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Abstract

This study evaluated the synergistic effects of Eichhornia crassipes (water hyacinth) and nanozerovalent iron (nZVI1) on
oxidative stress modulation during remediation of crude petroleum oil (CPO)-contaminated water. Experimental groups
comprised CPO-only exposure (Group 2), combined CPO-nZVI1 treatments (Groups 3-5; 0.1-0.4 mg/kg), and nZVI-only
systems (Groups 6-8). Biochemical endpoints including malondialdehyde (MDA), reduced glutathione (GSH), vitamin C,
catalase (CAT), superoxide dismutase (SOD), and glutathione-S-transferase (GST) were assessed across leaf, stem, and root
tissues. CPO exposure (Group 2) significantly elevated lipid peroxidation, with leaf MDA reaching 0.000172 + 0.000010
mg/g, indicating severe oxidative damage. The incorporation of nZVI resulted in a concentration-dependent reduction in
MDA, with a 22.7% decrease observed in Group 5 (0.000133 £ 0.000006 mg/g). Antioxidant responses were markedly
enhanced, as leaf GSH peaked at 0.55 + 0.05 mg/g (Group 3), while root GSH reached 0.67 £ 0.02 mg/g in Group 7,
representing the highest redox buffering capacity. Vitamin C levels were also elevated, with maximum leaf concentration of
2.80 + 0.15 mg/100 g recorded in Group 3. Enzymatic antioxidant activities demonstrated strong upregulation under combined
treatments. Leaf CAT increased over fourfold from 0.00369 £ 0.00055 U mg! protein (Group 2) to 0.01503 + 0.00224 U mg™*
protein (Group 5). Root CAT and GST exhibited pronounced peaks in Group 4 (0.880 + 0.21 and 0.880 + 0.073 U mg™!
protein, respectively), indicating intense detoxification at the rhizosphere. SOD activity similarly increased, with leaf values
reaching 0.01556 % 0.01267 U mg! protein. Overall, the results demonstrate that nZVI significantly enhances
phytoremediation efficiency by reducing oxidative stress (p < 0.05), improving antioxidant defence, and promoting
physiological resilience. This study validates hybrid nano-phytoremediation as an effective and sustainable strategy for
petroleum-contaminated water treatment.
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Introduction

Petroleum hydrocarbon contamination of aquatic systems
remains a persistent global environmental challenge,
particularly in oil-producing regions where exploration,
transportation, and accidental spills introduce complex
mixtures of toxic compounds into water bodies. Crude
petroleum oil (CPO) contains a diverse range of aliphatic
and aromatic hydrocarbons, many of which are recalcitrant,
bioaccumulative, and capable of inducing oxidative stress in
exposed organisms (Duarte et al., 2024; Sharma et al.,
2024) 2271 These contaminants disrupt cellular homeostasis
by generating reactive oxygen species (ROS), leading to
lipid peroxidation, protein oxidation, and impairment of
vital physiological processes in aquatic plants and
associated biota (Sefali et al., 2026) 241,

Phytoremediation, the use of plants to remove, transform, or
stabilise ~ environmental contaminants, has gained
considerable  attention as a  cost-effective and
environmentally sustainable remediation strategy. Among
aquatic macrophytes, Eichhornia crassipes (water hyacinth)
is particularly notable due to its rapid growth rate, extensive
root system, and high capacity for uptake and accumulation
of organic pollutants and heavy metals (Monroy-Licht et al.,
2024) D7 Its rhizosphere serves as a dynamic
microenvironment where microbial activity, adsorption, and
enzymatic  degradation  collectively  contribute  to

contaminant removal. However, despite its effectiveness,
phytoremediation alone is often limited by slow degradation
kinetics and the persistence of high-molecular-weight
hydrocarbon fractions.

Recent advances in nanotechnology have introduced
nanozerovalent iron (nZVI) as a highly reactive material
capable of reductive transformation of a wide spectrum of
organic and inorganic pollutants. Owing to its large surface
area and strong electron-donating capacity, nZV1 facilitates
rapid degradation of petroleum hydrocarbons through
adsorption, reduction, and catalytic reactions (Kane et al.,
2026) [0 Nevertheless, the interaction between
nanoparticles and plant systems is complex, as nZVI may
exert both beneficial and potentially pro-oxidant effects
depending on concentration and environmental conditions
(Steliga et al., 2026) 2,

The integration of phytoremediation with nanotechnology—
termed nano-phytoremediation—has emerged as a
promising hybrid approach that combines the biological
uptake capacity of plants with the catalytic efficiency of
nanoparticles. This synergistic strategy has been reported to
enhance contaminant removal rates while modulating plant
physiological responses, particularly antioxidant defence
systems (Varghese et al., 2025) B4, Central to this
interaction is the plant’s oxidative stress response, which
involves both non-enzymatic antioxidants such as reduced



glutathione (GSH) and ascorbic acid (vitamin C), and
enzymatic antioxidants including superoxide dismutase
(SOD), catalase (CAT), and glutathione-S-transferase
(GST). These biomarkers provide critical insight into the
balance between ROS generation and detoxification during
remediation processes.

Despite growing interest in nano-phytoremediation, there
remains limited integrated understanding of how nzVI
influences oxidative stress dynamics and antioxidant
responses in aquatic macrophytes exposed to petroleum
hydrocarbons. In particular, there is a paucity of data linking
nanoparticle dosage to biochemical responses across
different plant tissues, as well as the extent to which these
responses reflect remediation efficiency and physiological
recovery.

