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Abstract
The rapid and widespread application of silver nanoparticles (AgNPs) 
across various industrial sectors has raised substantial environmental 
apprehensions, especially concerning their impact on aquatic 
ecosystems. In light of these concerns, the current study evaluates the 
toxicological effects of AgNP exposure on the hematological parameters 
and oxidative stress biomarkers in Labeo rohita, a freshwater fish 
species of considerable economic importance in aquaculture. To 
elucidate the interaction of AgNPs along with biological tissues, the 
nanoparticles characterization was performed using Fourier Transform 
Infrared (FTIR) and Ultraviolet–Visible (UV–Vis) spectroscopic 
techniques, enabling a detailed analysis of their physicochemical 
behavior. The experimental design follows a dose-dependent 
exposure regimen over 21 days. Hematological assessments were 
performed during this period, focusing on indices such as hemoglobin 
concentration, RBC count, and WBC count. Concurrently, oxidative 
stress biomarkers such as catalase (CAT), malondialdehyde (MDA) and 
superoxide dismutase (SOD) levels were measured in hepatic tissues. 
The findings revealed significant deviations in both hematological and 
oxidative stress parameters, indicating pronounced cytotoxic effects 
and oxidative damage induced by AgNPs. These outcomes highlight 
the urgent necessity for comprehensive ecological risk assessments 
of nanoparticle pollutants in freshwater environments, particularly to 
ensure aquatic biodiversity and maintain ecosystem stability.
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Introduction
In recent years, nanotechnology has expanded 
rapidly, leading to the increased production and 
application of engineered nanoparticles (ENPs) in 
industry, healthcare, and household goods. Among  
the various types of nanoparticles, silver nanoparticles 
(AgNPs) are moat common due to their strong 
antibacterial activity, stable chemical nature, and 
distinctive optical characteristics. Consequently, 
they are now present in a wide variety of everyday 
products, including fabrics, personal care items, food 
preservation materials, and medical tools.1,2

 
This growing utilization has resulted in the inevitable 
release of AgNPs into water bodies through sources 
such as sewage discharge, manufacturing effluents, 
and urban runoff. These releases pose a growing 
threat to aquatic systems due to the nanoparticles’ 
small size and high surface reactivity, which allow  
them to penetrate biological structures and initiate 
toxicity at multiple organizational levels. This includes  
damage at the cellular and organ levels, ultimately 
affecting the health and survival of organisms.3,4

While silver ions (Ag+) have long been recognized 
for their environmental toxicity, recent studies have 
shown that the nanoparticle form may behave 
differently in biological systems. AgNPs can persist 
in aquatic habitats and may be more harmful due 
to their ability to generate reactive oxygen species 
(ROS), affect mitochondrial activity, and hinder 
critical functions like protein synthesis and DNA 
replication.5

Fish, being central to freshwater food webs, are 
considered suitable indicators of aquatic health. 
Species such as Labeo rohita (rohu) are especially 
useful for examining environmental contaminants due 
to their ecological role and commercial importance  
in aquaculture.

Alterations in hematological indicators—such as 
levels of hemoglobin, red and white blood cell 
counts, and hematocrit values—serve as important 
diagnostic tools for detecting physiological stress or 
immune system compromise in aquatic organisms. 
Likewise, biochemical markers linked to oxidative 
stress, including the enzymatic activities of SOD - 
superoxide dismutase and CAT - catalase, along with 
the concentration of malondialdehyde (MDA), a key 
lipid peroxidation product, offer insights into cellular 

damage resulting from exposure to environmental 
pollutants.6

Advanced spectroscopic methods, particularly 
Ultraviolet–Visible (UV-Vis) and Fourier Transform 
Infrared (FTIR) spectroscopy, are instrumental 
in elucidating the interactions between biological 
tissues and nanoparticles. FTIR, in particular, 
enables the detection of molecular alterations in 
essential biomolecules such as nucleic acids, lipids 
and proteins, thereby revealing the biochemical 
impact of nanoparticle-induced stress.7 When applied  
in conjunction with hematological and enzymatic 
assessments, these spectroscopic techniques 
create a multi-layered analytical framework for 
understanding nanoparticle toxicity.

