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ABSTRACT

Lead (Pb) is a serious threat for the plant growth and metabolism. Utilization of natural products, such as C-Phy-
cocyanin, to ameliorate heavy metal stress is a successful and ecofriendly strategy for protection and enhancement
of tolerance in plants growing under contaminated conditions. The nanotoxicological effects of lead nanoparticles
(Pb NPs) and Pb NPs bound to C-phycocyanin (C-PC) on vegetative growth, chemical composition, oxidative
burst, and DNA integrity in alfalfa plants (Medicago sativa L.) were studied using the plant as a model organism.
Pb NPs at different concentrations (100—1000 mg L) with and without C-phycocyanin were examined. Vegetative
characteristic results indicated that the Pb NP exposure remarkably reduced plant height, branch number, as well
as dry biomass and leaf area in a dose-response manner. Chemical composition analysis showed that the contents
of chlorophyll, nitrogen, phosphorus, potassium and zinc decreased, while calcium increased under Pb stress.
The exposure to Pb NPs also induced oxidative stress, increasing the levels of catalase, superoxide dismutase,
ROS, lipid peroxidation and DNA damage. However, the addition of C-phycocyanin largely ameliorated such al-
terations, thereby stimulating growth and maintaining a good biochemical homeostasis, which protected cellular/
genetic integrity from the damage caused by Pb. It was demonstrated that C-phycocyanin could be an efficient
natural antioxidant and anti-lead nanoparticle protective agent, as well as plant defensive compound to combat the

heavy metal stress.
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INTRODUCTION

Environmental pollution has become a global
problem, as hazardous substances accumulate
excessively in soil, water, and air ecosystems.
Among these pollutants, heavy metals (Pb, Cd,
Hg, and As) are some of the most persistent and
toxic additives, since most of their forms do not
degrade easily, and they tend to bioaccumulate
in food chains. Long-term industrial operations,
mining industries, and the application of pol-
luted fertilizers have led to a significant increase
in the levels of these elements in agricultural
soils, which may harm not only food safety, but
also sustainability (Mustapha et al., 2025; Bao.,
2025). The toxicity of heavy metals causes inhibi-
tion of growth, reduced photosynthetic efficiency,

oxidative stress, as well as affects nutrient uptake
and metabolism in plants (Mohamed, 2025).

In recent decades, due to the exponential
growth of nanotechnology, a new kind of environ-
mental pollution has arisen: accidental release of
engineered NPs. They have been used in medicine,
electronics and agriculture based on their unique
physicochemical properties, but their deleterious
release in the environment has raised serious eco-
logical concerns (Rocco et al., 2025). Due to their
high surface-to-volume ratio, these particles par-
ticularly metal and metal oxide nanoparticles can
efficiently interact with the biological system of
plant or microbe, causing possible nanotoxicity to
be induced (Jocsék et al., 2022).

Pb NPs are one of the most hazardous pol-
lutants due to nanometer scale and heavy metal
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characteristic. After uptake, NPs are able to pen-
etrate plant tissues and accumulate within root
as well as leaf cells to interfere with important
metabolic process (Chen et al., 2024). Different
plant species exposed to Pb NPs show detrimen-
tal effects; notably, inhibited seed germination
and stunted root length have been observed while
chlorosis and necrosis were noticed in different
plants (El-Shora et al., 2021). Furthermore, the
conversion of Pb NPs induces the generation of
reactive oxygen species (ROS), resulting in over-
production rates of hydrogen peroxide and super-
oxide radicals, which raises oxidative stress, lipid
peroxidation as well as membrane instability (Xu
et al., 2017; Nowicka, 2022). Such imbalance af-
fects the photochemical apparatus, inducing deg-
radation of proteins and nucleic acids engine, re-
sulting in biomass reduction.

Alfalfa (Medicago sativa L.), an important
forage legume, is highly sensitive to abiotic stress
and is a good model for studying metal-induced
phytotoxicity. The exposure of alfalfa to Pb NPs
has been shown to alter morphometric charac-
teristics, including root/shoot length, number of
branches and leaf area, as well as physiological
disruptions in terms of chlorophyll degradation
and nutritional imbalances (Rahman et al., 2024).
These alterations are directly associated with oxi-
dative stress, which alters the activities of antioxi-
dative enzymes (superoxide dismutase SOD and
catalase CAT) as well as those that protect against
lipid peroxidation process, such as catalase CAT),
and glutathione peroxidase GPx).

To mitigate these deleterious effects, the in-
terest toward natural antioxidants and bioactive
compounds produced by photosynthetic microor-
ganisms has been growing. Among them, a blue
pigment-protein complex named as C-phycocya-
nin (C-PC) purified from Arthrospira platensis or
Spirulina has been extensively analyzed for its an-
tioxidant and anti-inflammatory properties along
with metal chelating nature (Lin et al., 2022; Hu-
sain et al., 2024). C-phycocyanin is a strong free
radical scavenger that reduces oxidative stress
by electron donation to counteract the effects
of reactive oxygen species (Soror et al., 2023).
It also enhances the activities of the cellular an-
tioxidant system as well as provides membrane
stability against damaging stress by plants. In ad-
dition, heavy metals can be chelated by C-phyco-
cyanin to decrease their bioavailability and plant
translocation (Al-Yasiri and Alchalabi, 2021).
Examining the synergistic effect of Pb NPs and
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C-phycocyanin is critical to elucidate the mecha-
nism by which toxicity reduction, enhanced plant
defense system work together. It has also been
demonstrated that the exogenous application of
C-phycocyanin brought about the recovery of
photosynthetic pigments and growth parameters,
as well as a decrease in heavy metal and nanopar-
ticle-induced DNA damage in stressed plants
(Mahanandia et al., 2025). Therefore, investigat-
ing the alleviation of the Pb NP-induced toxicity
in alfalfa by C-phycocyanin is important not only
from a physiological stress perspective, but also
for sustainable agriculture to reduce the potential
hazards caused by nanoparticles. Henceforth, the
aim of this study was to study the morphologi-
cal and physiological adjustments in the alfalfa
(Medicago sativa L.) plants irradiated with lead
nanoparticles via a new route induced by Pb NPs
as well as with applied prodefensive capping
agent C-PC in comparison to its toxicity impact.
The present experimentation will give an insight
of C-phycocyanin into the amelioration of the
Pb NP-mediated changes in growth, biochemical
composition, oxidative equilibrium, and genetic
stability to understand complete volatility phe-
nomena for NP phytotoxicity to green solution.