Therefore, this study investigates the synergistic effects of
Eichhornia crassipes and nanozerovalent iron on the
remediation of CPO-contaminated water, with a specific
focus on oxidative stress biomarkers and antioxidant
defence mechanisms in leaf, stem, and root tissues. By
elucidating the biochemical pathways underpinning nano-
phytoremediation, this work aims to provide mechanistic
insight into the optimisation of sustainable remediation
strategies for petroleum-contaminated aquatic environments.

Materials and Methods

Study Design and Experimental Setup

A controlled laboratory experiment was conducted to
evaluate the biochemical responses of Eichhornia crassipes
during remediation of crude petroleum oil (CPO)-
contaminated water using nanozerovalent iron (nZVI). The
study employed a completely randomised design with seven
treatment groups (Groups 2-8), each replicated in triplicate.
The treatment structure comprised: Group 2 (WHS + tap
water + 1000 ppm CPO), Groups 3-5 (WHS + tap water +
1000 ppm CPO + nzVI at 0.1, 0.2, and 0.4 mg/kg,
respectively), and Groups 6-8 (WHS + tap water + nZVI
only at corresponding concentrations).

Healthy, disease-free E. crassipes plants of uniform size
were collected from a freshwater body, rinsed thoroughly
with distilled water to remove adhering debris, and
acclimatised in dechlorinated tap water for 7 days prior to
experimentation.

Preparation of Crude Petroleum Oil-Contaminated
Water

Bonny Light crude petroleum oil was obtained from a
certified petroleum facility. Contaminated water was
prepared by dissolving crude oil in tap water to achieve a
concentration of 1000 ppm (mg/L), followed by vigorous
agitation using a mechanical shaker for 24 h to ensure
homogeneity. The physicochemical properties of the crude
oil were determined using standard methods, including
density (ASTM D1298), viscosity (ASTM D445), and total
petroleum hydrocarbon (TPH) characterization by gas
chromatography—mass spectrometry (GC-MS) following
EPA Method 8015.

Synthesis and Application of Nanozerovalent Iron
(nZVI)

nZVI particles were synthesised via chemical reduction of
ferric ions using sodium borohydride (NaBHa4) as a reducing
agent, following established protocols (Zhang et al., 2025)
[38], Briefly, an aqueous solution of ferric sulfate (Fe2(SO4)s)
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was prepared and reduced under continuous stirring by
dropwise addition of freshly prepared NaBHa solution under
inert conditions. The resulting black precipitate was washed
repeatedly with deoxygenated distilled water and ethanol,
then dried under vacuum.

The synthesised nZVI was characterised for particle size
and morphology using scanning electron microscopy (SEM)
and for elemental composition using energy-dispersive X-
ray spectroscopy (EDX). Appropriate quantities of nzZVI
were introduced into treatment tanks to achieve
concentrations of 0.1, 0.2, and 0.4 mg/kg.

Experimental Exposure

Each treatment was conducted in plastic tanks containing a
fixed volume (10 L) of prepared solution. A uniform
biomass of E. crassipes (500 g fresh weight per tank) was
introduced into each system. The experiment was
maintained under ambient laboratory  conditions
(temperature: 27 + 2°C; photoperiod: 12 h light/12 h dark)
for a duration of 21 days. Water levels were maintained
throughout the exposure period by periodic addition of
dechlorinated water.

Sample Collection and Tissue Preparation

At the end of the exposure period, plants were harvested and
separated into leaf, stem, and root tissues. Samples were
rinsed with distilled water, blotted dry, and homogenised in
ice-cold Tris—KCI buffer (0.1 M Tris-HCI, 0.15 M KCI, pH
7.4). The homogenates were centrifuged at 10,000 x g for
15 min at 4°C, and the supernatants were collected for
biochemical analyses. Protein concentration was determined
using the method of Lowry et al. (1951) [*41,

Determination of Oxidative Stress Biomarkers

= Malondialdehyde (MDA): Lipid peroxidation was
quantified using the thiobarbituric acid reactive
substances (TBARS) assay as described by Varshney
and Kale (1990) 2, with absorbance measured at 532
nm.

» Reduced Glutathione (GSH): GSH levels were
determined using Ellman’s reagent (DTNB) method
(Ellman, 1959) B, based on the formation of a yellow
chromophore measured at 412 nm.

= Vitamin C (Ascorbic Acid): Ascorbate concentration
was determined by the method of Roe and Kuether
(1943) U involving  reduction of  2,6-
dichlorophenolindophenol and  spectrophotometric
measurement at 520 nm.

Determination of Antioxidant Enzyme Activities

= Catalase (CAT): CAT activity was measured
according to Sinha (1972) @8 based on the
decomposition of hydrogen peroxide, with absorbance
recorded at 240 nm.

= Superoxide Dismutase (SOD): SOD activity was
determined using the method of Misra and Fridovich
(1972) [ pased on inhibition of adrenaline
autoxidation at 480 nm.

= Glutathione-S-Transferase (GST): GST activity was
assayed following the method of Habig et al. (1974) ["],
using 1-chloro-2,4-dinitrobenzene (CDNB) as substrate
and monitoring absorbance at 340 nm.



Statistical Analysis

Data were expressed as mean + standard error of mean
(SEM). Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc test to determine significant differences among
treatment groups at p < 0.05. All analyses were conducted
using SPSS (Version 25.0, IBM Corp., USA).