Despite a growing interest in the ecotoxicological 
consequences of nanoparticles, the most current 
research is confined to acute toxicity assessments 
or marine-based organisms. There is gap in studies 
focusing on chronic, sub-lethal exposure scenarios 
in freshwater fish, especially those employing an 
integrative approach that combines physiological, 
biochemical, and spectroscopic analyses.

This study seeks to bridge the existing research 
gap by investigating the chronic effects of silver 
nanoparticles (AgNPs) on the freshwater fish 
Labeo rohita. The research focuses on evaluating 
physiological and biochemical responses, particularly  
changes in hematological profiles and oxidative 
stress markers, with additional emphasis on 
molecular-level disturbances in liver tissues 
assessed through spectroscopic techniques.

The Specific Aims of the Study are as Follows
•	 To analyze variations in key hematological 

parameters such as counts of red and white  
blood cells, hematocrit values and hemoglobin 
concentration;

•	 To assess oxidative stress by quantifying 
the antioxidant activity, including SOD- 
superoxide dismutase and CAT- catalase, 
along with measuring MTA- malondialdehyde 
levels as a measure of lipid peroxidation;

•	 To detect biochemical and molecular 
alterations in hepatic tissue by use of UV-
Visible and FTIR- Fourier Transform Infrared 
spectroscopy.
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By integrating hematological, enzymatic, and 
spectroscopic approaches, this investigation aims 
to offer the toxicological implications of AgNP 
exposure in freshwater systems. The outcomes 

of this study are expected to enhance ecological 
risk assessments and support the development 
of evidence-based regulatory guidelines for the 
environmentally safe application of nanomaterials.

Fig. 1: Lateral view of Labeo rohita 

Materials and Methods
Reagents and Solutions
Analytical grade chemicals were used. Silver 
nitrate (AgNO3, ≥99% purity), trisodium citrate, 
hydrogen peroxide (H2O2), TCA- thiobarbituric acid, 
n-butanol, trichloroacetic acid, and other reagents 
for biochemical assays were aquired from Hi-Media 
Laboratories and Sigma-Aldrich-USA. Deionized and 
distilled water were used for all preparations. The 
kits for antioxidant enzyme assays were sourced 
from standard biochemical suppliers with validated 
protocols.

Preparation of Silver Nanoparticles (AgNPs)
The syntheses of AgNPs-Silver nano particles was  
done by chemical reduction method, using a stabilizing  
and reducing agent,8 ie. Trisodium citrate. The 
procedure was as follows:
•	 Preparation: A 1 mM aqueous solution of 

silver nitrate (AgNO3) was heated to boil 
under constant stirring.

•	 Reduction: To this, 1% trisodium citrate was 
added dropwise until a visible color change 
from clear to pale yellow to dark brown 
indicated the formation of AgNPs.

•	 Cooling and Storage: The mixture was cooled 
to room temperature and stored in amber 
bottles at 4°C to prevent photodegradation.

Characterization of AgNPs
The synthesized silver nanoparticles were 
characterized to confirm their formation and assess 
physicochemical properties.
•	 UV–Visible Spectrophotometry: A double-

beam UV-Vis spectrophotometer (Shimadzu 
UV1800) was used to record absorption 

spectra in the range of 300–700 nm to detect 
surface plasmon resonance (SPR) peaks.

•	 FTIR Spectroscopy: Fourier Transform 
Infrared (FTIR) spectra were obtained using  
a PerkinElmer Spectrum Two spectrophoto-
meter in the range of 4000–400 cm-¹. 
Lyophilized tissue samples (liver) from control 
and exposed fish were homogenized, mixed 
with KBr, and pressed into pellets for analysis.

•	 Dynamic Light Scattering (DLS) and Zeta 
Potential (optional extension): If applicable, 
hydrodynamic size and surface charge were 
measured to assess nanoparticle stability.