MATERIALS AND METHODS

Experimental design

An experiment was conducted to investigate
the impact of lead nano- particles (Pb NPs) alone
and in combination with C-PC on the growth and
physiological attributes of Medicago sativa L.
(alfalfa). Four treatment groups were established:
e Control: untreated plants (distilled water was

used for irrigation).

e Pb NPs: without any external agent (EA) at five
concentrations (100, 300, 500, and 1000 mg L™").

e Pb NPs + C-Phycocyanin: combinations at
equivalent Pb NP concentrations.

e (C-phycocyanin alone: at matched concentra-
tions (100-1000 mg L™).

The experiments were conducted in a CRD
(complete randomized design) and replicated three
times per treatment. The soil drencher was imple-
mented every week for 4 weeks. The C-phycoyanin
efficacy to alleviate the Pb nanoparticle-induced
toxicity was investigated through morphological,
biochemical and molecular analysis at the end of
the experimental period of the plants.
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Plant and growth conditions

Alfalfa (Medicago sativa L.) seeds were ob-
tained from an authorized agricultural research
center. The seeds were sterilized in 1% sodium hy-
pochlorite for 3 min to remove contaminants and
rinsed thoroughly with sterile distilled water. The
seeds were germinated in plastic pots (20 cm di-
ameter) filled with a soil-sand mixture (2:1, v/v).
Plants were grown in a greenhouse at a constant
temperature of 25 + 2 °C, relative humidity of
65-70%, and a photoperiod of 16/8 h light/dark.
The plants were irrigated at close intervals with
distilled water to maintain the soil at about 70% of
field capacity until treatments were applied.

Nanoparticle characterization
and preparation

Lead nanoparticles (Pb NPs; >99.5% purity)
were purchased from SkySpring Nanomaterials,
USA (Product No.: 4835DL). The product ob-
tained was grayish-black in color, as described
by the manufacturer, and had an average particle
diameter of 20—40 nm, a specific surface area
of about 45-55 m? g'. The spherical nature of
the particles was confirmed via SEM (scanning
electron microscope) (Figure 1). Stock suspen-
sions were prepared by dispersing Pb NPs in de-
ionized water (1 g L™), and sonication was per-
formed for 30 min at 40 kHz using a digital ul-
trasonic bath to facilitate uniform dispersion and
avoid agglomeration. Suspensions were freshly
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drawn up before each application. All Pb NP
manipulations were carried out under a chemi-
cal fume hood using appropriate PPEs (such as
gloves, lab coats and respirators) for both inha-
lation and contact to avoid the potential toxicity
of lead compounds.

Vegetative growth traits

The vegetative data of all treatments were tak-
en on December 8, 2024. The measured growth
variables were plant height (cm), number of
branches per plant, leaf area (cm?), fresh weight
and dry weight (g). Height of the plants was re-
corded from soil > line to the apical tip by scale.
The number of branches per plant was counted
manually. Leaf area was estimated with a Laser
Portable Leaf Area Meter (CI-202, Bio-Science,
USA) following Johnson (1973). Fresh weights
were measured immediately after harvest using
an analytical balance (Model KERN AL J220-
4NM). To calculate dry biomass, samples were
oven-dried at 48 °C to constant weight.

Biochemical traits

Total chlorophyll was extracted with 80% ace-
tone according to Mackinney (1941). Absorbance
was measured at 645 and 663 nm using a UV-VIS
spectrophotometer (Shimadzu UVmini-1240, Ja-
pan). The nutrient contents (N, P, K, Ca, and Mg)
of the leaves were determined following wet di-
gestion of samples using the method of Cresser

som >
Figure 1. SEM image of Pb NPs powder (=99.5% pure) indicating the spherical shape of particles
and average particle size of 20 to 40 nm
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and Parsons (1979). Nitrogen content was esti-
mated using the Kjeldahl’s method (Chapman
and Pratt, 1962), phosphorus according to the va-
nadomolybdate spectrophotometric method (400
nm), potassium using a flame photometer (Jen-
way PFP7, Germany), and calcium, magnesium,
and zinc by atomic absorption spectrophotometry
(Shimadzu AA-7000). Total carbohydrates were
determined using the anthrone method (Herbert
et al., 1971) after hydrolysis in diluted HCI fol-
lowed by reaction with the anthrone reagent. Ab-
sorbance was read at 630 nm.

Measurement of oxidative stress and
activities of antioxidant enzymes

Antioxidant enzymes were extracted from 1 g
of fresh leaf tissue ground in a pre-chilled mortar
and pestle with 2 mL phosphate-buffered saline
(PBS, pH 7.0). The homogenate was centrifuged at
10.000 rpm for 30 min at 4 °C, and the supernatant
was retrieved and diluted to a volume of 5 mL with
PBS for enzymatic reactions (Bradford, 1976).

Superoxide dismutase (SOD)

SOD activity was measured according to
Marklund and Marklund (1974) by the inhibi-
tion of pyrogallol auto-oxidation. Absorbance
was read at 420 nm, and enzyme activity was ex-
pressed as pg mL™".

Catalase

To estimate catalase activity, the method of
Johansson and Borg (1988), developed by Meth-
od A16, was used, and results were expressed as
enzyme units per liter (U L™).

Glutathione peroxidase (GPx)

GPx activity was determined according to
Rotruck et al. (1973). The oxidation of reduced
glutathione (GSH) in the presence of H.O: was
followed at 412 nm using DTNB reagent. Activ-
ity was calculated as umol GSH oxidized per mL
enzyme extract.

Lipid peroxidation (MDA)

Lipid peroxidation was measured as described
by Buege and Aust (1978) and Burtis and Ashwood
(1999). The pink-colored MDA-TBA complex was
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spectrophotometrically determined at 532 nm and
calculated as mmol MDA mg™! of protein.

Reactive oxygen species (ROS)

The amount of ROS production was deter-
mined according to Venkidasamy et al. (2019).
Absorbance was read at 560 nm, and ROS con-
tent was expressed as relative absorbance per mg
fresh weight (oxidative damage intensity).

Vitamin C (ascorbic acid)

The ascorbic acid concentration was mea-
sured by DCPIP colorimetry, in which the reduc-
tion of the blue dye is proportional to the vitamin
C content. Absorbance was determined, and the
values were expressed as mg ascorbic acid per
100 g fresh weight.

Assessment of DNA damage (comet assay)

The alkaline Comet assay was performed, as
described by Singh et al. (1988). Leaf nuclei were
embedded on microscope slides in low-melting-
point agarose and then lysed in lysis buffer at 37
°C for 2 min, followed by electrophoresis in the
dark (70 V) for 60 min. The slides were neutral-
ized, stained with ethidium bromide and exam-
ined under a fluorescence microscope. Nuclei
were classified into low, medium and high-dam-
age based on tail moment and length.