Results and Discussion

The biochemical responses of Eichhornia crassipes under
crude  petroleum oil (CPO) contamination and
nanozerovalent iron (nZVI) treatment demonstrate a
structured oxidative stress—antioxidant defence continuum
consistent  with  established  phytoremediation  and
nanoremediation paradigms. The grouping strategy—CPO-
only exposure (Group 2), combined CPO-nzZVI systems
(Groups 3-5), and nzZVI-only systems (Groups 6-8)—
provides a robust framework for mechanistic interpretation
of stress induction, mitigation, and physiological recovery.
MDA levels (Table 1) revealed significant (p < 0.05)
oxidative perturbations across tissues, with Group 2 (WHS
+ Tap water + 1000 ppm CPO) exhibiting elevated lipid
peroxidation, particularly in leaves (0.000172 + 0.000010
mg/g) and roots (0.000108 + 0.000008 mg/g). This is
consistent with previous studies demonstrating that
petroleum hydrocarbons induce excessive ROS production,
leading to membrane lipid degradation and cellular
dysfunction (Adewuyi et al., 2021; Zhang et al., 2022). The
elevated MDA in roots further reflects the direct interface of
contaminants with the rhizosphere, a phenomenon widely
reported in aquatic macrophytes exposed to hydrocarbon
stress (Janbazi et al., 2024) (8],

The introduction of nZV1 (Groups 3-5) resulted in a

concentration-dependent modulation of lipid peroxidation.
At low nzZVI dosage (Group 3: 0.1 mg/kg), a significant
reduction in leaf MDA (0.000152 + 0.000009 mg/g) was
observed relative to Group 2, suggesting partial alleviation
of oxidative stress. This aligns with findings by Orocio-
Carrillo et al., (2024) 1, who reported that nZV1 enhances
reductive degradation of organic contaminants, thereby
limiting ROS generation.

However, the transient increase in MDA observed in Group
4 (0.2 mg/kg) indicates a dual role of nzZVI, where
intermediate concentrations may catalyse Fenton-like
reactions, temporarily elevating oxidative stress before
remediation becomes effective. Similar biphasic responses
have been reported in nanoparticle—plant interactions, where
moderate nanoparticle concentrations initially exacerbate
oxidative stress prior to stabilisation (Mukhtar et al., 2026)
(18]

At higher nZVI concentration (Group 5: 0.4 mg/kg), a
marked decline in MDA (0.000133 + 0.000006 mg/g)
confirms effective mitigation of lipid peroxidation,
indicating that enhanced catalytic degradation of
hydrocarbons outweighs any pro-oxidant effects of
nanoparticles. This supports reports that optimised nzZVI
dosing improves remediation efficiency while restoring
cellular integrity (Semerad et al., 2020) 251,

In nanoparticle-only systems (Groups 6-8), MDA levels
were consistently lower, particularly in roots (e.g., Group 6:
0.000072 + 0.000005 mg/g), indicating minimal oxidative
stress in the absence of hydrocarbons. This observation
corroborates studies showing that nZVI at controlled
concentrations does not induce significant oxidative toxicity
in plants and may even enhance redox balance (Kilic et al.,
2025).

Table 1: Malondialdehyde (MDA) Content in Water Hyacinth Tissues Across Treatment Groups Values expressed as Mean + SEM

Group Leaf MDA (mg/q) Stem MDA (mg/g) Root MDA (mg/g)
2 0.000172 + 0.0000102 0.000089 + 0.000005¢ 0.000108 + 0.000008#
3 0.000152 + 0.000009° 0.000108 + 0.000007° 0.000088 + 0.000004¢
4 0.000171 + 0.000008? 0.000077 = 0.000004¢ 0.000108 + 0.000003#
5 0.000133 + 0.000006¢ 0.000109 + 0.000008° 0.000100 + 0.000006°
6 0.000152 + 0.000011° 0.000052 + 0.000005¢ 0.000072 + 0.000005¢
7 0.000104 + 0.000005¢ 0.000130 + 0.000006* 0.000096 + 0.000004>
8 0.000132 + 0.000007¢ 0.000125 + 0.000006* 0.000098 + 0.000006°

Different superscripts (a—d) within each column indicate
significant differences (p < 0.05) based on Tukey’s HSD.
The GSH profile (Table 2) further elucidates intracellular
antioxidant responses. Elevated GSH levels in Group 2
(leaf: 0.54 + 0.02 mg/g; stem: 0.57 + 0.05 mg/g) indicate
activation of thiol-based detoxification pathways in
response to CPO-induced oxidative stress. This agrees with
previous findings that glutathione plays a central role in
detoxifying hydrocarbon-induced ROS and maintaining
cellular redox homeostasis (Sayed et al., 2024) 23],

In Groups 3-5, GSH dynamics reflect adaptive modulation
under nano-assisted remediation. The highest leaf GSH in
Group 3 (0.55 £ 0.05 mg/g) suggests an early compensatory
response, while subsequent stabilisation in Groups 4 and 5
indicates reduced oxidative burden as remediation
progresses. This trend is consistent with reports that
effective pollutant degradation reduces the demand for
excessive antioxidant synthesis (Roy et al., 2023) %2,
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Notably, root GSH peaked in Group 7 (0.67 + 0.02 mg/g),
highlighting the rhizosphere as the primary site of
detoxification. This observation aligns with studies
demonstrating enhanced glutathione-mediated detoxification
in roots during phytoremediation processes, particularly in
systems involving metal-nanoparticle interactions (Falak et
al., 2024) B,

Table 2: Reduced Glutathione (GSH) Content in Water Hyacinth
Tissues Across Treatment Groups

Group| Leaf GSH (mg/g) | Stem GSH (mg/g) | Root GSH (mg/g)
2 0.54 + 0.022> 0.57 + 0.05* 0.47 £ 0.03¢
3 0.55 + 0.05* 0.38 £ 0.08¢ 0.48 + 0.03¢
4 0.51 £ 0.03> 0.52 £ 0.05> 0.52 + 0.06°
5 0.50 + 0.02¢ 0.49 + 0.05b 0.49 + 0.03¢
6 0.51 +0.03° 0.49 +0.03t 0.46 + 0.04¢
7 0.50 + 0.03> 0.51 £ 0.04b 0.67 £ 0.022
8 0.50 + 0.03> 0.47 £ 0.04¢ 0.56 + 0.11°




Superscripts (a—d) denote significant differences at p < 0.05
(Tukey HSD) within each column.

