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ARTICLE INFO ABSTRACT

A plastic pot experiment was carried out in the courtyard of Al-Husseiniya
Article History: Holy Shrine, which is situated in the Karbala Governorate , to investigate
Received 05 March 2026 the effect of foliar application of iron oxide nanoparticles (Fe,0,) on certain
Accepted 19 May 2026 plant enzymes in chamomile Matricaria chamomilla L. under different levels
Published 01 July 2026 of irrigation levels. Two factors were included in the experiment. Iron oxide

nanoparticles (represented by the letter F) applied topically at four different
Keywords: concentrations was the first factor :)) 0, 25, 50, and 100 mg L'(. The second
Antioxidant enzymes factor was salinity levels (denoted as S), applied at four levels:) 2, 4, 6, and 8
Chamomile dS m’!(. Plants were grown in a loamy sand soil. Foliar spraying was carried
Iron oxide nanoparticles out at four growth stages: the first at the stage of six leaves, the second at the
Salinity stress stage of ten, the third at the stage of fifteen, and the fourth prior to flowering.

A Completely Randomized Design (C.R.D.) with four repetitions was used to
organize the experiment’s 64 experimental units. The collected data underwent
statistical analysis: The activities of antioxidant enzymes, such as catalase (CAT;
katal g-' FW), superoxide dismutase (SOD; U g-' FW), peroxidase (POD; U g-*
FW), and ascorbate peroxidase (APX; U g-' FW), were significantly impacted
by foliar application of iron oxide nanoparticles under individual treatment.
In comparison to the control treatment, the highest reported values were
51.2, 309.3, 0.298, and 0.3483 U g-' FW, respectively. Under salinity stress, a
significant increase was also observed in the activities of CAT, SOD, POD, and
APX enzymes under individual treatments. The enzyme activities reached their
maximum values of )51.8, 353.7, 0.322, and 0.2596 U g' FW(, respectively,
compared to the control. Significant differences were detected under the
interaction treatments for CAT, SOD, POD, and APX activities. The treatment
F3S3 exhibited the highest enzyme activities, reaching )76.8, 598.0, 0.445, and
0.4695 U g' FW(, respectively, compared with the control.
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INTRODUCTION
German chamomile Matricaria chamomilla folk medicine today. Therapeutic, cosmetic and
L. has been known as a popular medicinal plant nutritional benefits backed by years of traditional

that has been widely used in traditional and practices as well as scientific inquiry [1]. A well-
* Corresponding Author Email: fatima.k@uokerbala.edu.iq known medicinal and herbal remedy in the
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Asteraceae (Compositae) family being common,
its various medicinal and aromatic properties are
referred to as the “Star of Medicinal Plants [2].
However, its cultivation is severely hampered by
environmental stresses. One of the most harmful
abiotic stresses is salinity, which drastically lowers
agricultural productivity and quality globally.
Currently, salt stress affects more than 20% of all
arable land on Earth, and this percentage is rising
as a result of both natural and human-caused
factors. Through a variety of mechanisms, such
as nutritional imbalances, hormonal disruptions,
ionic toxicity, osmotic stress, and oxidative
damage, salinity negatively affects plant growth
and development. As a result, these physiological
disruptions make plants more vulnerable to certain
illnesses [3]. As the world’s population grows,
agricultural nanotechnology has become a useful
tool for increasing crop yields and agricultural
productivity. The use of nanoparticles (NPs) as
bio-stimulants or nano-fertilizers has grown
dramatically over the last ten years to enhance the
morphological and biochemical characteristics of
a variety of crops, especially in agricultural areas
without sustainable management techniques. [4].

This study’s main goal is to assess how foliar
application of iron oxide nanoparticles (Fe,O, NPs)
affects particular plant enzymes in chamomile
Matricaria chamomilla L. at different salt stress
levels.

MATERIALS AND METHODS

A pot experiment was conducted during the
winter season of 2025-2026, following a four-
replicate completely randomized design (C.R.D.).
There were two primary components to the
experiment:

1. Foliar Application of Fe,O, NPs: Four
concentrations were applied (0, 25, 50, and 100
mg/L?).

2. Salinity Stress: Four levels of saline irrigation
were utilized (2, 4, 6 and 8dS/m™)

The treatments were applied over four stages,
beginning at the 46 leaf stage. Seeds were sown
on October 15, 2025, i15 kg plastic pots are
available. Firstly, ten seeds were planted per pot,
and seedlings were thinned to four plants per pot
20 days post-planting. Soil samples were collected
prior to cultivation for baseline characterization
(Table 1). Nano-iron oxide solutions were prepared

Table 1. Physicochemical properties of the experimental soil used in agriculture.