Statistical analysis

The data were analyzed using the SAS (9.3)
package. The analyzed parameters were the in-
fluence of treatment, concentration and the in-
teraction between both factors by using two-way
ANOVA. Where differences were statistically
significant, means were compared by LSD (least
significant difference) at p < 0.05. Values are giv-
en as mean + SE.

RESULTS

Morphological characteristics of alfalfa
growth in the vegetative stage

The vegetative growth responses of alfalfa
plants under various levels of Pb NPs and the
joint effect with C-PC are displayed in Table 1.
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The parameters measured were plant height,
number of stems, green weight, dry weight and
leaf area. The highest mean values of all vegeta-
tive traits were recorded in untreated plants, typi-
cal for unrestricted growth with no nanoparticle
impact. There was a significant decline in all
vegetative traits, not only solely with the Pb NP
treatments, but with concentrations from 100 to
1000 mg L'. The highest reduction was found at
300 and 500 mg L, with fresh and dry biomass
of infected roots significantly decreased com-
pared to controls.

The positive effect of C-phycocyanin on
growth performance was partly observed when
applied together with Pb NPs, mainly at low con-
centrations (100-300 mg L") of Pb NPs. Co-ap-
plication partially alleviated the adverse effects
of Pb NPs on plant height, leaf area, and bio-
mass but remained significantly lower than the

untreated control. The ameliorative effect of C-
phycocyanin decreased at higher concentrations
(500-1000 mg L"), where the growth variables
declined again.

C-Phycocyanin-only treatments resulted in a
significant increase in vegetative growth at both
test concentration levels. The height, branch
number, leaf area, and fresh/dry weights of plants
treated with 300-500 mg L' C-PC were signifi-
cantly higher than or equal to those of the control.
This proves that C-phycocyanin has a growth-
promoting and protective effect on alfalfa plants
under normal and stress conditions.

Collectively, these data suggest that the inhib-
itory effects on vegetative growth were dependent
on the Pb NP exposure concentration, but were
also partially counteracted by the protective and
stimulatory actions of C-Phycocyanin, specifi-
cally at lower and moderate concentrations.

Table 1. Influence of lead nanoparticles (Pb NPs) and C-phycocyanin interaction on the vegetative growth traits

of alfalfa (Medicago sativa L.) (Mean + SE)

Vegetative growth traits
Treatments (mg L™) Plant height Number of Fresh weight Dry weight Leaf area
(cm) branches (9) (9) (cm?)
Control 32.3333+6.17342 17+1.7321 3.01+0.07095 0.7527+0.0169 2.55+0.4857
Aa Aa Aa Aa Aa
100 28+4.04145 9+1 1.11£0.04163 0.2773+0.01065 1.71£0.1701
Aa Db Cc Db Eb
20.3333+2.02759 8+0.5774 1.17+0.08327 0.2927+0.02058 1.77+0.07767
PbNPS 300 Cb Cb Db Db Db
500 25+2.88675 8+0.5774 1.131£0.04041 0.2827+0.00984 1.71£0.11372
Ab Db Ec Bb Db
1000 23.3333+5.23874 7+1.1547 1.04£0.02517 0.262+0.00656 1.29+0.1601
Cb Bc Ec Db Ec
32.33336.17342 17+£1.7321 3.01+£0.07095 0.7527+0.0169 2.55+0.4857
Control
Aa Aa Aa Aa Aa
100 24.3333+3.52767 14+2.0817 1.15+0.05686 0.2877+0.0141 1.99+0.18717
Ab Bb Ce Bc Bc
Pb NPS + _ 300 34.6667+6.48931 16+1.7321 1.71£0.14978 0.4293+0.03943 2.2140.13317
C-Phycocyanin Aa Ba Bb Ab Ca
500 27.6667+4.09607 1741 1.52+0.1893 0.378+0.04737 2.13+0.34771
Ab Ba B d Bb Cb
1000 23.6667+4.33333 16+1.5275 1.76+0.07371 0.4393+0.0181 2.42+0.09074
Cc Aa Cb B b Ba
Control 32.333346.17342 17+1.7321 3.01+0.07095 0.7527+0.0169 2.55+0.4857
Aa Ac Aa Aa Ab
100 27+4.04145 19+2.3094 1.84+0.1159 0.462+0.02829 2.81+0.20881
Aa Ab Ae Ab Ab
C-phycocyanin 300 25.3333+4.05518 25+2.6458 2.0510.13204 0.511+£0.03296 3.24+0.39879
Bb Aa Ad Ab Aa
500 26.6667+3.52767 20+2.5166 2.1940.21362 0.551+0.05372 3.29+0.50659
Ab Ab Ac Ab Aa
1000 30.3333+4.40959 15+2.6458 2.3240.17673 0.581+0.04813 3.19+0.37634
Aa Ad Ab Ab Aa
LSD 5.52 1.87 0.13 0.12 0.36
Capital letters indicate significant differences between similar concentrations across different treatments.
Lowercase letters indicate significant differences among concentrations within each treatment.
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Chemical composition of alfalfa biomass

Table 2 shows the chemical composition of
alfalfa plants as influenced by Pb nanoparticles
and C-phycocyanin treatments. The tested param-
eters included chlorophyll, N, P, K, Mg, Ca, and
Zn contents, in addition to carbohydrate and pro-
tein quantities.

The treatment with Pb NPs alone significant-
ly decreased almost all biochemical constituents
compared to the control. The chlorophyll content
declined dramatically, and the primary nutrient el-
ements (N, P, K, and Zn) declined with increasing
Pb concentration which indicated that the uptake
of nutrients and metabolism were suppressed.

The application of Pb NPs at 500, and 1000 mg
L™ resulted in the lowest average values of veg-
etative growth and showed the highest inhibition.

