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Abstract

Drought stress is one of the most significant environmental factors limiting plant growth and productivity. In this regard, applying
nano-fertilizers is a favorable emerging method for reducing abiotic stresses. The present study aimed to investigate the effect of
different concentrations of TiO2 NPs on the morphological, physiological, and antioxidative response of Moringa peregrina grown
under drought stress. The suspensions of nano-TiOz in the varying concentrations (D=0, T1=50, T2=100 and T3=200 mg/L) were
applied as foliar spray to M. peregrina seedlings after 4 weeks of emergence for three continuous days. The seedlings were irrigated
with distilled water every 3 days until the relative soil water content reached approximately 30%. Untreated pots (control) were irrigated
with tap water continuously. Later, data for different morphological and biochemical parameters were determined in triplicate. The
results so obtained showed that the treatment of M. peregrina under drought stress with TiO2 NPs enhanced the total chlorophyll content,
total soluble proteins, proline content, and antioxidant enzyme activities in dose-dependent manner compared to those of non-treated
plants. It is concluded from the present study that drought stress-induced damages, such as oxidative stress and membrane impairment,
can be ameliorated by foliar application of TiO2 NPs. Therefore, an appropriate concentration of TiO2 NPs can be used as an exogenous

stimulus for enhancing morphological and biochemical performances in M. peregrina under drought stress.
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Introduction

It is anticipated that climate change will bring increases
in average global temperatures (1.4°C-5.8°C by 2100) and
precipitation levels to varying degrees around the globe. The
current water crisis in the Middle East is substantial,
impacting Saudi Arabia and the other nations within the Gulf
Cooperation Council (GCC), due to the hot climate marked
by scarce rainfall and an elevated rate of evaporation.
(Hassen & Bilali, 2022). The limited availability of water, in
contrast to energy resources, renders the GCC among the
most arid areas globally (Anon., 2018).

Plants encounter a variety of environmental stressors
that can significantly affect and reduce plant growth. (Zhou
et al., 2025). Among all the abiotic limiting factors,
drought stress is probably the major barrier to crop
productivity and quality around the world (Zhang et al.,
2022). Drought stress occurs when the water requirements
of the plant cannot be fulfilled, as a result of inadequate soil
retention or a low groundwater level (Parkash & Singh,
2016). The austerity and incidence of drought stress will
rise in the upcoming days, which will cause severe threats
to crop productivity (Chapman et al., 2021).

Drought stress negatively affects crop development
and production worldwide (Seleiman ef al., 2021). It
inhibits seed germination, photosynthesis, and hormonal
activities in plants (Shah et al., 2022), reduces chlorophyll
and plant metabolic activities (Morales et al., 2020),
decreases membrane permeability, and increases the
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generation of reactive oxygen species (ROS) (Rao &
Chaitanya, 2019). To mitigate the detrimental effects,
plants effectively control ROS production through the
synthesis of both enzymatic and non-enzymatic
antioxidants. (Sachdev et al., 2021).

In addition to improving crop production and to the
deleterious effects of drought stress, several strategies such
as screening of tolerant cultivars, application of osmolytes,
hormones, and microbes can be exploited to increase crop
productivity. (Rasheed et al., 2022).

Nanotechnology has arisen as a promising tool, usually
applied in the food, agricultural, and medical fields
(Alabdallah & Hasan, 2021). Several nanoparticles (NPs),
including zinc oxide (Zn0O), iron oxide (Fes304), copper (Cu-
NPs), titanium dioxide (TiO»), and silicon oxide (SiO,), have
gained considerable attention and application in agriculture.
(Hashem et al., 2021). Reportedly, NPs have improved plant
performance against several stresses. In addition,
nanotechnology can reduce nutrient losses from fertilizers
and increase crop production (Saranya et al., 2019).