Property

Value Unit

pH

75

Electrical conductivity Ece y

1.7 ds.m™t

Organic Matter

6.7

CaCOs

251.02 g.Kgtsoil

Ca*t

3.43

Mg*

1.22

Soluble Cations Na*
a

1.33

K+

1.26

HCOs*

2.35
meg. L™t

Soluble Anions S0472

1.24

cr

3.85

Available Nitrogen

45.05

Available Phosphorus

12.60

Available Potassium

mg. kg 'soil
16.05

Sand

545

Soil Separates Silt

282

Clay

1
173 g.Kg~'soil

Texture Loamy sand

*Analyzes in soil analysis laboratories at the Facuity of Agriculture — University of Baghdad
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according to the required concentrations, The
nano-iron oxide (Fe,0, NPs) solutions were
prepared according to the predetermined
concentrations. The specific weight of the (Fe,0,)
nanoparticles (powder form) was added to a
measured volume of distilled water. The mixture
was thoroughly agitated (Shaken) to ensure proper
dispersion and reach the target concentration.

To enhance the efficacy of the foliar treatment,
a commercial surfactant (detergent) was added
to the solution as a spreading agent to ensure
maximum wetting of the vegetative parts. Foliar
spraying was conducted during the early morning
hours using a 3-liter manual sprayer until the
foliage was completely saturated. For the control
group, Only distilled water was used to shower the
plants. There were 64 experimental units in the
experimental setup.

Estimation of catalase enzyme (CAT) Activity (katal
/g fwt)

The following equation was used to calculate
CAT activity using the method outlined by [5]:

Catalase Activity of Test kU= (2.303/t) x log S°/S

Estimation of Superoxide Dismutase (SOD) Activity
(U/g.fwt)

The following formulas were used to calculate
SOD activity in accordance with the approach of

[6]:

control AA test

% Inhibition of pyrogallol autoxidation = X 100%AA

control

(Cu-Zn) SOD Activity (U/ml) = % inhibition of
pyrogallol autoxidation/50%

Estimation of Peroxidase (POD) Activity (U/g.f.wt)
POD activity was calculated using the following
equation:

AA,,/20sec x Vt x dilution factor

Volume activity (U/ml) = Vs x 12

Where, Vt = Total reaction volume (3.0 ml)., Vs
= Total sample volume (0.10 ml), 12 = A constant
representing the absorbance of 1 mg/ml solution
of purpurogallin at 420 nm, Volume activity (U/ml)

=AA,,, /secx2.5 x dilution factor.
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Estimation of Ascorbate Peroxidase (APX) Activity
(U/g.fwt})

APX activity was determined using the following
formula:

APX activity (U/g tissue) = [(AA/E*1) + t]*D.F

APX activity (U/g tissue) = Enzyme activity,
AA: Change in absorbance over time, € Molar
extinction coefficient, D.F: Dilution Factor., (€ =
extinction coefficient = 2.8 mm™® cm?).

RESULTS AND DISCUSSION
Catalase (CAT) Enzyme Activity (katal / g. f.wt)

Table 2 findings show a considerable impact
of foliar application with iron oxide nanoparticles
(Fe,0, NPs) on the leaf catalase (CAT) content of
chamomile Matricaria chamomilla L. under the
various levels of salinity stress investigated in this
study:

The results indicated a significant impact
of irrigation water salinity levels on the leaf
catalase (CAT) content. Increased salinity led to a
corresponding rise in CAT activity, reaching 0.2073,
0.2445, and 0.2596 katal/g f.wt at salinity levels of
4, 6, and 8 dS/m-', in contrast to 0.1597 katal/g
f.wt at the control salinity level of 2 dS/m-".

The increase is due to the fact that high
salt concentrations maintain the plant under
environmental pressure, which causes an
excess of H202 and O- reactive oxygen species
(ROS). Antioxidant enzymes act to reduce these
deleterious substances, and CAT, which cleaves
H202 to 02 and H20, protects the cell from
oxidative injury [7]. These results are in line with
those of [8,9], who found an increase rate of
18.25% at salinity levels of 3 and 6 dS/m-".

The results in the aforementioned table
further indicate that foliar application of iron
oxide nanoparticles (Fe,0, NPs) had a significant
effect on leaf CAT content. The activity increased
to (0.1765, 0.1852, and 0.3403) (katal/g. f.wt)
compared to the control treatment, which
recorded 0.1611(katal/g. f.wt)

This enhancement is due to the role of nano-
iron in stimulating the antioxidant defense system
and reducing the accumulation of ROS [10]. These
results align with the findings of [11] in their
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study on Arachis hypogaea, where an increase in
CAT activity was observed at a concentration of
50 mg/L. However, they contrast with [12] who
reported a decrease in CAT concentration at 400
mg/L compared to the 200 mg/L treatment of iron
oxide nanoparticles in Carum copticum L.

The leaf catalase enzyme concentration was
significantly impacted by the binary interaction
between the study conditions, irrigation water
salinity and foliar spraying with nano-iron oxide.
Treatment F3S3 had the greatest value, 0.4695
(g.fwt), while treatment F3S3 had the lowest
value F S, which reached 0.1354 (g.fwt). This
is attributed to the fact that iron activated the
defense system and increased catalase enzyme
activity to reduce the damage resulting from
salinity [13]. This is consistent with the findings
of [14] upon applying nano-iron to Zea mays L.
plants, as it mitigated salinity stress and increased
catalase enzyme activity by a rate of 48.5%.