Vitamin C levels (Table 3) exhibited significant variation
across treatments, reinforcing its role in ROS scavenging
and regeneration of reduced glutathione. Group 3 showed
the highest leaf Vitamin C (2.80 + 0.15 mg/100 g),
indicating strong activation of the ascorbate pool under
combined CPO and low-dose nZVI exposure. This is
consistent with reports that ascorbate is rapidly upregulated
in response to oxidative stress and functions synergistically
with glutathione in the ascorbate—glutathione cycle (Wyatt
et al., 2023) [,

The decline in stem Vitamin C in Groups 4 and 5 suggests
increased utilisation of ascorbate in detoxification processes,
particularly under higher nanoparticle concentrations.
Similar depletion patterns have been reported in plants
exposed to combined chemical and nanoparticle stressors,
where antioxidant reserves are consumed during ROS
neutralisation (Yadav et al., 2024) 7,

In nanoparticle-only groups (6-8), elevated root Vitamin C
(e.g., Group 6: 2.25 + 0.25 mg/100 g) indicates sustained
antioxidant readiness, supporting the concept of
nanoparticle-induced priming of plant defence systems. This
phenomenon has been previously described as “redox
priming,” where sub-toxic nanoparticle exposure enhances

plant resilience to subsequent stress (KUMAR et al., 2025)
[36]

Table 3: Vitamin C Content in Water Hyacinth Tissues Across
Treatment Groups Values expressed as Mean £ SEM (mg/100 g)

Group| Leaf Vitamin C | Stem Vitamin C | Root Vitamin C
2 2.35+£0.12« 190 +0.12» 2.05+0.10°
3 2.80 £0.15° 1.55 + 0.20« 2.05+0.18°
4 2.65 £ 0.30% 1.50 £ 0.10¢ 2.12 £0.22°
5 2.30 £ 0.15¢« 1.45+0.10¢ 2.05+0.18°
6 2.10 £0.20¢ 1.85+0.18¢ 2.25 +0.252
7 2.50 +0.18% 1.70 £ 0.15° 1.90 £ 0.08¢
8 2.20 £ 0.10« 1.75+£0.15° 2.18+0.12°

Superscripts (a—d) indicate significant differences (p < 0.05)
using Tukey HSD within each tissue column.

The combined trends in MDA, GSH, and Vitamin C clearly
demonstrate that CPO exposure induces significant
oxidative stress, while nzZVI application modulates this
stress in a concentration-dependent manner. The observed
biphasic response—initial oxidative perturbation followed
by stabilisation—has been widely reported in hybrid
remediation systems (Kilic et al., 2025; Liu et al., 2025) [*3],
Importantly, the superior antioxidant performance observed
in Groups 3 and 5 suggests optimal synergy between
phytoremediation and nanoremediation processes. The

dominance of root-based antioxidant activity further
confirms the central role of the rhizosphere in contaminant
transformation and  detoxification, consistent  with
established phytoremediation models (Varghese et al., 2025;
Wentzell, 2025) 1. 341,

Overall, these findings provide strong comparative evidence
that nZVI enhances both remediation efficiency and
physiological resilience in Eichhornia crassipes, supporting
its application in sustainable treatment of petroleum-
contaminated aquatic systems.

The enzymatic antioxidant system of Eichhornia crassipes,
comprising catalase (CAT), superoxide dismutase (SOD),
and glutathione-S-transferase (GST), exhibited pronounced,
tissue-specific  responses across treatment gradients,
reflecting coordinated detoxification and reactive oxygen
species (ROS) management under crude petroleum oil
(CPQO) stress and nanozerovalent iron (nZVI)-mediated
remediation.

Catalase activity (Table 4) showed significant (p < 0.05)
variation across tissues and treatment groups, highlighting
its central role in hydrogen peroxide (H=0:) detoxification.
In Group 2 (CPO-only exposure), relatively low leaf CAT
activity (0.00369 + 0.00055 U mg™ protein) suggests
insufficient enzymatic capacity to counteract elevated ROS,
consistent with reports that hydrocarbon toxicity can
overwhelm antioxidant defences in plants (Ali et al., 2024)
1]

With the introduction of nZVI (Groups 3-5), CAT activity
increased markedly in leaves, peaking in Group 5 (0.01503
+ 0.00224 U mg™! protein). This enhancement indicates
improved H20. scavenging, likely due to reduced
contaminant load and improved cellular redox balance.
Similar increases in CAT activity under nanoparticle-
assisted remediation have been reported, where enhanced
pollutant degradation reduces oxidative burden and restores
enzymatic function (Serdar et al., 2025) [61,

A striking observation was the exceptionally high root CAT
activity in Group 4 (0.880 + 0.21 U mg! protein),
suggesting intense oxidative activity at the rhizosphere
interface. This may reflect both increased ROS generation
due to active contaminant transformation and compensatory
upregulation of CAT. Previous studies have shown that
roots often exhibit amplified CAT responses during
phytoremediation due to direct exposure to pollutants and
metal catalysts (Yadav et al., 2025) 21,

In nanoparticle-only groups (6-8), CAT activity declined
across tissues, particularly in stems and roots, indicating
reduced oxidative pressure in the absence of hydrocarbons.
This supports findings that nZVI alone, at controlled
concentrations, does not impose substantial oxidative stress
on plant systems (Singh et al., 2022).