Moringa peregrina, also known as the frankincense
tree, is a plant of high economic value. (Ghodsi et al.,
2014), widely cultivated in semi-arid countries, distributed
along the Red Sea to northern Somalia, the Arabian
Peninsula, the Persian Gulf, and the Red Sea coast
(Padayachee & Baijnath, 2012). The Kingdom of Saudi
Arabia is one of the main local distribution areas for
Moringa peregrina (Robiansyah et al., 2014). M.
peregrina is recognized as one of the plant species
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possessing exceptionally high nutrient levels, and thus is
considered an important future crop in semi-arid and arid
regions (Mahmoud & Gairola, 2013).

For several economic uses, and the little available
information about this species under water scarcity
conditions, an attempt was made to evaluate the
morphological and biochemical responses as a marker of
M. peregrina subjected to drought stress, and also to
study its response towards TiO» nanoparticles as an anti-
stress material.

Material and Methods

Characterization  of (TiO,) Titanium  dioxide
nanoparticles: Titanium dioxide-Nano powder < 50 nm,
product no. 30446 from the Sigma-Aldrich brand, (primary
v) crystals with a molecular weight (79.866 g/mol, were
characterized by using the scanning electron microscope
(SEM). Fig. 1 shows that the maximum of the TiO, NPs
was in a crystalline shape. The particle size ranges between
15-30 nm, scanned by JSM-7610F.
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Fig. 1. Scanning electron microscopy (SEM) showing the
diameter of TiO2 NPs.

Preparation of TiO: NPs treatment: TiO> NPs were
prepared at three different concentrations, 50, 100, and
200mg/L (w/v) in DDW. The suspensions were stored in
dark vials at a temperature below 25°C and were later used
for foliar application.

Experimental design and treatment: M. Peregrina seeds
were collected from Hail and Al Madinah regions (Kingdom
of Saudi Arabia). The seeds were gathered in sealed plastic
bags and subsequently taken to the laboratory at King Saud
University. Later, seeds were surface sterilized with 1% (w/v)
sodium hypochlorite (NaOCl) for 5 min after washing, the
seeds were soaked overnight in distilled water and planted in
plastic pots containing 1.1 kg of soil. The suspensions of nano-
TiO» in the following concentrations (D=0, T1=50, T2=100,
and T3=200 mg/L) were given as foliar spray to M. peregrina
seedlings after 4 weeks of emergence for three continuous
days. Seedlings were irrigated with distilled water every 3
days until the relative soil water content reached
approximately 30%. Untreated pots (control) were irrigated
with tap water continuously. Later, morphological and
biochemical parameters were studied in triplicate.
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Data recorded

Morphological growth: As described by (Gbadegesin ef al.,
2021), fresh weights (FW) of leaves, shoots, and roots were
weighed on an electronic top pan balance (Model PW 184,
Adam Equipment, UK). For dry weight (DW) determination,
samples were oven dried at 65°C = 20°C for 72 h for 72 h and
then weighed independently. FW and DW were expressed in
grams (g) per plant. Plant length was measured with a metric
scale and expressed in centimeters (cm).

Extraction and estimation of chlorophyll content:
Chlorophyll (chl) content was estimated in the fresh leaf
samples by the method of Arnon (1949) as mentioned in
(Hiscox & Israelstam, 1979). The methodology involves
the estimation of plant pigments without maceration.
Leaves kept in moist filter paper in an icebox were washed
with cold DDW and chopped. 0.1 g of the chopped leaf
samples were taken in triplicate vials containing 5 mL of
dimethyl sulfoxide (DMSO). The vials were then incubated
in the oven at 65°C for 1 h, for a complete leaching of the
pigments. The absorbance of DMSO, containing the
pigments, was recorded at 663 and 645 nm, using a UV-
Vis spectrophotometer (Libra S22, Biochro Ltd, England).
Values of optical densities (ODs) were used to compute the
chlorophyll a, chlorophyll b, and total chlorophyll contents
with the following formula given by Arnon (1949).