Superoxide dismutase enzyme (SOD) (u/g.f.wt)
The findings displayed in Table 3 demonstrated
a noteworthy impact of irrigation water salinity
levels on the superoxide dismutase (SOD) enzyme
content. Increased salinity levels led to an increase
in SOD enzyme activity, which rose to (0.273,
0.285 and 0.322) (u/g.f.wt) at salinity levels of
(4, 6, and 8 dS m™) respectively, compared to the
irrigation water level of 2 (dS m™, which reached
0.261 (u/g.f.wt). The explanation is that the plant’s
physiological functions, including respiration and
photosynthesis, are disrupted when it is exposed

to salinity, leading to the formation of reactive
oxygen species (ROS) such as the superoxide
ion {O,} and hydrogen peroxide {H,0,}. These
compounds are toxic to cells, and the plant, as a
defense mechanism, produces the SOD enzyme,
which in turn converts the {O,} ion into hydrogen
peroxide {H,0,} and oxygen. After that, other
enzymes like catalases and peroxidases act on
the degradation of the hydrogen peroxide [15].
Overall, this is similar to the observations made
by [16] by [17] 7.5 and 15 dS m™ salinity level in
Phaseolus vulgaris plants.

The data obtained in the above table indicated
that foliar spraying of plants with nano-iron oxide
had a significant effect on the leaf superoxide
dissipation (SOD) enzyme content in compared
to the control treatment (0.274 (u/g.f.wt)) and
increased it to ( 0.284, 0.286,and 0.298) (u/g.f.wt).
This is because the augmenting effects of nano-
iron regulate the defence system, increase the SOD
enzyme activity and reduce the oxidative stress in
plants [10]. These results are consistent with Singh
et al. who reported in Eucalyptus tereticornis
plants. found that the activity of this enzyme in
response to nano-iron oxide at a concentration
of 25 mg L-1 increased to a 3.8-fold (3.8 times) of
control. The concentration of the leaf superoxide
dismutase (SOD) enzyme was greatly modified by
the binary interaction of the two experimental
factors of this study< irrigation water salinity
and foliar spraying with nano-iron oxide. F2S3
treatment (0.445 (u/g.f.wt)) and FOS3 treatment
(0.153 (u/g.f.wt)) showed the highest and lowest

Table 3. Superoxide dismutase enzyme activity (SOD) is affected by foliar spraying with nano-iron oxide and irrigation with

varying water salinity levels. Superoxide dismutase (u/g.f.wt)

F
Nano-iron oxide
concentration

Irrigation water salinity levels (dS m™)

Mean effect of

3434

mgL™? nano-iron oxide
2 4 6 8
0 0.1354 0.1540 0.1677 0.1875 0.1611
25 0.1402 0.2018 0.1617 0.2024 0.1765
50 0.1795 0.1892 0.1932 0.1791 0.1852
100 0.1840 0.2844 0.4555 0.4695 0.3483
Mean effect of salini 0.1598 0.2073 0.2445 0.2596
Experimental factors Nano-iron oxide F Salinity S Binary interaction S x F

LSD 0.05

0.02728

0.02728

0.05457
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values of (u/g.f.wt), respectively. This is due to the
fact nano iron increased the growth of the plant,
reduced oxidative stress, and played a role in the
stimulation of SOD enzyme activity [17]. Such is
the case with the results obtained from the SOD
enzyme in Rubus baileyanus plants, in which case
the highest value was in concentrations of 2.8(mg
L?) of nano-iron at a salinity level of 3.8 (dS m™).

Peroxidase Enzyme (POD) (u/g.f.wt)

The peroxidase (POD) enzyme concentration
(u/g.f.wt) was significantly impacted by irrigation
water salinity levels, according to the results
displayed in Table 4. The POD enzyme increased
as salt levels rose, reaching (225.7, 270.0, 353.7)
(u/g.f.wt) at salinity levels of (4, 6, 8) (dS.m?),
respectively, compared to the irrigation water
level of 2 dS.m?, which was 207.5 (u/g.f.wt)
The reason is that increased salt concentration
causes plant stress, leading to an increase in
reactive oxygen species (ROS) such as H,0, and
0, To resist these toxic compounds, the plant
activates the antioxidant enzyme (POD) as a
defensive mechanism; the enzyme decomposes
H,O,, reduces oxidative damage within the cells,
and protects cellular membranes from damage,
thereby increasing the plant’s ability to tolerate
salinity [18,19] and it agrees with the findings of
[20] in his study on Solanum lycopersicum plants,
However, in comparison to the control treatment,
irrigation with high salinity levels increased

peroxidase (POD) enzyme activity to twice its
value.