Test Organism and Maintenance
Healthy specimens of Labeo rohita (average weight 
15 ± 2 g; length 11 ± 1 cm) were procured from 
a certified hatchery in Haryana, India. Fish were 
acclimatized for 14 days in aerated fiberglass tanks  
(capacity 250 L) under controlled laboratory 
conditions.9

•	 Photoperiod of 12h light / 12h dark
•	 Temperature of 25 ± 2°C
•	 pH: 7.2 ± 0.4
•	 Dissolved oxygen: greater than or equal to 6 mg/L

During acclimatization, fish were fed a commercial 
diet twice daily (ad libitum), and water was partially 
renewed (30%) every two days to maintain optimal 
water quality.

Experimental Design
The fish were arbitrarily categorized into four groups 
(n = 10 per group)
•	 Group A: Controlled (no exposure)
•	 Group B: Low-dose AgNPs (0.5 mg/L)
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•	 Group C: Medium-dose AgNPs (1.0 mg/L)
•	 Group D: High-dose AgNPs (2.0 mg/L)

Exposure was conducted for 21 consecutive days in 
static renewal systems, with 80% of the water replaced  
daily, along with the re-introduction of appropriate 
AgNP concentrations. No mortality was observed 
during the exposure period.

Specimen Collection
Following the exposure period, fish were euthanized 
humanely using buffered tricaine methanesulfonate, 
(MS-222, 100 mg/L). Blood was collected from the 
caudal vein using heparinized syringes.10 Liver tissues  
were dissected, rinsed with chilled saline, blotted 
dry, and immediately stored at –80°C until analysis.11

Hematological Analysis
Hematological parameters were measured thrice 
using standard procedures.
•	 Hemoglobin (Hb): using the cyanmethemoglobin 

method.
•	 RBC and WBC Counts: using a Neubauer 

hemocytometer and appropriate diluting fluids.
•	 Hematocrit (HCT): using microcentrifugation at 

12,000 rpm for 5 min in capillary tubes.
•	 All measurements were performed in triplicate.

Biochemical Assays for Oxidative Stress
The liver tissues were processed by homogenization 
in 0.1 M phosphate buffer (pH 7.4), followed by 
centrifugation at 10,000 rpm for 15 minutes at 4 °C. 
The clear supernatant was then used for enzymatic 
assays
•	 SOD- Superoxide Dismutase: Activities 

measured based on the inhibition of pyrogallol 
autoxidation, expressed in U/mg protein.

•	 CAT- Catalase: Activit ies measured by 
monitoring the decomposition of hydrogen 
peroxide at 240 nm, expressed in U/mg 
protein.12

•	 MDA- Malondialdehyde: Levels quantified 
using the TBARS- thiobarbituric acid reactive 
substances assay, and expressed as nmol/
mg protein.

•	 Protein levels were quantified by the Lowry 
assay, using bovine serum albumin (BSA) as 
the standard curve reference.

Spectroscopic Analysis of Tissue Samples
Lyophilized liver samples from control and exposed 
groups were subjected to FTIR analysis as outlined 
in section 2.3 to identify molecular alterations in lipid, 
protein, and nucleic acid functional groups caused 
by nanoparticle exposure.

Statistical Analysis
Data expressed as mean ± standard deviation 
(SD). Statistical significance was evaluated using 
one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test using SPSS software 
(Version 25.0). A p < 0.05 was taken into account 
as statistically significant. Pearson’s r - correlation 
analysis was also performed to assess relationships 
between nanoparticle concentrations and biological 
parameters.

Results
The toxicological effects of silver nanoparticles 
(AgNPs) on Labeo rohita were assessed by evaluating  
multiple biological and spectroscopic parameters.  
The data presented herein reflect statistically  
significant variations (p < 0.05)across control  
and treatment groups, indicating a dose-dependent 
impact of AgNPs on the physiological state of the 
test species.