Lipid peroxidation (MDA content): The lipid peroxide in
leaves was estimated as malondialdehyde (MDA) content by
the method given by Heath & Packer (1968). Fresh tissues
were macerated in 0.1% TCA using a mortar and pestle and
centrifuged at 10,000 % g for 5 min. Then 1.0 mL of the
supernatant was taken into a separate test tube, 4.0 mL of
0.5% TBA was added, and the concoction was heated at
95°C for 30 minutes, then cooled rapidly in an ice bath and
re-centrifuged at 5000 x g for 5 min to suspend the turbidity.
The absorbance was recorded at 532 nm and 600 nm and
corrected for nonspecific turbidity by subtracting the value
at 600 nm. 0.5% TBA reagent was used as a blank.

Estimation of proline content: Estimation of proline was
carried out by the method of Bates et al., (1973). 0.5 g of
fresh leaf tissues were homogenized in 10 ml of 3%
sulphosalicylic acid and then centrifuged for 10 min at
10,000 x g. In a test tube, 2 mL of supernatant, 2 mL of
acid ninhydrin, and 2 mL of glacial acetic acid were taken,
the concoction was kept in an oven for 1 h at 100°C, and
the ongoing reaction was terminated by transferring the
tubes to an ice bath. Once the incubation was complete, the
mixture was separated using 4 mL of toluene and was
vigorously vortexed. The fraction having chromatophore
was then extracted from the aqueous phase, and the
absorbance was determined at 620 nm using a
spectrophotometer (1 BIO 20, Perkin Elmer, Germany).
The amount of proline was expressed as nmol g ' FW.

Soluble protein content: Soluble protein content was
calculated by the method of Bradford (1976). 0.5 g of the
fresh leaf sample was chopped and homogenized in
extraction buffer (5 mL of 0.1M phosphate buffer) using a
pre-cooled mortar and pestle. The homogenate was
centrifuged for 10 min at 5000 x g, to 1.0 mL of
supernatant, 1.0 mL of 10% TCA was added, and again
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centrifuged at 3300 X g for 10 min. The obtained pellet was
then dissolved in 1 mL of 0.1 N NaOH. 1.0 mL of an
aliquot in test tubes was vortexed, mixed, and left for 10
min for optimum color development. The absorbance was
recorded at 595 nm using a UV-Vis spectrophotometer
(Libra S22, Biochro Ltd, England). The protein content
was expressed in mg /g FW.

Enzyme assays: Measurement of SOD activity was carried
out by the method of (Beyer & Fridovich, 1987). 0.1 g of
the plant tissue was homogenized in 1 mL of the extraction
buffer with the help of a mortar and pestle. The process was
carried out under cool conditions (4°C). The mortar and
pestle were kept in ice during homogenization; the
homogenate was centrifuged for 20 min at 10,000 x g at
4°C. The SOD activity was assayed to inhibit the photo
reduction of NBT to form blue formazan by super oxide
radicals. The assay mixture, consisting of 1 mL of reaction
buffer, 1 M sodium bicarbonate, 200 mM methionine, 3
mM EDTA, 60 uM riboflavin, and 100 pl of enzyme
extract, was taken in a test tube and incubated in the light of
15 W fluorescent lamps at 25/28°C for 10 min. A blank
containing all the above substances of the reaction mixture,
except the enzyme extract, was placed in the light along
with the samples. The reaction was stopped by switching
off the light, and the tubes were covered with a black cloth.
Absorbance of the samples along with the blank was
recorded at 560 nm. Measurements for this experiment are
referred to as (B) and (A). The same experiment was
performed in isolation from light, and the absorbance of the
samples, along with the blank, was read at 560 nm. The
difference in percentage reduction in color between “B” and
“A” was then calculated. One unit of SOD is defined as the
volume of the enzyme required to cause photo inhibition of
NBT by 50%. The activity was expressed in Enzyme units.