The results in the mentioned table indicated
that foliar spraying with nano-iron oxide
significantly affected the leaf content of the
peroxidase enzyme, as its content increased
to (244.9, 297.0, 309.3)( u/g.fwt) compared
to the control treatment, which reached 205.6
(u/g.f.wt). This is attributed to the fact that nano-
iron oxide possesses peroxidase-like activity and
can catalyze oxidation reactions associated with
hydrogen peroxide H,0,, indicating its ability to
enhance peroxidase enzyme activity [21,22]. This
is consistent with the findings of [23] on Artemisia
scoparia, where the POD enzyme activity value
reached 4.5( U/mg protein) at a concentration of
15 mg.L? of nano-iron oxide.

The leaf peroxidase enzyme concentration was
significantly impacted by the combined interaction
of the study parameters, irrigation water salinity
and foliar spraying with nano-iron oxide. The F2S0
treatment had the lowest value, 100.4 (u/g.f.wt),
whereasthe F2S3 treatment had the greatestvalue,
598.0 (u/g.f.wt). The rationale is that nano-iron
increased the activity of the superoxide dismutase
(SOD) enzyme, enhanced plant development, and
decreased oxidative stress [24]. This is consistent
with [12] and is consistent with [25] in his study on
Triticum aestivum, showing a significant effect at
nan o-iron oxide concentrations of (200, 500 mg.L
1) and salinity levels of (7.5, 15 dS.m™).

Table 4. Effect of foliar spraying with nano-iron oxide, irrigation water salinity levels, and their interaction on Peroxidase

(POD) enzyme activity (u/g.f.wt).

F Irrigation water salinity levels (dS m™)

Nano-iron oxide concentration

S

Mean effect of
nano-iron oxide

mg L™t
2 4 6 8
0 0.321 0.247 0.225 0.305 0.274
25 0.259 0.330 0.301 0.248 0.284
50 0.314 0.323 0.172 0.335 0.286
100 0.153 0.194 0.445 0.402 0.298
Mean effect of salinity 0.261 0.273 0.285 0.322
Experimental factors Nano-iron oxide F Salinity S Binary interaction S x F
LSD 0.05 0.0233 0.0233 0.1573

J Nanostruct 16(3): 3431-3439, Summer 2026
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Ascorbate Peroxidase (APX) enzyme activity
(U/g.fwt)

Ascorbate peroxidase (APX) enzyme content
(U/g.f.wt) was significantly impacted by irrigation
water salinity levels, according to Table 5. The APX
enzyme increased as salinity levels rose, reaching
(38.6, 44.5, 51.8) u/g.f.wt at salinity levels of (4, 6,
8) dS.m™, respectively, compared to the irrigation
water level of 2 dS.m™, which was 36.5 )u/g.f.wt(.
The plant increases the activity of antioxidant
enzymes like APX as a result of oxidative stress
brought on by higher salt concentrations. As part
of the plant’s defense mechanism, this enzyme is
involved in the ascorbate-glutathione cycle, which
deals with the buildup of hydrogen peroxide
and free radicals [26]. This is consistent with the
studies of [27]. Brassica napus L. study by inHe et
al. in 2025 recorded a 35% increment in the APX
enzyme activity at salinity level of 15 (dS. Nano-
iron oxide foliar spraying increased leaf content

of ascorbate peroxidase (APX) to (36.6, 48.5,
and 51.2) u/g.fwt in comparison with treatment
control 36.1 u/g.fwt, according to the results
in Table 5 [28]. By treating the plant with nano-
iron oxide, which improves APX enzyme activity,
you can completely restore the balance between
02—-and H202 in the plant and its photo-oxidative
stress, thus helping maintain a green color. This
role of solanimycin in relation to salt resistance for
the plant remains to be established [29]. This is in
line with the findings by [30] showed that nano-
iron oxide in a concentration of 1 (mg. L-1).

The amount of the ascorbate peroxidase
enzyme was affected by the two-way interaction
of the irrigation water salinity and foliar spraying
with nano-iron oxide in leaves. The highest value
(63.2) u/g.f.wt for the F2S3 treatment while the
lowest value (17.6) u/g.fwt was found for the
F1S1 treatment. The causal explanation is that
the APX enzyme is elevated to a higher position
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Fig. 1. X-ray diffraction (XRD) patterns of a-Fe,0s nanoparticles synthesized at various Fe3* precursor concentrations.
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as a protective mechanism to eliminate reactive
oxygen species (ROS), especially hydrogen
peroxide. This activity increased further when

Fig. 2. SEM images of a-Fe,0s; nanoparticles synthesized using different Fe3* concentrations.