Spectroscopic Characterization of Silver 
Nanoparticles
An intense absorbance band at 430 nm was 
observed in the UV–Vis spectrum, corresponding 
to the characteristic surface plasmon resonance of 
well-dispersed silver nano particles. No significant 
peak broadening or shift was observed during the 
21-day exposure period in the test media, suggesting 
nanoparticle stability under experimental conditions.
FTIR Spectroscopy of liver tissue samples post-
exposure showed marked changes in spectral 
features compared to controls. Key shifts included.

•	 A reduction in intensity and broadening of the 
amide I band (~1650 cm-¹), indicating alterations 
in protein secondary structure.7

•	 The amide II band (~1540 cm-¹) exhibited 
displacement and intensity loss, suggesting 
potential protein–AgNP interactions and/or 
denaturation.
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•	 An increased peak at ~2920 cm-¹ (C–H 
stretching) in treated groups implied membrane 
lipid peroxidation and increased fatty acid 
content.4

These findings confirm molecular interactions 
between AgNPs and biomolecules, corroborating 
cellular oxidative stress observed through 
biochemical assays.

Fig. 2: Hematological Parameters in Labeo rohita

Hematological Parameters
AgNP exposure elicited significant hematological 
disruptions in Labeo rohita. Hemoglobin concentration,  
RBC count, and hematocrit (not shown in earlier 
table) declined progressively with increasing AgNP 
concentrations, indicating anemia and potential 
impairment in oxygen transport efficiency.
•	 Hemoglobin (Hb) levels dropped from 10.5 

± 0.3 g/dL in controls to 6.5 ± 0.6 g/dL in the 
high-dose group.

•	 RBC counts were similarly reduced from 2.4 

± 0.1 ×10⁶/μL to 1.3 ± 0.2 ×10⁶/μL, suggesting 
hemolysis or suppressed erythropoiesis.14

•	 WBC counts, however, exhibited a compensatory 
increase, peaking at 13.6 ± 0.5 ×10³/μL in the 
highest exposure group, indicating immune 
stimulation or systemic inflammation.

These hematological aberrations reflect systemic 
stress, immunotoxic responses, and possible 
cytotoxic effects of AgNPs on hematopoietic tissues.

Table 1: Hematological Parameters in Labeo rohita

Parameter	 Control	 Low Dose	 High Dose 
		  AgNPs	 AgNPs

Haemoglobin (g/dL)	 11.5	 10.8	 9.2
RBC Count (millions/μL)	 2.1	 1.9	 1.5
WBC Count (thousands/μL)	 7.2	 8.5	 10.1
Haematocrit (%)	 35.0	 32.0	 28.0

Oxidative Stress Biomarkers
Oxidative stress was quantified through the activities 
of antioxidant enzymes13 — SOD and catalase—as 
well as malondialdehyde (MDA) concentrations, an 
indicator of lipid peroxidation.

•	 Superoxide Dismutase (SOD) activity showed 
an initial rise from 2.1 ± 0.2 U/mg in controls 
to 4.2 ± 0.3 U/mg at medium doses. However, 
in the high-dose group, SOD levels decreased 
to 1.8 ± 0.3 U/mg, indicating possible enzyme 
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inactivation or exhaustion due to sustained 
oxidative stress.17

•	 Catalase (CAT) activity followed a similar 
pattern, increasing at lower concentrations and 
declining sharply at higher doses (from 5.0 ± 0.4 
U/mg in the low-dose group to 2.1 ± 0.4 U/mg 
in the high-dose group).13 This biphasic trend 
illustrates an overwhelmed antioxidant defense 
system under excessive nanoparticle-induced 
stress.

•	 Malondialdehyde (MDA) levels rose significantly 
with AgNP concentration, from 1.2 ± 0.1 nmol/

mg in controls to 4.6 ± 0.4 nmol/mg in the 
high-dose group. This progressive increase in 
MDA underscores intensified lipid membrane 
degradation, consistent with FTIR spectral 
changes and known mechanisms of oxidative 
injury.