Table 4: Catalase specific activity (U mg™" protein) in the leaf, stem, and root tissues of Eichhornia crassipes across experimental Groups 2—
8, expressed as mean + SEM.

Group Leaf (U mg™' protein) Stem (U mg! protein) Root (U mg! protein)

2 0.00369 + 0.00055¢ 0.0217 £ 0.0011» 0.0147 +0.0041¢

3 0.00679 + 0.00068¢ 0.0186 + 0.0014° 0.0320 +0.0018"

4 0.01153 + 0.00175° 0.0143 £ 0.0021¢ 0.880 £ 0.21»

5 0.01503 + 0.00224~ 0.00651 + 0.00044¢ 0.0195 + 0.0068¢

6 0.01199 + 0.00067° 0.00705 + 0.00024¢ 0.00700 £ 0.00030¢
7 0.00562 + 0.00056< 0.00461 + 0.00131¢ 0.00695 + 0.00062¢
8 0.00867 + 0.00078¢ 0.00376 + 0.00015¢ 0.00431 + 0.00033¢

Values are expressed as mean + SEM. Different superscript letters within the same column indicate significant differences at p < 0.05 using
one-way ANOVA followed by Tukey’s HSD test. Comparisons are tissue-specific.
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SOD activity (Table 5), responsible for dismutation of
superoxide radicals (O2"m) into H.0:, exhibited significant
modulation across treatments. In Group 2, moderate SOD
activity reflects baseline ROS scavenging under
hydrocarbon stress. However, in combined treatment
groups, particularly Groups 4 and 5, leaf SOD activity
increased significantly (e.g., Group 5: 0.01556 + 0.01267 U
mg™' protein), indicating enhanced conversion of superoxide
radicals.

Root SOD activity peaked in Group 3 (0.03598 + 0.04031 U
mg~' protein), suggesting early activation of antioxidant

defence upon introduction of nzVI. This aligns with
previous findings that initial nanoparticle exposure can
stimulate ROS-scavenging enzymes as part of an adaptive
stress response (Mahdavian et al., 2025) (%],

The gradual stabilisation or decline in SOD activity in
Groups 6-8 indicates reduced superoxide generation,
consistent with diminished oxidative stress in nanoparticle-
only systems. This trend corroborates studies demonstrating
that effective remediation reduces ROS production, thereby
lowering the requirement for sustained high SOD activity
(Kandeil et al., 2024) ©1,

Table 5: Specific activity of superoxide dismutase (SOD) in the leaf, stem, and root tissues of Eichhornia crassipes across Groups 2-8,
expressed as mean + SEM

Group Leaf (U mg™' protein) Stem (U mg™' protein) Root (U mg! protein)
2 0.00278 + 0.00238¢ 0.01950 + 0.01803" 0.01115 £ 0.02253¢
3 0.00710 £ 0.00327%< 0.01528 + 0.01219> 0.03598 + 0.040312
4 0.01451 + 0.00892: 0.02075 + 0.01618¢® 0.01937 £ 0.01941®
5 0.01556 + 0.012672 0.02018 + 0.01989:® 0.02700 * 0.02524
6 0.01102 £ 0.01272 0.02217 + 0.012402 0.02222 + 0.01326"
7 0.00602 + 0.00306% 0.01757 £ 0.01698° 0.02146 + 0.00142°
8 0.00973 £ 0.00591° 0.00977 +0.01589¢ 0.01315 £ 0.01544¢-

Values are expressed as mean + SEM. Different superscript letters within the same column indicate significant differences at p < 0.05 using
one-way ANOVA followed by Tukey’s HSD test. Comparisons are tissue-specific.

GST activity (Table 6) provides insight into phase Il
detoxification processes, particularly the conjugation of
electrophilic xenobiotics with glutathione. In Group 2,
moderate GST activity reflects initial detoxification
attempts under hydrocarbon stress.

In nano-assisted remediation groups (3-5), GST activity
increased substantially, particularly in leaves (Group 5:
0.01503 + 0.00224 U mg! protein) and roots (Group 4:
0.880 + 0.073 U mg™! protein). The pronounced root GST
activity in Group 4 indicates intensified detoxification
processes at the site of contaminant uptake. This observation
is consistent with previous studies reporting that GST plays
a critical role in the detoxification of petroleum
hydrocarbons and their metabolites during phytoremediation
(Ugalde et al., 2025) 391,

The elevated GST activity in Groups 3-5 also suggests that
nZV1 enhances the bioavailability of contaminants for
enzymatic transformation, thereby accelerating
detoxification pathways. This synergistic effect between
nanomaterials and plant enzymatic systems has been widely
documented in hybrid remediation studies (Gomes, 2025) (6],
In contrast, GST activity declined significantly in
nanoparticle-only groups (6-8), particularly in roots and
stems, indicating reduced xenobiotic burden and lower
demand for conjugation reactions. This pattern confirms that
the elevated GST activity in earlier groups was primarily
driven by hydrocarbon presence rather than nanoparticle
exposure alone.