However, the concentration of Ca exhibited
just the opposite effect under Pb treatment. These
observations may imply that Ca has a function of
preventing the charges and imbalance of heavy
metal ions. The chemical composition values were
substantially increased when C-phycocyanin was
mixed with Pb NPs. The contents of chlorophyll,
N, P and K were higher than the plants treated
with only Pb that reveal a certain level restored
metabolism (Table 2). The C-phycocyanin-only
treatments exhibited significantly highest means

Table 2. Lead nanoparticle (Pb NPs)-induced changes in the chemical composition of alfalfa plants and the

ameliorative role of C-phycocyanin (Mean + SE)

Chemical composition
Treatments
mg L™ Chlorophyll | Magnesium . o Phosphorus . o . o | Zinc Carbohydrates o
(%) (%) Nitrogen (%) (%) Potassium (%)| Calcium (%) (%) (%) Protein (%)
78.957+ 0.039+ 2.45+ 0.245+ 2.003+ 0.719+ 18.411+ 11.339+ 156.3127+
Control | 1.02599 0.00208 0.01732 0.00208 0.00208 0.00346 0.04852 0.10351 0.10825
Aa Ab Ab Ac Aa Ad Aa Ae Aa
76.488+ 0.002+ 1.8940.02082 0.311% 1.672+ 1.035% 12.431% 15.321% 11.8127+
100 1.19683 0.00058 ’ _E 'e 0.00265 0.00208 0.00265 0.00416 0.00173 0.13026
Ab Ee Ca Dd Ca Dc Cb Cb
74.819+ 0.228+ 1.071x 12.932+ 19.467+ 13.5627+
Pb NPS 300 | o2874 (00O[*0.00T|21720CIS281 g 00153 | 000153 | MOTE0OT) 000153 | 000153 | 0.09558
Ab Ed Ee Cb Ba Ca
75.018+ 0.018+ 2 50+0.04041 0.264+ 1.943+ 0.901% 11.22¢ 14.067+ 16.1877+
500 0.6078 0.00153 ’ _C.a 0.00153 0.00153 0.00153 0.00265 0.00208 0.25243
Bb Dc Db Cb Dc Ed Cc Ca
74.311% 0.208+ 0.585+ 8.164+ 12.924+ 14,4377+
1000 | 152137 |0015#0.001) 23120015281 o955 | 1912000252) 000153 | 0.00306 | 0.00208 | 0.09558
Db De Ee Ee Ed Ca
78.957+ 0.039+ 2.45+0.01732 0.245+ 2.003+ 0.719+ 18.411% 11.339% 15.3127+
Control | 1.02599 0.00208 ’ _A-c 0.00208 0.00208 0.00346 0.04852 0.10351 0.10825
Aa Ae Ae Ac Ae Aa Ac Ab
76.798+ 0.076+ 2.03+0.03512 0.355+ 1.689+ 1.048+ 14.011% 19.927+ 12.6877+
100 0.55608 0.00115 ' _D .E 0.00058 0.00058 0.00058 0.00608 0.00208 0.2194
Ab Bc Bb Ce Bb BC Ab Bb
76.072+ 0.067+ 0.332+ 1.893+ 1.024+ 15.302+ 20.487+ 14.625+
cponPS* | 300 | 153883 | ooo1s3 (23420020821 000173 | 000231 | 000346 | 000416 | 000208 | 0.13002
yeocy Ab Bd cd cd Bd Bb Aa Bb
77.024% 0.085¢ 2.8267+ 0.364+ 2.504+ 1.042 15.513% 14.609+ 17.5627+
500 0.9158 0.00115 0.00882 0.00173 0.00265 0.00231 0.00473 0.00153 0.10825
Ab Bb Bb Ba Ba Bc Cb Chb Ba
77.911+ 2173+ 13.195+ 17.9377+
1000 0.17951 0.091845;).001 2.87812.02 0.35§(3:.005 0.00503 1.126;;).002 0.00252 20.0521;0.002 012467
Ba Bb Ed Ca
78.957+ 0.039+ 2 45+0.01732 0.245+ 2.003+ 0.719+ 18.411% 11.339+ 15.3127+
Control | 1.02599 0.00208 : _A.e 0.00208 0.00208 0.00346 0.04852 0.10351 0.10825
Aa Aa Ad Ae Ae Aa Ac Ac
75.753% 0.102+ 3.43+0.02646 0.414+ 2.918+ 1.088+ 13.834% 17.519% 214377+
100 1.27301 0.00115 ’ _A-a 0.00208 0.00265 0.00252 0.00416 0.00115 0.16523
Ad Ac Ac Aa Ac Ce Bb Aa
76.718+ 0.147+ 3.29+0.01528 0.454+ 2.876+ 1.231% 15.539+ 19.923+ 20.5627+
C-phycocyanin | 300 1.93144 0.00252 ’ _A'c 0.00153 0.00265 0.00153 0.00153 0.00208 0.09558
Ac Ab Ab Bb Ab Bc Ba Aa
77.261+ 2.833+ 1.054+ 16.541+ 20.389+ 19.6253+
500 | ogt7az (0146ED00T) 3AWROT 04TIO00T] 500153 | 000153 | 0.00361 | 000557 | 0.06233
Ab Ac Ad Bb Aa Ab
79.754% 0155t |4 a0.000082| 0:455% 2.822% 1.265% 14.138+ 17.008+ 21.1877+
1000 1.1572 0.00306 ’ _A -e 0.00208 0.00208 0.00321 0.00306 0.00252 0.12994
Aa Aa Ab Ad Aa Bd Chb Aa
LSD 1.43 0.002 0.024 0.0024 0.0027 0.0029 0.26 0.53 0.015
Capital letters indicate significant differences between similar concentrations across different treatments.
Lowercase letters indicate significant differences among concentrations within each treatment.
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for all characters studied with more pronounced
trends at 300—500 mg L' suggesting its potential
to enhance photo-synthesis and nutrient assimila-
tion in both stressed and normal conditions.

Overall, these results suggest that Pb NPs
consumed the important biochemical substances
in alfalfa and C-phycocyanin ameliorated this ef-
fect of Pb on alfalfa by maintaining metabolites
balance and antioxidant capacity was increased
by chelating action.

Oxidative stress markers in alfalfa plants

The alfalfa plants exposed to Pb NPs and
treated with C-phycocyanin exhibited signifi-
cantly reduced oxidative stress response (Table
3). The parameters were CAT, SOD, MDA, AA
(vitamin C), ROS and GPx.

Lead nanoparticles caused a significant eleva-
tion in oxidative stress markers. The enzymatic

activities of CAT, SOD and GPx were also en-
hanced (significantly) with increasing Pb concen-
tration, indicating induction of the antioxidant de-
fense system. There was also a parallel increase
in MDA and ROS levels, which suggested incre-
ment of lipid peroxidation and oxidative mem-
brane injury. C-phycocyanin supplementation de-
creased the Pb NP + C induced oxidative stress by
reducing enzyme activities, and MDA and ROS
levels. The reduction was greater at moderate
concentrations (300-500 mg L"), which implied
that C-PC successfully scavenged ROS.

The C-Phycocyanin-treated NP plants re-
tained similar (or even lower) enzyme and oxida-
tive marker levels with the control, suggesting an
antioxidant nature for the molecule.