These biomarker trends confirm the pro-oxidant 
role of AgNPs in aquatic organisms and suggest 
compromised liver function and redox homeostasis.

Fig. 3: Oxidative Stress Markers in Labeo rohita

Table 2: Oxidative Stress Markers in Labeo rohita

Parameter	 Control	 Low Dose	 High Dose 
		  AgNPs	 AgNPs

SOD Activity measured in U/mg protein	 6.2	 4.8	 3.5
CAT Activity measured in U/mg protein	 5.5	 4.2	 3.0
MDA Level (nmol/mg protein)	 1.1	 2.3	 3.8

Correlation Between Exposure Dose and 
Physiological Markers
A Pearson correlation analysis showed strong inverse 
correlations between AgNP dose and hemoglobin  
(r = –0.89), RBC (r = –0.85), and antioxidant enzyme 
activity at high doses (SOD r = –0.82).15 In contrast, 
a significant positive correlation was observed 
between AgNP dose and MDA levels (r = +0.93), 
signifying that lipid peroxidation is a primary mode 
of toxicity.16

Additionally, morphological observations (data 
not shown) revealed behavioral lethargy, reduced 
feeding, and abnormal gill movement in medium and 
high-dose groups, further indicating systemic stress.

Discussion
The present study offers comprehensive evidence 
of the toxicological consequences of silver 
nanoparticles (AgNPs) exposure in Labeo rohita, 
a freshwater teleost of commercial and ecological 
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importance. Using a multidisciplinary approach 
encompassing hematological, biochemical, and 
spectroscopic techniques, the findings suggest 
that AgNPs induce systemic toxicity through 
hematopoietic suppression and oxidative stress-
mediated damage at the cellular level.

Hematological Disruptions and Immunotoxicity
The significant decline in hemoglobin (Hb) 
concentration and red blood cell (RBC’s) counts 
observed in AgNP-treated groups clearly indicates 
anemia, which may be attributed to one or more of 
the following mechanisms.
•	 Direct cytotoxic damage to erythrocyte 

membranes caused by ROS generation,15

•	 Suppression of erythropoiesis in hematopoietic 
tissues such as the kidney and spleen,

•	 Hemolysis is induced by interaction of AgNPs 
with cell membranes, leading to increased 
fragility and rupture.

These interpretations are consistent with earlier 
findings in zebrafish (Danio rerio) and Oreochromis 
mossambicus, where exposure to AgNPs and other 
engineered nanomaterials caused a marked decline 
in erythrocyte counts and hemoglobin content.17

Conversely, the observed leukocytosis (increased 
WBC count) may reflect a defensive immunological 
response. The elevated WBC levels, especially in 
medium and high-dose groups, could suggest.
•	 Activation of innate immunity in response to 

nanoparticle-induced inflammation,
•	 Infiltration of leukocytes into damaged tissues, 

leading to systemic inflammatory responses,
•	 Stimulation of lymphopoiesis, which often 

occurs during toxic stress helps to counteract 
damage.11

These findings highlight the potential of AgNPs to 
not only impair oxygen transport but also modulate 
immune function, thereby compromising fish health 
in nanoparticle-contaminated aquatic environments.

Oxidative Stress and Antioxidant Response
The oxidative stress assays offer strong mechanistic 
insight into the cellular impact of AgNPs. A transient 
upregulation of antioxidant defense enzymes, 
particularly superoxide dismutase (SOD) and 
catalase (CAT) —in the low and medium dose 

groups suggests an adaptive cellular response to 
counteract reactive oxygen species (ROS). These 
enzymes play pivotal roles in neutralizing superoxide 
anions and hydrogen peroxide, two primary ROS.