Table 6: the specific activity of glutathione-S-transferase (GST) in the leaf, stem, and root tissues of Eichhornia crassipes across Groups 2—
8, expressed as mean = SEM

Group Leaf (U mg™* protein) Stem (U mg™ protein) Root (U mg! protein)

2 0.00369 + 0.00055¢ 0.0217 +0.0011» 0.0147 + 0.0041¢

3 0.00679 + 0.00068¢ 0.0186 +0.0014° 0.0320 +0.0018>

4 0.01153 + 0.00175° 0.0143 £ 0.0082¢ 0.880 £ 0.073*

5 0.01503 + 0.00224~ 0.00651 + 0.000444 0.0195 £ 0.0167¢

6 0.01199 + 0.00067° 0.00705 + 0.00024¢ 0.00700 + 0.00030¢
7 0.00562 + 0.00056+ 0.00461 + 0.00131¢ 0.00695 + 0.00062¢
8 0.00867 +0.00078¢ 0.00376 + 0.00015¢ 0.00431 +0.00033¢

Values are expressed as mean + SEM. Different superscript letters within the same column indicate significant differences at p < 0.05 using
one-way ANOVA followed by Tukey’s HSD test. Comparisons are tissue-specific.

The coordinated behaviour of CAT, SOD, and GST across
treatment groups reveals a tightly regulated antioxidant
network. In CPO-only conditions (Group 2), enzymatic
defences are activated but insufficient to fully counteract
oxidative damage, as evidenced by elevated MDA levels.

The introduction of nZVI (Groups 3-5) enhances enzymatic
antioxidant capacity, with peak activities observed at
intermediate to high nanoparticle concentrations. This
indicates optimal synergy between pollutant degradation
and biological detoxification processes. The transient spikes
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in enzyme activity, particularly in roots, reflect zones of
intense biochemical transformation where ROS generation
and detoxification occur simultaneously.

In nanoparticle-only systems (Groups 6-8), the overall
decline in enzymatic activity across tissues signifies
restoration of redox homeostasis, confirming that oxidative
stress has been effectively mitigated.

These findings are in strong agreement with previous
reports that hybrid nano-phytoremediation systems enhance
both contaminant removal and plant antioxidant responses



(Steliga et al., 2026; Varghese et al., 2025) [?° 31, The
observed enzyme activation patterns—early SOD induction,
followed by CAT and GST upregulation—reflect the
classical sequential detoxification cascade in plants exposed
to oxidative stress (Emamverdian et al., 2023; Prakash &
Chandran, 2023) [ 201,

Importantly, the dominance of root enzymatic activity
reinforces the concept that the rhizosphere serves as the
primary  biogeochemical hotspot ~ for  pollutant
transformation, a conclusion widely supported in
phytoremediation literature (Wang et al., 2024) (53],

Overall, the enzymatic data confirm that nZVI not only
accelerates hydrocarbon degradation but also enhances
intrinsic plant defence systems, thereby improving the
efficiency and sustainability of remediation processes in
contaminated aquatic environments.

Conclusion

This study demonstrates that Eichhornia crassipes exhibits a
highly coordinated and adaptive biochemical response to
crude petroleum oil (CPO) contamination, which is
significantly — enhanced by the incorporation of
nanozerovalent iron (nZVI). The results clearly establish
that CPO exposure (Group 2) induces pronounced oxidative
stress, as evidenced by elevated lipid peroxidation (MDA)
and compensatory upregulation of both enzymatic (CAT,
SOD, GST) and non-enzymatic (GSH, Vitamin C)
antioxidant systems.

The introduction of nZVI in contaminated systems (Groups
3-5) resulted in a concentration-dependent modulation of
oxidative stress. At lower and intermediate concentrations
(0.1-0.2 mg/kg), nzZVI elicited transient oxidative
responses, likely associated with catalytic redox reactions,
while simultaneously enhancing antioxidant defence
mechanisms. At the highest concentration (0.4 mg/kg), a
marked reduction in MDA levels alongside stabilisation of
antioxidant biomarkers indicates effective mitigation of
oxidative damage, reflecting optimal synergy between
phytoremediation and nanoremediation processes.
Importantly, nanoparticle-only treatments (Groups 6-8) did
not induce significant oxidative stress; rather, they promoted
redox stability and, in some cases, enhanced antioxidant
capacity, particularly in root tissues. This confirms that
nZVI, within the tested range, is biocompatible and does not
exert deleterious effects on plant physiology in the absence
of hydrocarbon stress.

Across all biomarkers, root tissues consistently exhibited the
most pronounced responses, underscoring the central role of
the rhizosphere as the primary site of contaminant
interaction, transformation, and detoxification. The elevated
activities of CAT, SOD, and GST in roots, coupled with
increased GSH and Vitamin C levels, highlight an integrated
defence network that supports both pollutant degradation
and cellular protection.

Overall, the findings provide strong biochemical evidence
that the integration of nZVI with Eichhornia crassipes
significantly enhances remediation efficiency while
preserving plant physiological integrity. This hybrid nano-
phytoremediation approach offers a robust, sustainable, and
scalable strategy for the treatment of petroleum-
contaminated aquatic systems, with clear implications for
environmental restoration and pollution management.

14

References

1.

10.

11.

12.