In summary, Pb NPs increased the oxidative
damage in alfalfa plants, which was significantly
alleviated by C-phycocyanin by regulating the
antioxidant and protecting cellular membranes.

Table 3. Changes in selected indicators of oxidative stress of alfalfa plants under the exposure to lead nanoparticles

(Pb NPs) and supplemented with C-phycocyanin (Mean + SE)

Oxidative Stress Indicators
Treatments
mg L CAT U/l SOD pg/ml | MDA (umoliL) | Vit C mg/100g ROS % prng‘l‘)m""
MeanzSE MeantSE MeantSE MeantSE MeantSE
Mean+SE
Control 4+0.23094 25+1.44338 2.92+0.16859 8.806+0.50841 0.0082+0.00046 | 6+0.34641
Ac Ac Aa Ab Ad Ad
100 4+0.23094 50+2.88675 3.779+0.21818 | 17.612+1.01683 | 0.0183+0.00104 | 12+0.69282
Bc Ab Aa Aa Ab Ac
Pb NPS 300 4+0.23094 50+2.88675 3.693+0.21322 | 17.632+1.01798 | 0.0146+0.00087 6+0.34641
Bc Ab Aa Aa Ac Bd
500 87+0.46188 51+2.94449 3.564+0.20577 | 17.655+1.01931 0.0148+0.00087 | 18+1.03923
Bb Ab Aa Aa Ac Bb
16+0.92376 53+3.05996y | 3.521+0.20329 | 18.131+1.04679 0.029+0.00167 | 24+1.38564
1000
Ba Aa Ba Aa Aa Ba
Control 4+0.23094 25+1.44338 2.92+0.16859 8.806+0.50841 0.0082+0.00046 6+0.34641
Ab Aa Aa Ab Ad Bc
100 4+0.23094 24+1.38564 2.092+0.12078 8.806+0.50841 0.012+0.00069 7+0.40415
Bb bA Ca b B Cc Cb
Pb NPS + 300 4+0.23094 25+1.44338 2.478+0.14307 8.836+0.51015 0.0131+0.00075 6+0.34641
C-phycocyanin Bb Ca Ca B b B b Ba
500 4+0.23094 20.4+1.17779 | 2.049+0.1183 8.846+0.51072 0.013+0.00075 13+0.75056
Chb Chb Ca Bb Bb Ba
1000 12+0.69282 20+1.1547 3.146+0.18163 | 17.661+1.01966 0.016+0.00092 6+0.34641
Ca Db Ca Aa Ba Ac
Control 4+0.23094 25+1.44338 2.92+0.16859 8.806+0.50841 0.0082+0.00046 6+0.34641
Ab Aa Aa Aa Ad Bb
4+0.23094 16.5+0.95263 | 2.576+0.14873 8.808+0.50853 0.0127+0.00075 | 18+1.03923
100
Bb Cc Ba Ba Cc Aa
C-phycocyanin 300 4+0.23094 20+1.1547 2.221+0.12823 8.862+0.51165 0.0129+0.00075 7+0.40415
phycocy Bb Db Ca Ba Cc Bb
500 4+0.23094 16.7£0.96417 | 2.147+0.12396 8.881+0.51274 0.024+0.00139 6+0.34641
Cb Dc Ca Ba Ca Cb
1000 6+0.34641 25+1.44338 2.92+0.16859 8.915+0.51471 0.015+0.00087 7+0.40415
Da Ca Ca Ba Cb Chb
LSD 0.7 2.05 0.189 0.832 0.00094 1.09
Capital letters indicate significant differences between similar concentrations across different treatments.
Lowercase letters indicate significant differences among concentrations within each treatment.
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Determination of DNA damage (comet assay)

Potential effects of Pb NPs and C-phycocy-
anin on DNA integrity in alfalfa plants the re-
sults of the comet assay (Table 4) were obtained
to show the likely effects of Pb NPs and C-phy-
cocyanin on DNA fragmentation in alfalfa. The
nuclei with low damage were 100% of all in the
mock plants indicating a preserved DNA without
damages. The extent of DNA fragmentation was
dose-dependent, with the amount of low-damage
nuclei decreasing and higher damage medium- to
high-damage (as well as main and tailing) nuclei
increasing. DNA damage was particularly the
highest at 500 mg L' (9-10% average DNA dam-
age and a few high-damage nuclei), indicating the
genotoxic potential of Pb NPs.

DNA integrity was remarkably improved,
when the C-phycocyanin treatment took place
in the presence of Pb NPs. The rate of mid-to-
high damage dropped, while the percentage of
intact nuclei rose. Virtually all of the high dam-
age cells were recovered in the treatment with
C-phycocyanin alone. These findings suggest the
DNA-protective effects of C-PC that result in the
attenuation of the Pb-induced genotoxic injury
as a consequence of its extreme antioxidant and
radical-scavenging behavior.

DISCUSSION

Alfalfa vegetative growth characteristics
in the vegetative phase

Pb NPs caused a significant decrease in the
vegetative growth of alfalfa including plant height,
branch number, and fresh and dry weights of the
plant as well as leaf area. These observations are
also in line with previous reports, which have re-
vealed that the Pb nanoparticles disturb these nor-
mal processes of the cell division, elongation and
photosynthesis, which are responsible for the re-
tardation of growth and decrease in biomass (Liu
et al., 2022; Rahman et al., 2024). Reduction in
growth parameters with elevated Pb levels might
have been due to inhibited chlorophyll synthe-
sis, unbalanced nutrient and oxidative membrane
damage that disrupts photosynthate partitioning
(Tan et al., 2022; Kaur et al., 2024).

The comparatively partial recovery in the
C-PC + Pb NP treated groups also indicates that
C-PC may be a bioprotectant against metal-in-
duced damage. This pigment—protein complex
also increases chloroplast stability and photo-
synthetic performance due to their powerful anti-
oxidant and metal binding properties (Fernandes
et al., 2023; Castro-Gerénimo et al., 2024). Fur-
thermore, the Spirulina C-phycocyanin derived

Table 4. Genotoxic evaluation of lead nanoparticles on alfalfa (Medicago sativa L.) and the role of C-phycocyanin

(comet assay)

