oreochromis mossambicus after 8
days of exposure to 50 mg L' of Ag NPs. The reported
elevation in GPx activities was also observed by Hao and
Chen (2012) in gills and liver tissues of carps (Cyprinus
carpio) after their exposure to ZnO NPs. In the present study,
the growing elevation in GPx activities synchronized with a
gradual decrease in the GSH content during the studied pe-
riods which indicates that the glutathione antioxidant process
progressed through activation of GPx enzymes with ineffec-
tively GSH generation. Jozefczak et al. (2012) reported that
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the high utilization rate of GSH by ROS and GS-metal com-
plex formations are the major causes of GSH depletion after
metal-induced oxidative stress. The TBARS level is an effec-
tive biomarker for monitoring the degree of lipid peroxidation
and the stability of cell membranes to relatively evaluate the
oxidative damage (Abdel-Khalek 2015; Abdel-Khalek et al.
2018). The gradual elevation in TBARS levels in the gills and
liver tissues after the exposure to Ag NPs indicated that the
mobility of enzymatic and non-enzymatic antioxidant compo-
nents could not overcome the lipid peroxidation and oxidative
membrane damages. Benavides et al. (2016) indicated the
ineffective antioxidant actions in the gills and liver of
Carassius auratus exposed to AlL,O; NPs by high TBARS
levels.

Conclusion

The present findings indicate that Ag NPs can cause signifi-
cant time-dependent toxicity in Oreochromis niloticus. Ag
NPs could alter the biochemical constituents (glucose, total
lipid, protein profile), cause hepatotoxic and nephrotoxic ef-
fects. Besides, Ag NPs can induce oxidative stress conditions
in the gills and liver tissues based on the studied oxidative
biomarkers (CAT, SOD, GPx, GSH, and TBARS). Ag NPs
toxic behavior may be due to the direct adherence of Ag NPs
aggregates on the external surface like gills (observed as grey
spots in the present study) or the different internalization
mechanisms of the nano-sized particles which facilitate their
absorption into the bloodstream. Both OP and BP showed a
high adsorptive capacity for Ag NPs and both peels succeeded
to decrease the Ag nanotoxicity via adsorption of NPs and
decreasing their bioavailability. The adsorptive efficiency of
BP was higher than OP; therefore, complementary studies are
needed to study more biosorbents with different concentra-
tions and time intervals to improve their removal effective-
ness. Applications of different biosorption techniques (on a
large scale) are needed to improve the health status of the
aquatic habitats and their biota.
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