Ali MH, Khan MI, Amjad F, Khan N, Seleiman MF.
Improved chickpea growth, physiology, nutrient
assimilation and rhizoremediation of hydrocarbons by
bacterial consortia. BMC Plant Biology,2024:24(1).
https://doi.org/10.1186/s12870-024-05709-x

Duarte H, Aliafio—Gonzalez MJ, Romano A, Medronho
B. Advancements in Detection and Mitigation
Strategies for Petroleum-Derived Contaminants in
Aquatic Environments: A Comprehensive Review.
Sensors,2024:24(11):3284.
https://doi.org/10.3390/s24113284

Ellman GL. Tissue sulfhydryl groups. Archives of
Biochemistry  and Biophysics,1959:82(1):70-77.
https://doi.org/10.1016/0003-9861(59)90090-6
Emamverdian A, Ding Y, Hasanuzzaman M, Barker J,
Liu G, Li Y, Mokhberdoran F. Insight into the
biochemical and physiological mechanisms of
nanoparticles-induced arsenic tolerance in bamboo.
Frontiers in Plant Science,2023:14.
https://doi.org/10.3389/fpls.2023.1121886

Falak A, Anas M, Hayat A, Shaheen Z, Quraishi UM.
Efficacy of Ascorbic Acid Coated Quantum Dots in
Alleviating Lead-Induced Oxidative Damage and
Enhancing Growth Parameters in Rice (Oryza sativa L.)

for  Sustainable Cultivation. Research  Square
[Preprint],2024. https://doi.org/10.21203/rs.3.rs-
3938110/v1

Gomes MP. Nanophytoremediation:  advancing

phytoremediation efficiency through nanotechnology
integration. Discover Plants,2025:2(1).
https://doi.org/10.1007/s44372-025-00090-x

Habig WH, Pabst MJ, Jakoby WB. Glutathione S-
transferases: The first enzymatic step in mercapturic
acid formation. Journal of Biological
Chemistry,1974:249(22):7130-7139.
https://doi.org/10.1016/S0021-9258(19)42083-8
Janbazi Z, Zarinkamar F, Mohsenzadeh S. Exploring
the Phytoremediation Capacity of Portulace oleracea
Naphthalene Aromatic Hydrocarbon Contaminants: A
Physiological and Biochemical Study. Research Square
[Preprint],2024. https://doi.org/10.21203/rs.3.rs-
3950051/v1

Kandeil MA, Eissa S, Salem HK, Hassan S. Evaluation
of the teratogenic potency of bulk zinc oxide and its
nanoparticles on embryos of the freshwater snail,
Helisoma duryi. Scientific  Reports,2024:14(1).
https://doi.org/10.1038/s41598-024-66008-x

Kane M, Olosho Al, Agboola BO, Yahaya MF,
Adeleke AA, Adekanmi DG. Recent advances in
modified nanoscale zero-valent iron for petroleum
hydrocarbons and heavy metal remediation.
Environmental Science and Pollution
Research,2026:33(4):1136.
https://doi.org/10.1007/s11356-026-37419-2

Kilic G, Seker MG, Gutul T, Siizerer V, Dursun I,
Ciftci YO. The influence of nanosized zero-valent iron
(nZVI) on the micropropagation, antioxidant activity,
and phenolic compound content of cherry laurel
(Prunus laurocerasus L.). Plant Cell Tissue and Organ
Culture (PCTOC),2025:160(3).
https://doi.org/10.1007/s11240-025-02968-w

KUMAR SM, Yadav S, Choudhary R, Anumantharaj
A, Yadav A, Hussain Z, et al. Nanopriming with zinc



13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

oxide nanoparticle boosts seed vigour, photosynthesis,
osmolytes accumulation and antioxidant activity in
tomato. Scientific Reports,2025:15(1):37375.
https://doi.org/10.1038/s41598-025-09269-4

Liu N, Tang C, Guo Y, Zheng C. Synergistic
integration of nanoscale zero-valent Iron and biological
treatment for environmental remediation: mechanisms,
system configurations, and performance optimization.
Environmental Science Nano,2025:13(1):106.
https://doi.org/10.1039/d5en00745c¢

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ.
Protein measurement with the Folin phenol reagent.
Journal of Biological Chemistry,1951:193(1):265-275.
https://doi.org/10.1016/S0021-9258(19)52451-6
Mahdavian M, Shahpiri A, Shamsara M, Zarei M.
Tracking copper-zinc and manganese superoxide
dismutase in Avicennia marina reveals time-dependent
expression of SOD isoforms in response to salt and lead
stress. Scientific Reports,2025:15(1):42608.
https://doi.org/10.1038/s41598-025-26794-4

Misra HP, Fridovich I. The role of superoxide anion in
the autoxidation of epinephrine and a simple assay for
superoxide  dismutase.  Journal of  Biological
Chemistry,1972:247(10):3170-3175.
https://doi.org/10.1016/S0021-9258(19)45228-9
Monroy-Licht A, Carranza-L6épez L, Parra-Guerra AC
de la, Acevedo-Barrios R. Unlocking the potential of
Eichhornia crassipes for wastewater treatment:
phytoremediation of aquatic pollutants, a strategy for
advancing Sustainable Development Goal-06 clean
water.  Environmental  Science and  Pollution
Research,2024:31(31):43561.
https://doi.org/10.1007/s11356-024-33698-9

Mukhtar A, Jabeen S, Asad MS, Jaffar MT, Abdel-
Maksoud MA, et al. Iron nanoparticles mitigate
cadmium-induced abiotic stress in soybean by
modulating reactive oxygen species accumulation and

cellular integrity. Frontiers in Plant
Science,2026:16:1727507.
https://doi.org/10.3389/fpls.2025.1727507
Orocio-Carrillo  JA, Rivera-Cruz MDC, Juarez-

Mandonado A, Bautista-Mufioz CDC, Trujillo-Narcia
A, Gonzalez-Garcia Y, Cadena-Villegas S. Crude oil
induces plant growth and antioxidant production in
Leersia hexandra  Sw. Plant Soil and
Environment,2024:70(2):72.
https://doi.org/10.17221/311/2023-pse