Table 5. Effect of foliar spraying with nano-iron oxide, irrigation water salinity levels, and their interaction on Ascorbate

Peroxidase (APX) enzyme activity

F
Nano-iron oxide concentration

Irrigation water salinity levels (dS m™)

effect of Mean

mg Lt nano-iron oxide
2 4 6 8
0 30.8 25.8 30.1 57.4 36.1
25 54.0 17.6 29.0 45.8 36.6
50 22.8 47.7 76.8 46.6 48.5
100 38.6 63.2 42.2 57.3 51.2
Mean effect of salinity 36.5 38.6 445 51.8
Experimental factors Nano-iron oxide F Salinity S Binary interaction S x F
LSD 0.05 14.31 32.61

J Nanostruct 16(3): 3431-3439, Summer 2026
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sprayed with nano-iron oxide [13]. These were
consistant with the findings of [31] on the doses
and have a significant effect with 1 mg in Phoenix
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dactylifera L. The highest increase in APX gene
(OperonYR52587) was 3.28 U/g.fwt at L-1 of
nano-iron oxide.

CONCLUSION

The results obtained in this study emphasized
the vital role of foliar spraying by iron oxide
nanoparticles in the efficiency of the defense
system of the chamomile plant in conditions of
salt stress. NaCl-induced stress at different levels
increases production of ROS and decreases the
activity of the succus of the plant. On the contrary,
iron oxide nanoparticles foliar spray increased
antioxidant enzyme activities, especially APX, CAT
and SOD activities, leading to oxidative damage
reduction and restored cell membrane stability.

CONFLICT OF INTEREST

The authors declare that there is no conflict
of interests regarding the publication of this
manuscript.

REFERENCES

1. Singh O, Khanam Z, Misra N, Srivastava M. Chamomile
(Matricaria chamomilla L.): An overview. Pharmacognosy
Reviews. 2011;5(9):82.

2. Akram W, Ahmed S, Rihan M, Arora S, Khalid M, Ahmad S,
et al. An updated comprehensive review of the therapeutic
properties of Chamomile (Matricaria chamomilla L.). Int J
Food Prop. 2023;27(1):133-164.

3. Arora NK. Impact of climate change on agriculture production
and its sustainable solutions. Environmental Sustainability.
2019;2(2):95-96.

4. Bhatia A, Khatri A, Yadav M, Kumari A, Mona S, Bhateria R.
Potential of iron oxide nanoparticles in enhancing growth
and development of plants: A review. Physiol Mol Plant
Pathol. 2025;139:102746.

5. Hadwan MH, Ali Sk. New spectrophotometric assay for
assessments of catalase activity in biological samples. Anal
Biochem. 2018;542:29-33.

6. Marklund S, Marklund G. Involvement of the Superoxide
Anion Radical in the Autoxidation of Pyrogallol and a
Convenient Assay for Superoxide Dismutase. Eur J Biochem.
1974;47(3):469-474.

7. Hayssam MA. Effects of gibberellic acid on growth and
photosynthetic pigments of Hibiscus sabdariffa L. under salt
stress. AFRICAN JOURNAL OF BIOTECHNOLOGY. 2012;11(4).

8. Tavan T, Rezaei MA, Janloo MM. Effect of foliar application
of chemical fertilizers on morphological traits, antioxidant
enzymes, and proline content of maize (Zea mays L.).
Research Square Platform LLC; 2023. http://dx.doi.
org/10.21203/rs.3.rs-3515691/v1

9. Alasadi FKK, Al Semmak QH. Effect of potassium fertilizer,
irrigation water type and foliar application of ascobin on
activity some antioxidant enzymes of Zea mays L. AIP
Conference Proceedings: AIP Publishing; 2019. p. 020013.

10. Ullah J, Gul A, Khan |, Shehzad J, Kausar R, Ahmed MS, et al.
Green synthesized iron oxide nanoparticles as a potential

3438

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

regulator of callus growth, plant physiology, antioxidative
and microbial contamination in Oryza sativa L. BMC Plant
Biol. 2024;24(1).

Zhang Y, Li L, Dai H, Kong X, Rahman M, Zhang B, et al. Iron
oxide nanoparticles (FeO-NPs) mitigate salt stress in peanut
seedlings by enhancing photosynthesis, osmoregulation,
and antioxidant activity. Plant Physiol Biochem.
2025;227:110206.

Razavizadeh R, Anwari Aa-S, Forghani AH, Mirmazloum I.
Application of iron oxide nanoparticles improves growth
and phytochemical constituents of in vitro cultured Carum
copticum L. Journal of Agriculture and Food Research.
2024;18:101402.

Moradbeygi H, Jamei R, Heidari R, Darvishzadeh

R. Investigating the enzymatic and non-enzymatic
antioxidant defense by applying iron oxide nanoparticles
in Dracocephalum moldavica L. plant under salinity stress.
Scientia Horticulturae. 2020;272:109537.
Alsamadany H, Anayatullah S, Zia-ur-Rehman M, Usman
M, Ameen T, Alharby HF, et al. Residual efficiency of iron-
nanoparticles and different iron sources on growth, and
antioxidants in maize plants under salts stress: life cycle
study. Heliyon. 2024;10(7):e28973.

Hossain MS, Dietz K-J. Tuning of Redox Regulatory
Mechanisms, Reactive Oxygen Species and Redox
Homeostasis under Salinity Stress. Frontiers in Plant
Science. 2016;7.