Treatment Low comet assay Medium comet assay High comet assay
mean+SE mean+SE mean+SE
Control 10040 Aa 00 Ae 0+0 Ac
100 98.3+0.579 Aa 0+0 Cd 1.74£0.580 Ab
Pb NPS 300 96.4+0.876 Bb 1.940.581 Ac 1.7£0.575 Ab
500 88.7+0.669 Dd 9.5+0.574 Aa 1.8+0.580 Ab
1000 92.3+0.549 Bc 5.1£0.579 Cb 2.610.578 Aa
Control 10040 Aa 0+0 Ad 0+0 Da
100 96.1+2.837 Bb 3.9+0.579 Bc 010 Da
C-;?yrc\:fc?/;nin 300 94.6+2.804 Cc 5.4+0.576 Bb 010 Da
500 94.5+2.771 Bc 5.5+0.575 Cb 010 Da
1000 92.2+2.902 Bd 7.8+0.575 Aa 010 Da
Control 10040 Aa 0+0 Ab 0+0 Ea
100 98.8+2.122 Aa 1.2+0.580 Da 040 Ea
C-phycocyanin 300 98.6+0.576 Aa 1.4+0.578 Da 0+0 Ea
500 98.5+0.873 Aa 1.5+0.574 Da 0+0 Ea
1000 98.4+2.739 Aa 1.6+0 Da 0+0 Ea
LSD 1.76 0.534 0.300

Capital letters indicate significant differences between similar concentrations across different treatments.

Lowercase letters indicate significant differences among concentrations within each treatment.

268




Journal of Ecological Engineering 2026, 27(5), 261-272

protein has been shown to enhance plant vigor
under a different abiotic stress by maintain-
ing the membrane stability and nutrient uptake
(Mahanandia et al., 2025; Touzout et al., 2025).
Therefore, the promotion of vegetative qualities
in alfalfa stands for the joint effect of C-PC on
alleviating the Pb-induced cytotoxicity and re-
establishing metabolic homeostasis.

Phytochemicals in alfalfa plants

The depression in chlorophyll, nitrogen,
phosphorus, potassium, magnesium and zinc
contents under the stress of Pb NP are in agree-
ment with earlier findings (Al-Khayri et al.,
2023; Rahman et al, 2024). Pb disrupts ion
pumps, channels and enzymes systems which in-
hibit the process of photosynthesis and protein
synthesis (Tan et al., 2022; Kumari et al., 2024).
The enhanced concentration of calcium exposed
to Pb could be a compensatory response, given
that Ca is involved in membrane stabilization
and alleviation of the toxic effects caused by ions
(Panahirad et al., 2025).

On the other hand, the marked improve-
ment in chemical composition when using C-PC
might be due to their ability to improve nutrient
absorption and metabolism. C-PC can recover
the chlorophyll content and stimulate nitrogen
assimilation through its antioxidants and che-
lation actions (Grover et al., 2021; Jach et al.,
2022). Also, Spirulina extracts studies have re-
vealed that the products rich in phycocyanin en-
hance both the photosynthetic pigment content
and the accumulation of macronutrients against
heavy metals (Fernandes et al., 2023; Mahanan-
dia et al., 2025). Increased levels of proteins and
carbohydrates in the C-PC-fed plants suggest
enhanced physiological functions and the recov-
ery of photosynthetic efficiency.

Oxidative stress markers of alfalfa seedlings

Alfalfa showed significant oxidative stress
upon the exposure to Pb NPs, as evidenced by
increased activities of catalase (CAT), superox-
ide dismutase (SOD) and glutathione peroxidase
(GPx), and augmented levels of malondialde-
hyde (MDA) and reactive oxygen species (ROS).
This fits well with previous results indicating
that the Pb-induced oxidative stress induces an-
tioxidant enzymes as a defense against excessive
ROS accumulation (Tan et al., 2022; Hussan et

al., 2024). However, when the Pb concentrations
were high and activities of lipid peroxidation and
enzyme increased beyond normal levels, some
cells would be destroyed (Yang et al., 2020; Niu
and Xiang, 2018), leading to a decrease in anti-
oxidant substance. C-phycocyanin could signifi-
cantly ameliorate oxidative stress by rebalancing
the enzyme activities and decreasing MDA level
as well as ROS content. This protective role is
due to its capacity of directly countering free radi-
cals and activating endogenous antioxidant sys-
tems, including the induction of SOD; CAT and
glutathione systems (Grover et al., 2021; Cas-
tro-Gerénimo et al., 2024; Jaiswal et al., 2025).
The phycocyanobilin chromophore allows C-PC
to scavenge hydroxyl and superoxide radicals,
maintaining redox homeostasis (Wu et al., 2016;
Bellamy-Carter et al., 2022). These data clearly
demonstrate that C-PC can act not only as a ROS
scavenger, but also as a biochemical modulator
protecting the membrane from heavy metal-in-
duced oxidative injury.

DNA damage evaluation (comet assay)

Lead at the nano-scale caused concentration-
dependent DNA fragmentation in alfalfa, as in-
dicated by a greater proportion of medium- and
high-damage nuclei. Genotoxic responses, such
as those described above have also been reported
in other plants subjected to the Pb stress, where
strand breaks and chromosomal instability were
attributed to oxidative radicals and interference
with metal ion (Rahman et al., 2024; Panahirad
et al., 2025). The maximum DNA damage at 500
mg L' suggests a severe state of oxidative imbal-
ance, probably due to a significant ROS genera-
tion and inhibition of repair mechanisms (Cera-
mella ef al., 2024).

In contrast, C-phycocyanin co-application
mitigated the DNA damage and protected nuclear
architecture. This is in agreement with the C-PC
suppression of genotoxicity by its radical-scav-
enging, metal-chelating and membrane-stabiliza-
tion abilities (Grover ef al., 2021; Al-Yasiri and
Alchalabi, 2021; El-Sayed et al., 2022). C-PC
antioxidant activity prevents nucleic acid from
Pb-induced peroxidation and maintains genomic
stability for normal cellular function. Thus, in-
corporation of photoautotrophic plant organisms
can serve as an efficient method of promoting
genoprotective response against the nanoparticle-
induced oxidative stress.
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CONCLUSIONS

The exposure to Pb NPs significantly in-
hibited alfalfa (Medicago sativa L.) growth by
reducing plant height, leaf area, and biomass,
along with a clear decline in chlorophyll and
essential nutrients (N, P, K, and Zn). These ef-
fects were accompanied by elevated oxidative
stress, evidenced by increased ROS, MDA, and
antioxidant enzyme activities, as well as DNA
fragmentation. Conversely, the treatment with
C-PC effectively mitigated Pb toxicity. C-PC
improved vegetative growth and nutrient bal-
ance, restored chlorophyll content, and reduced
oxidative and genotoxic stress. Overall, C-PC
acts as a strong natural antioxidant and metal-
chelating compound that enhances physiological
resilience and promotes plant tolerance under
heavy metal stress.