Prakash P, Chandran SS. Nano-Phytoremediation of
Heavy Metals from Soil: A Critical Review.
Pollutants,2023:3(3):360.
https://doi.org/10.3390/pollutants3030025

Roe JH, Kuether CA. The determination of ascorbic
acid in whole blood and urine through the 2,4-
dinitrophenylhydrazine derivative of dehydroascorbic
acid. Journal of Biological
Chemistry,1943:147(2):399-407.
https://doi.org/10.1016/S0021-9258(18)72274-7

Roy SK, Naimuzzaman M, Rahman F. Glutathione: a
key frontier of heavy-metal detoxification and tolerance
in plants. Plant Trends,2023:1(1):33.
https://doi.org/10.5455/pt.2023.05

Sayed AEH, Emeish WFA, Bakry KA, Al-Amgad Z,
Lee J, Mansour SF. Polystyrene nanoplastic and engine
oil synergistically intensify toxicity in Nile tilapia,

15

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Oreochromis niloticus.
Research,2024:20(1).
024-03987-z

Sefali S, Ruby R, Dimple D, Giri A. Toxicological
implications of emerging pollutants on aquatic
organisms. Discover Environment,2026:4(1).
https://doi.org/10.1007/s44274-026-00557-y

Semeréd J, Pacheco NIN, Grasserovd A, Prochazkové
P, Pivokonsky M, Pivokonska L, Cajthaml T. In vitro
Study of the Toxicity Mechanisms of Nanoscale Zero-
Valent Iron (nZVI) and Released Iron lons Using
Earthworm Cells. Nanomaterials,2020:10(11):2189.
https://doi.org/10.3390/nan010112189

Serdar O, Aydin AN, Olgiilii A, Cimen ICC, Ak TP,
Derman T, Pala A, Yildirim NC. Determination of the

BMC Veterinary
https://doi.org/10.1186/s12917-

Effect of Nanoparticle Copper on Navicula
cryptocephala var. veneta by Biomarkers and
Bioaccumulation Amounts.  Turkish Journal of
Fisheries and  Aquatic  Sciences,2025:25(12).

https://doi.org/10.4194/trjfas25931

Sharma K, Shah G, Singhal K, Soni V. Comprehensive
insights into the impact of oil pollution on the
environment. Regional  Studies in Marine
Science,2024:74:103516.
https://doi.org/10.1016/j.rsma.2024.103516

Sinha AK. Colorimetric assay of catalase. Analytical
Biochemistry,1972:47(2):389-394.
https://doi.org/10.1016/0003-2697(72)90132-7

Steliga T, Klik D, Kapusta P, Brzeszcz J. The Role of
Graphene Oxide and Zinc Oxide Nanoparticles in
Enhancing the Effectiveness of Phytoremediation of
Petroleum Hydrocarbon-Contaminated Soils Using
Lolium perenne. Molecules,2026:31(5):890.
https://doi.org/10.3390/molecules31050890

Ugalde JM, Nath MC, Wagner S, Meyer AJ.
Diversification of glutathione transferases in plants and

their role in oxidative stress defense. Biological
Chemistry,2025:406:199.  https://doi.org/10.1515/hsz-
2025-0111

Varghese SP, Prakash C, Jyothika MK, Luthfa F,
Sebastian P. Influence of nanoparticles on the
phytoremediation efficiency of Tagetes erecta L.
Discover Plants,2025:2(1).
https://doi.org/10.1007/s44372-025-00452-5

Varshney R, Kale RK. Effects of calmodulin
antagonists on radiation-induced lipid peroxidation in
microsomes. International Journal of Radiation
Biology,1990:58(5):733-743.
https://doi.org/10.1080/09553009014552121

Wang H, Zhang W, Li Z. Combined risk assessment of
organic pollutants (PCBs and OPEs) accumulation in

Rice (Oryza sativa L.). Research  Square
[Preprint],2024. https://doi.org/10.21203/rs.3.rs-
3724619/v1

Wentzell BM. Phytoremediation for water quality
improvement: current advances and future prospects.
Biotechnology ~ for the  Environment,2025:2(1).
https://doi.org/10.1186/s44314-025-00022-9

Whyatt L, Gichuki S, Yalcin YS, Sitther V. Impact of
Ascorbic Acid on Zero-Valent Iron Nanoparticle and
UV-B Mediated Stress in the Cyanobacterium,
Fremyella diplosiphon.
Microorganisms,2023:11(5):1245.
https://doi.org/10.3390/microorganisms11051245



36. Yadav K, Kumar D, Gupta AK, Gupta B, Tyagi P,

37.

38.

Sharma A, et al. Heavy metals contamination and their
phytoremediation in soil and water for sustainable
environmental restoration. Discover
Environment,2025:3(1).
https://doi.org/10.1007/s44274-025-00390-9

Yadav V, Arif N, Hussain I, Patel A, Tiwari S,
Chauhan DK, et al. Antioxidant machinery modulation
by phosphorus mitigates zinc oxide nanoparticle
toxicity in  Triticum aestivum and Solanum
lycopersicum  seedlings. Nanotechnology  for
Environmental Engineering,2024:9(4):573.
https://doi.org/10.1007/s41204-024-00384-7

Zhang X, Yang Z, Bi X, Zhang Y, Liu Y, Zhao Y, et al.
Synthesis of nanoscale zero-valent iron by one-pot
route and study of its potential in passivating coexistent
heavy metal anions and cations in soil. RSC
Advances,2025:15(38):31005.
https://doi.org/10.1039/d5ra02186¢

16