Dawood MFA, Sofy MR, Mohamed Hl, Sofy AR, Abdel-kader
HAA. Hydrogen Sulfide Modulates Salinity Stress in Common
Bean Plants by Maintaining Osmolytes and Regulating Nitric
Oxide Levels and Antioxidant Enzyme Expression. Journal of
Soil Science and Plant Nutrition. 2022;22(3):3708-3726.
Manzoor N, Ahmed T, Noman M, Shahid M, Nazir MM, Ali L,
et al. Iron oxide nanoparticles ameliorated the cadmium and
salinity stresses in wheat plants, facilitating photosynthetic
pigments and restricting cadmium uptake. Sci Total Environ.
2021;769:145221.

Yavuz D, Kilig E, Seymen M, Dal Y, Kayak N, Kal U, et al. The
effect of irrigation water salinity on the morph-physiological
and biochemical properties of spinach under deficitirrigation
conditions. Scientia Horticulturae. 2022;304:111272.
Istabrag AA, Jawad SAAA-L. Quality of Irrigation Water
, Foliar Applied Selenium and Soil Polymer In Improving
Vegetative and Flowering Characteristics of Iris Plants. Iraqi
Journal of Agricultural Sciences. 2024;55(2):782-794.

El- Messeiry S, El-Tanbouly R, Gaber MA, Aggag S. Improving
Tomato Salinity Tolerance with Copper Nanoparticles
Synthesized Using Mentha spicata Extract: Physiological and
Gene Expression Analysis. Journal of Agricultural Chemistry
and Biotechnology. 2026;0(0):9-18.

Liu S, Lu F, Xing R, Zhu JJ. Structural Effects of Fe,O0,
Nanocrystals on Peroxidase-Like Activity. Chemistry — A
European Journal. 2010;17(2):620-625.

Mushtag T, Shah AA, Akram W, Yasin NA. Synergistic
ameliorative effect of iron oxide nanoparticles and
Bacillus subtilis S4 against arsenic toxicity in Cucurbita
moschata: polyamines, antioxidants, and physiochemical
studies. International Journal of Phytoremediation.
2020;22(13):1408-1419.

Yousaf R, Khan MA, Raza A, Ambreen, Ali H, Darwish H, et
al. Iron oxide nanoparticles and light intensity modulate
biomass, antioxidant capacity and anti-leishmanial activity
in callus cultures of Artemisia scoparia. Plant Cell, Tissue