Acknowledgment

The authors are grateful to Prof. Dr. Ahmed
J. Hassan, Dean of the Department of Biology,
University of Al-Qadisiyah, for his valuable in-
structions and great laboratory support during this
work period. His knowledge and comments made
a significant contribution to both the experimental
methodology and the establishment of accurate
data statistics.

REFERENCES

1. Al-Khayri, J. M., Rashmi, R., Surya Ulhas, R., Sud-
heer, W. N., Banadka, A., Nagella, P., Almaghasla,
M. L. (2023). The role of nanoparticles in response
of plants to abiotic stress at physiological, biochemi-
cal, and molecular levels. Plants, 12(2), 292.

2. Al-Yasiri, T., Alchalabi, S. M. (2021). Use of C-
phycocyanin to reduce the toxicity of arsenic on
rats. Nat. Volatiles & Essent. Oils, §(4): 4460—4471

3. El-Sayed, A. E. K., El-Feky, A., Mounier, M.,
Reda, M. (2022). C-phycocyanin, Anticancer Ac-
tivity and Nutritional Value of Mass-Produced Spi-
rulina platensis. Egyptian Journal of Chemistry,
65(11), 611-625.

4. Bao, H., Wang, Y., Bao, H., Wang, F., Jiang, Q., He,
X.,..., Zhu, C. (2025). Ecotoxicological impacts of
heavy metals on medicinal plant quality and rhizo-
sphere microbial communities. Plants, 14(20), 3214.

5. Bellamy-Carter, J., Sound, J. K., Leney, A. C.
(2022). Probing heavy metal binding to phycobili-
proteins. The FEBS Journal, 289(15), 4646—4656.

270

6. Bradford, M. M. (1976). A rapid and sensitive meth-
od for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye bind-
ing. Analytical Biochemistry, 72(1-2), 248-254.

7. Buege, J. A., Aust, S. D. (1978). Microsomal lipid
peroxidation. Methods in enzymology, 52,302-310.

8. Burtis, C.A. and Ashwood, E.R. (1999) Tietz Text-
book of Clinical Chemistry. 3rd Edition, W. B. Saun-
ders Co., Philadelphia, 29-150.

9. Castro-Gerénimo, V. D., Garcia-Rodriguez, R. V.,
Sanchez-Medina, A., Chamorro-Cevallos, G. A.,
Sanchez-Gonzalez, D. J., Méndez-Bolaina, E. (2024).
C-Phycocyanin: A Phycobiliprotein from spirulina
with metabolic syndrome and oxidative stress effects.
Journal of Medicinal Food, 27(9), 807-813.

10. Ceramella, J., De Maio, A. C., Basile, G., Facente,
A., Scali, E., Andreu, 1., Catalano, A. (2024). Phy-
tochemicals involved in mitigating silent toxicity
induced by heavy metals. Foods, 13(7), 978.

11. Chapman, H. D., Pratt, P. F. (1962). Methods of analysis
for soils, plants and waters. Soil Science, 93, 68-74.

12.Chen, Z., Guo, Z., Xu, N., Khan, M. Z., Niu, J.
(2024). Multiple insights into the two-sided effects
of foliar application of cerium oxide nanoparticles
on the growth of alfalfa (Medicago sativa L.). Envi-
ronmental Science: Nano, 11(8), 3457-3474.

13. Cresser, M. S., Parsons, J. W. (1979). Sulphuric-
Perchloric acid digestion of plant material for the
determination of nitrogen, phosphorus, potas-

sium, calcium and magnesium. Analytica Chimica
Acta, 109(2), 431-436.

14. El-Shora, H. M., Massoud, G. F., El-Sherbeny, G.
A., Alrdahe, S. S., Darwish, D. B. (2021). Allevia-
tion of lead stress on sage plant by 5-aminolevulinic
acid (ALA). Plants, 10(9), 1969.

15. Mahanandia, S., Al-Zharani, M., Nasr, F. A., Al-
neghery, L. M., Behera, M., Sayyed, R., & Mastinu,
A. (2025). Cyanobacterial phycocyanin: An emerg-
ing green biomolecule with antioxidant activities
and potential health benefits. International Journal
of Food Science and Technology, 60(2), vvaf196.

16. Fernandes, R., Campos, J., Serra, M., Fidalgo, J.,
Almeida, H., Casas, A., Barros, A. 1. (2023). Ex-
ploring the benefits of phycocyanin: From Spirulina
cultivation to its widespread applications. Pharma-
ceuticals, 16(4), 592.

17. Grover, P., Bhatnagar, A., Kumari, N., Bhatt, A. N.,
Nishad, D. K., Purkayastha, J. (2021). C-Phyco-
cyanin-a novel protein from Spirulina platensis-In
vivo toxicity, antioxidant and immunomodulatory
studies. Saudi Journal of Biological Sciences,
28(3), 1853-1859.

18. Herbert, D., Phipps, P. J., Strange, R. E. (1971). Chap-
ter 111 chemical analysis of microbial cells. In Meth-
ods in microbiology 5, 209-344. Academic press.



Journal of Ecological Engineering 2026, 27(5), 261-272

19. Husain, A., Khanam, A., Alouffi, S., Shahab, U.,
Alharazi, T., Maarfi, F., Ahmad, S. (2024). C-phy-
cocyanin from cyanobacteria: a therapeutic journey
from antioxidant defence to diabetes management
and beyond. Phytochemistry Reviews, 1-19.

20. Hussan, M. U., Hussain, S., Adeel, M., Ayub, A.,
Kareem, H. A., Jabeen, S., Tahir, M. (2024). Cal-
cium oxide nanoparticles ameliorate cadmium tox-
icity in alfalfa seedlings by depriving its bioaccumu-
lation, enhancing photosystem II functionality and
antioxidant gene expression. Science of the Total
Environment, 955, 176797.

21.Jach, M. E., Sajnaga, E., Ziaja, M. (2022). Utiliza-
tion of legume-nodule bacterial symbiosis in phy-
toremediation of heavy metal-contaminated soils.
Biology, 11(5), 676.

22. Jaiswal, J., Singh, A. P., Sinha, R. P. (2025). Charac-
terization and in vitro antioxidant activity of C-phy-
cocyanin from the cyanobacterium Spirulina subsalsa
HKAR-19. Analytical Biochemistry, 706, 115953.

23.Jocsak, 1., Knolmajer, B., Szarvas, M., Rabnecz,
G., Pal-Fam, F. (2022). Literature review on the ef-
fects of heavy metal stress and alleviating possibili-
ties through exogenously applied agents in Alfalfa
(Medicago sativa L.). Plants, 11(16), 2161.