However, the subsequent decline in enzyme activity 
in the high-dose group points to enzymatic exhaustion 
or inhibition, as the antioxidant defense becomes 
overwhelmed by persistent ROS production. This 
biphasic response—initial upregulation followed 
by suppression—is a hallmark of oxidative stress 
observed in several nanoparticle toxicology 
studies.18,19

The steady rise in malondialdehyde (MDA) levels 
across exposure concentrations confirms the 
presence of lipid peroxidation, which is a downstream 
effect of ROS accumulation. MDA is a byproduct of 
polyunsaturated fatty acid degradation and serves 
as a sensitive biomarker for oxidative damage to 
cellular membranes.18 Elevated MDA levels suggest 
compromised membrane integrity, which could 
impair cellular signaling, transport, and structural 
integrity, ultimately leading to cell death.

Taken together, these oxidative stress parameters 
delineate a scenario where AgNPs trigger an 
oxidative cascade that overwhelms the fish's redox 
homeostasis, leading to physiological dysfunction.

Spectroscopic Evidence of Molecular Disruption
The FTIR and UV-Vis spectroscopy findings provide 
supportive molecular-level evidence of AgNP toxicity. 
The FTIR spectra of liver tissues from AgNP-treated 
fish revealed significant shifts and attenuation in the 
amide I and II regions. These regions are primarily 
associated with peptide bond vibrations and are 
sensitive indicators of protein structure.

The observed changes may imply
•	 Denaturation of structural proteins, especially 

those associated with cellular membranes and 
enzymes,12

•	 AgNP-protein binding, which may disrupt native 
protein conformation and function,

•	 Damage to mitochondrial and cytoplasmic 
enzymes, further aggravates oxidative stress.

Additionally, alterations in the C–H stretching region 
(~2920 cm-¹) may reflect the presence of oxidized 
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lipids, which is consistent with elevated MDA levels 
and the visual evidence of gill and liver tissue pallor 
in high-dose groups.

The UV-Vis spectra confirmed the stability and 
retention of AgNPs in the aquatic environment, 
suggesting that the observed effects were due 
to the intact nanoparticles and not agglomerated 
or transformed derivatives.3 This supports the 
conclusion that the pristine form of AgNPs retains 
biological reactivity capable of exerting toxic effects.

Environmental and Ecological Implications
The implications of these findings are far-reaching. 
Labeo rohita is not only a widely cultivated fish 
species in aquaculture but also a key component 
of freshwater food webs. The hematological and 
biochemical disturbances induced by AgNPs may 
reduce the fitness of individuals, compromise immune  
responses, and impair reproductive capacity. Moreover,  
given that nanoparticles can bioaccumulate and 
biomagnify,5 the risks may extend to higher trophic 
levels, including avian and mammalian predators.

From an environmental chemistry standpoint, this 
study underscores the importance of regulating 
nanoparticle release into natural water bodies. 
Although AgNPs are widely used for their antibacterial 
properties, their indiscriminate disposal into aquatic 
systems can inadvertently create new ecological 
problems. These results align with the growing body  
of literature advocating for the adoption of green nanote- 
chnology and eco-design principles in nanoparticle 
manufacturing.

Limitations and Future Directions
While this study presents valuable insights, several 
limitations warrant attention.
•	 The study focused on sub-lethal concentrations 

over a 21-day period. Long-term chronic 
exposure studies could yield additional data on 
bioaccumulation and delayed toxicity.

•	 Histopathological analyses of gills, liver, and 
kidney tissues would provide morphological 
confirmation of biochemical and spectroscopic 
findings.

•	 Expanding the scope to include gene expression 
analyses (e.g., of antioxidant or apoptotic 
markers) could clarify the molecular pathways 
underlying AgNP-induced toxicity.

Future work should also assess potential mitigation 
strategies, such as the use of bioadsorbents or 
phytoremediation, to remove AgNPs from aquaculture  
and wastewater systems.

Conclusion
Si lver  nanopart ic les s igni f icant ly  d isrupt 
hematological balance and induce oxidative stress in 
Labeo rohita in proportion to the administered dose. 
The spectroscopic data reinforce the toxicodynamic 
effects at the molecular level. These findings 
emphasize the ecological risks of AgNPs and 
advocate for stricter regulations on nanoparticle 
discharge into aquatic environments.
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