J Nanostruct 16(3): 3431-3439, Summer 2026
(@)er |


http://dx.doi.org/10.4103/0973-7847.79103
http://dx.doi.org/10.4103/0973-7847.79103
http://dx.doi.org/10.4103/0973-7847.79103
http://dx.doi.org/10.1080/10942912.2023.2293661
http://dx.doi.org/10.1080/10942912.2023.2293661
http://dx.doi.org/10.1080/10942912.2023.2293661
http://dx.doi.org/10.1080/10942912.2023.2293661
http://dx.doi.org/10.1007/s42398-019-00078-w
http://dx.doi.org/10.1007/s42398-019-00078-w
http://dx.doi.org/10.1007/s42398-019-00078-w
http://dx.doi.org/10.1016/j.pmpp.2025.102746
http://dx.doi.org/10.1016/j.pmpp.2025.102746
http://dx.doi.org/10.1016/j.pmpp.2025.102746
http://dx.doi.org/10.1016/j.pmpp.2025.102746
http://dx.doi.org/10.1016/j.ab.2017.11.013
http://dx.doi.org/10.1016/j.ab.2017.11.013
http://dx.doi.org/10.1016/j.ab.2017.11.013
http://dx.doi.org/10.1111/j.1432-1033.1974.tb03714.x
http://dx.doi.org/10.1111/j.1432-1033.1974.tb03714.x
http://dx.doi.org/10.1111/j.1432-1033.1974.tb03714.x
http://dx.doi.org/10.1111/j.1432-1033.1974.tb03714.x
http://dx.doi.org/10.5897/ajb10.2187
http://dx.doi.org/10.5897/ajb10.2187
http://dx.doi.org/10.5897/ajb10.2187
http://dx.doi.org/10.21203/rs.3.rs-3515691/v1
http://dx.doi.org/10.21203/rs.3.rs-3515691/v1
http://dx.doi.org/10.21203/rs.3.rs-3515691/v1
http://dx.doi.org/10.21203/rs.3.rs-3515691/v1
http://dx.doi.org/10.21203/rs.3.rs-3515691/v1
http://dx.doi.org/10.1063/1.5123070
http://dx.doi.org/10.1063/1.5123070
http://dx.doi.org/10.1063/1.5123070
http://dx.doi.org/10.1063/1.5123070
http://dx.doi.org/10.1186/s12870-024-05627-y
http://dx.doi.org/10.1186/s12870-024-05627-y
http://dx.doi.org/10.1186/s12870-024-05627-y
http://dx.doi.org/10.1186/s12870-024-05627-y
http://dx.doi.org/10.1186/s12870-024-05627-y
http://dx.doi.org/10.1016/j.plaphy.2025.110206
http://dx.doi.org/10.1016/j.plaphy.2025.110206
http://dx.doi.org/10.1016/j.plaphy.2025.110206
http://dx.doi.org/10.1016/j.plaphy.2025.110206
http://dx.doi.org/10.1016/j.plaphy.2025.110206
http://dx.doi.org/10.1016/j.jafr.2024.101402
http://dx.doi.org/10.1016/j.jafr.2024.101402
http://dx.doi.org/10.1016/j.jafr.2024.101402
http://dx.doi.org/10.1016/j.jafr.2024.101402
http://dx.doi.org/10.1016/j.jafr.2024.101402
http://dx.doi.org/10.1016/j.scienta.2020.109537
http://dx.doi.org/10.1016/j.scienta.2020.109537
http://dx.doi.org/10.1016/j.scienta.2020.109537
http://dx.doi.org/10.1016/j.scienta.2020.109537
http://dx.doi.org/10.1016/j.scienta.2020.109537
http://dx.doi.org/10.1016/j.heliyon.2024.e28973
http://dx.doi.org/10.1016/j.heliyon.2024.e28973
http://dx.doi.org/10.1016/j.heliyon.2024.e28973
http://dx.doi.org/10.1016/j.heliyon.2024.e28973
http://dx.doi.org/10.1016/j.heliyon.2024.e28973
http://dx.doi.org/10.3389/fpls.2016.00548
http://dx.doi.org/10.3389/fpls.2016.00548
http://dx.doi.org/10.3389/fpls.2016.00548
http://dx.doi.org/10.3389/fpls.2016.00548
http://dx.doi.org/10.1007/s42729-022-00921-w
http://dx.doi.org/10.1007/s42729-022-00921-w
http://dx.doi.org/10.1007/s42729-022-00921-w
http://dx.doi.org/10.1007/s42729-022-00921-w
http://dx.doi.org/10.1007/s42729-022-00921-w
http://dx.doi.org/10.1016/j.scitotenv.2021.145221
http://dx.doi.org/10.1016/j.scitotenv.2021.145221
http://dx.doi.org/10.1016/j.scitotenv.2021.145221
http://dx.doi.org/10.1016/j.scitotenv.2021.145221
http://dx.doi.org/10.1016/j.scitotenv.2021.145221
http://dx.doi.org/10.1016/j.scienta.2022.111272
http://dx.doi.org/10.1016/j.scienta.2022.111272
http://dx.doi.org/10.1016/j.scienta.2022.111272
http://dx.doi.org/10.1016/j.scienta.2022.111272
http://dx.doi.org/10.36103/yv56kn16
http://dx.doi.org/10.36103/yv56kn16
http://dx.doi.org/10.36103/yv56kn16
http://dx.doi.org/10.36103/yv56kn16
http://dx.doi.org/10.21608/jacb.2026.454423.1133
http://dx.doi.org/10.21608/jacb.2026.454423.1133
http://dx.doi.org/10.21608/jacb.2026.454423.1133
http://dx.doi.org/10.21608/jacb.2026.454423.1133
http://dx.doi.org/10.21608/jacb.2026.454423.1133
http://dx.doi.org/10.1002/chem.201001789
http://dx.doi.org/10.1002/chem.201001789
http://dx.doi.org/10.1002/chem.201001789
http://dx.doi.org/10.1080/15226514.2020.1781052
http://dx.doi.org/10.1080/15226514.2020.1781052
http://dx.doi.org/10.1080/15226514.2020.1781052
http://dx.doi.org/10.1080/15226514.2020.1781052
http://dx.doi.org/10.1080/15226514.2020.1781052
http://dx.doi.org/10.1080/15226514.2020.1781052
http://dx.doi.org/10.1007/s11240-025-02972-0
http://dx.doi.org/10.1007/s11240-025-02972-0
http://dx.doi.org/10.1007/s11240-025-02972-0
http://dx.doi.org/10.1007/s11240-025-02972-0

24.

25.

26.

27.

S. Zainy, and F. Alasadi / Foliar Iron Oxide NPs Affect Chamomile Enzymes

and Organ Culture (PCTOC). 2025;160(2).

Rizwan M, Ali S, Ali B, Adrees M, Arshad M, Hussain A, et
al. Zinc and iron oxide nanoparticles improved the plant
growth and reduced the oxidative stress and cadmium
concentration in wheat. Chemosphere. 2019;214:269-277.
Kreslavski VD, Shmarev AN, lvanov AA, Zharmukhamedov
SK, Strokina V, Kosobryukhov A, et al. Effects of iron
oxide nanoparticles (Fe304) and salinity on growth,
photosynthesis, antioxidant activity and distribution of
mineral elements in wheat (Triticum aestivum). Funct Plant
Biol. 2023;50(11):932-940.