24. Johansson, L. H., Borg, L. H. (1988). A spectropho-
tometric method for determination of catalase activ-

ity in small tissue samples. Analytical Biochemistry,
174(1), 331-336.

25.Johnson, G. R. (1973). Diallel analysis of leaf area
heterosis and relationships to yield in maize. Crop
Science, 13(2), 178-180.

26.Kaur, S., Garg, T., Joshi, A., Awasthi, A., Kumar,
V., Kumar, A. (2024). Potential effects of metal
oxide nanoparticles on leguminous plants: Practi-
cal implications and future perspectives. Scientia
Horticulturae, 331, 113146.

27. Kumari, A., Gupta, A. K., Sharma, S., Jadon, V. S.,
Sharma, V., Chun, S. C., Sivanesan, I. (2024). Nanopar-
ticles as a tool for alleviating plant stress: mechanisms,
implications, and challenges. Plants, 13(11), 1528.

28.Lin,J. Y., Tan, S. 1., Yi, Y. C., Hsiang, C. C., Chang,
C. H,, Chen, C. Y., Ng, I. S. (2022). High-level
production and extraction of C-phycocyanin from
cyanobacteria Synechococcus sp. PCC7002 for an-
tioxidation, antibacterial and lead adsorption. Envi-
ronmental Research, 206, 112283.

29.Liu, C., Wang, Y., Zhang, X., Zhang, G. L., Liu,
X., Gao, P.,, Yao, S. (2022). Antioxidant response
by alfalfa (Medicago sativa L.) to Pb pollution — A
study to value the feasibility of soil phytoremedia-
tion. Soil & Water Research, 17(3).

30. Mackinney, G. R. (1941). Absorption of light by
chlorophyll solutions. Journal of Biological Chem-
istry, 140(2), 315-322.

31.Marklund, S., Marklund, G. (1974). Involvement
of the superoxide anion radical in the autoxidation
of pyrogallol and a convenient assay for superox-

ide dismutase. European Journal of Biochemistry,
47(3), 469—474.

32.Mohamed, H. I., Ullah, I., Toor, M. D., Tanveer,
N. A., Din, M. M. U, Basit, A.,..., Rehman, M. U.
(2025). Heavy metals toxicity in plants: understand-
ing mechanisms and developing coping strategies
for remediation: a review. Bioresources and Biopro-
cessing, 12(1), 95.

33. Mustapha, L. S., Obayomi, O. V., Obayomi, K.
S. (2025). A comprehensive review on potential
heavy metals in the environment: Persistence, bio-
accumulation, ecotoxicology, and agricultural im-
pacts. Ecological Frontiers.

34.Niu, Y., Xiang, Y. (2018). An overview of biomem-
brane functions in plant responses to high-tempera-
ture stress. Frontiers in plant science, 9, 915.

35.Nowicka, B. (2022). Heavy metal-induced stress
in eukaryotic algae—mechanisms of heavy metal
toxicity and tolerance with particular emphasis on
oxidative stress in exposed cells and the role of

antioxidant response. Environmental Science and
Pollution Research, 29(12), 16860—16911.

36. Panahirad, S., Dadpour, M., Kulak, M., Vita, F., Go-
hari, G., Fotopoulos, V. (2025). Selenium-coated chi-
tosan nanoparticles (CTS-Se NPs) improve grapevine
(Vitis vinifera cv. Sultana) performance grown under
lead (Pb) toxicity. BMC Plant Biology, 25(1), 1178.

37.Rahman, S. U., Qin, A., Zain, M., Mushtaq, Z.,
Mehmood, F., Riaz, L., Shehzad, M. (2024). Pb
uptake, accumulation, and translocation in plants:
Plant physiological, biochemical, and molecular
response: A review. Heliyon, 10(6).

38.Rocco, L. (2025). Engineered Nanomaterials for
Environmental and Health Applications. Nanoma-
terials, 15(7), 516.

39. Rotruck, J. T.., Pope, A. L., Ganther, H. E., Swan-
son, A. B., Hafeman, D. G., Hoekstra, W. (1973).
Selenium: biochemical role as a component of glu-
tathione peroxidase. Science, 179(4073), 588-590.

40. Singh, N. P., McCoy, M. T., Tice, R. R., Schneider,
E. L. (1988). A simple technique for quantitation of
low levels of DNA damage in individual cells. Ex-
perimental Cell Research, 175(1), 184—191.

41.Soror, A. F. S., Ahmed, M. W., Saffan, S. S. (2023).
Prospective response of Phaseolus vulgaris seeds
primed in silver nanoparticles and aqueous phyco-
cyanin extracted from Spirulina platensis. Egyptian
Journal of Phycology, 24(1), 128-160.

42.Tan, Z., Wu, C., Xuan, Z., Cheng, Y., Xiong, R.,
Su, Z., Wang, D. (2022). Lead exposure dose-
dependently affects oxidative stress, AsA-GSH,
photosynthesis, and mineral content in pakchoi

271



Journal of Ecological Engineering 2026, 27(5), 261-272

(Brassica chinensis L.). Frontiers in plant science,
13,1007276.

43. Touzout, N., Ainas, M., Babaali, M., Moussa, H.,
Mihoub, A., Ahmad, 1., Székely, A. (2025). Po-
tential effect of non-nitrogen fixing cyanobacteria
Spirulina platensis on growth promotion of wheat
(Triticum aestivum L.) under salt stress. Scientific
Reports, 15(1),29029.

44. Venkidasamy, B., Karthikeyan, M., Ramalingam, S.
(2019). Methods/protocols for determination of oxida-
tive stress in crop plants. Reactive Oxygen, Nitrogen

and Sulfur Species in Plants: Production, Metabolism,
Signaling and Defense Mechanisms, 421-435.

272

45. Wu, H. L., Wang, G. H., Xiang, W. Z., Li, T., He, H.
(2016). Stability and antioxidant activity of food-grade
phycocyanin isolated from Spirulina platensis. /nterna-
tional Journal of Food Properties, 19(10),2349-2362.

46.Xu, B., Wang, Y., Zhang, S., Guo, Q., Jin, Y., Chen,
J.,Ma, H. (2017). Transcriptomic and physiological
analyses of Medicago sativa L. roots in response to
lead stress. PLoS One, 12(4), ¢0175307.

47.Yang, H., Zhou, M., Li, H., Wei, T., Tang, C., Zhou,
Y., Long, X. (2020). Effects of low-level lipid per-
oxidation on the permeability of nitroaromatic mol-
ecules across a membrane: a computational study.

ACS omega, 5(10), 4798-4806.