Atta K, Mondal S, Gorai S, Singh AP, Kumari A, Ghosh T,
et al. Impacts of salinity stress on crop plants: improving
salt tolerance through genetic and molecular dissection.
Frontiers in Plant Science. 2023;14.

Bigham Soostani S, Ranjbar M, Memarian A, Mohammadi
M, Yaghini Z. Regulation of APX, SOD, and PAL genes by
chitosan under salt stress in rapeseed (Brassica napus L.).
BMC Plant Biol. 2025;25(1).

28.

29.

30.

31.

Al-Masoudi FN, Shannan RG, Khudair Alasadi FK. Effect
of Potassium Supplementation and Foliar Spraying with
Ascorbic Acid on Some Yield Characteristics of Wheat
Plants. IOP Conference Series: Earth and Environmental
Science. 2024;1371(5):052054.

Feng Y, Kreslavski VD, Shmarev AN, Ivanov AA,

Zharmukhamedov SK, Kosobryukhov A, et al. Effects of Iron
Oxide Nanoparticles (Fe,0,) on Growth, Photosynthesis,
Antioxidant Activity and Distribution of Mineral Elements in
Wheat (Triticum aestivum) Plants. Plants. 2022;11(14):1894.
Shareef HJ, Hzaa AYL, Elsheery NI. Foliar iron and zinc nano-
fertilizers enhance growth, mineral uptake, and antioxidant
defense in date palm (Phoenix dactylifera L.) seedlings. Folia
Oecologica. 2023;50(2):185-195.
Al-Mayahi AMW. Combined efficiency of iron nanoparticles
(IONPs) and salicylic acid (SA) on in vitro propagation of date
palm (Phoenix dactylifera L.) under combined drought and
salinity. S AfrJ Bot. 2023;162:324-333.

J Nanostruct 16(3): 3431-3439, Summer 2026
(@)er |

3439


http://dx.doi.org/10.1007/s11240-025-02972-0
http://dx.doi.org/10.1016/j.chemosphere.2018.09.120
http://dx.doi.org/10.1016/j.chemosphere.2018.09.120
http://dx.doi.org/10.1016/j.chemosphere.2018.09.120
http://dx.doi.org/10.1016/j.chemosphere.2018.09.120
http://dx.doi.org/10.1071/fp23085
http://dx.doi.org/10.1071/fp23085
http://dx.doi.org/10.1071/fp23085
http://dx.doi.org/10.1071/fp23085
http://dx.doi.org/10.1071/fp23085
http://dx.doi.org/10.1071/fp23085
http://dx.doi.org/10.3389/fpls.2023.1241736
http://dx.doi.org/10.3389/fpls.2023.1241736
http://dx.doi.org/10.3389/fpls.2023.1241736
http://dx.doi.org/10.3389/fpls.2023.1241736
http://dx.doi.org/10.1186/s12870-025-06815-0
http://dx.doi.org/10.1186/s12870-025-06815-0
http://dx.doi.org/10.1186/s12870-025-06815-0
http://dx.doi.org/10.1186/s12870-025-06815-0
http://dx.doi.org/10.1088/1755-1315/1371/5/052054
http://dx.doi.org/10.1088/1755-1315/1371/5/052054
http://dx.doi.org/10.1088/1755-1315/1371/5/052054
http://dx.doi.org/10.1088/1755-1315/1371/5/052054
http://dx.doi.org/10.1088/1755-1315/1371/5/052054
http://dx.doi.org/10.3390/plants11141894
http://dx.doi.org/10.3390/plants11141894
http://dx.doi.org/10.3390/plants11141894
http://dx.doi.org/10.3390/plants11141894
http://dx.doi.org/10.3390/plants11141894
http://dx.doi.org/10.2478/foecol-2023-0017
http://dx.doi.org/10.2478/foecol-2023-0017
http://dx.doi.org/10.2478/foecol-2023-0017
http://dx.doi.org/10.2478/foecol-2023-0017
http://dx.doi.org/10.1016/j.sajb.2023.09.019
http://dx.doi.org/10.1016/j.sajb.2023.09.019
http://dx.doi.org/10.1016/j.sajb.2023.09.019
http://dx.doi.org/10.1016/j.sajb.2023.09.019

	Effect of Foliar Application of Iron Oxide Nanoparticles on Some Plant Enzymes of Chamomile (Matrica
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Estimation of catalase enzyme (CAT) Activity (katal / g f.wt)
	Estimation of Superoxide Dismutase (SOD) Activity (U/g.f.wt)
	Estimation of Peroxidase (POD) Activity (U/g.f.wt)
	Estimation of Ascorbate Peroxidase (APX) Activity (U/g.f.wt})

	RESULTS AND DISCUSSION
	Catalase (CAT) Enzyme Activity (katal / g. f.wt)
	Superoxide dismutase enzyme (SOD) (u/g.f.wt)
	Peroxidase Enzyme (POD) (u/g.f.wt)
	Ascorbate Peroxidase (APX) enzyme activity (U/g.f.wt):

	CONCLUSION
	CONFLICT OF INTEREST
	REFERENCES