In vitro assay of ascorbate peroxidase activity was
estimated by the method of Nakano & Asada (1981).0.1 g
of the Extraction: plant material was ground in 1 mL of the
extraction buffer and centrifuged at 10,000 x g for 10 min
at 4°C. The supernatant was collected and used for the
assay immediately. Reaction mixture containing 1.5 mL of
the buffer, 0.1 mL of 0.3% H»0,, 0.1 mL of 0.5 mM
Ascorbate, 3 mM 0.1 mL of EDTA, and 100ul of the
enzyme extract was allowed to run for 3 min at 25°C. The
oxidation rate of ascorbic acid was estimated following a
decrease in the absorbance at 290 nm on a UV-Vis
spectrophotometer (Libra S22, Biochro Ltd, England). The
enzyme activity was calculated from the initial rate of
reaction using the extinction coefficient of 2.8 mM of
ascorbate. One enzyme™! cm™! unit determines the amount
of enzyme necessary to decompose 1pumol ascorbate per
mg of protein per min at 25°C.

In vitro catalase activity was determined by the
method of (Aebi, 1984) to the equation given by (Chen et

al., 2016). 0.1 g of the fresh leaf tissue was homogenized
in 1 mL of the extraction mixture under cold conditions.
The homogenate was centrifuged at 10,000 x g for 20 min
at 4°C. The supernatant was used for a quick assay.
Catalase activity was determined by monitoring the
disappearance of H»0,, measuring a reduction in the
absorbance at 240 nm on a UV-Vis spectrophotometer
(Libra S22, Biochro Ltd, England). The reaction was
carried out in a mixture containing 1.0 mL of the reaction
buffer, 0.1 mL of EDTA, 0.1 mL of the enzyme extract,
and 0.1 mL of H»0,, and allowed to run for 3 min. One
enzyme unit (EU) determines the amount of enzyme
necessary to decompose 1 umol of H,O, per mg protein per
min at 25°C and expressed as units (U).

Statistical analysis

All data were statistically subjected to a one-way
analysis of variance using the Statistical Package for the
Social Sciences (SPSS) software (Chicago, Illinois, USA,
version 22; SPSS Inc.) and the mean values for each
treatment were compared using Duncan’s test at the p<0.05
confidence level.

Results

Growth attributes: Data on the shoot and root length of M.
peregrina as affected by different levels of TiO, NPs are
presented (Table 1). A significant reduction in the plant root
length of 16% was observed in treatment D over the control.
Whereas a dose-dependent increment in root length of M.
peregrina was observed in response to TiO> NPs. The highest
increase in plant root length (22%) was recorded at T3,
followed by T2 (10.4%) and T1 (6%) when compared to the
control. A significant decrease in plant shoot length was
observed at all treated samples compared to the control.
However, maximum reduction (12%) in plant shoot length
was observed in treatment D, whereas minimum decline of
3% was observed at the T3 level of TiO> NPs. The number of
leaves of M. peregrina affected by various concentrations of
TiO, NPs is shown in Table 1. A significant decrease was
observed in the number of leaves at all treated samples
compared to the control. However, maximum decline (13%)
was recorded at treatment D, followed by T1 (8%). Whereas
T2 and T3 equally showed a reduction of 5% over the control.
Maximum reduction in plant FW was recorded in treatment D
(21%). Whereas a significant difference in plant fresh weight
was observed in nano TiO; exposure under drought stress. The
minimum reduction of 4% was observed at T3. Whereas
reduction in plant fresh weight was (8%) in T2 and (10%) in
T1, respectively, when compared to the control (Table 1).
There was a significant decrease in dry weight at all treatment
levels compared to the control. Maximum reduction in plant
dry weight by 88% was observed at D.

Table 1. Effect of TiO2 NPs treatment on growth parameters of M. peregrina under drought stress.

Root length Shoot length No. of Plant fresh weight Plant dry
Treatments (cm) (cm) leaves (FW g) weight (DW g)

Mean + SE Mean + SE Mean = SE Mean + SE Mean + SE
Control 8.5002+ 0.289 162672+ 0.024 402+ 0.577 42752+ 0.067 1.9982+0.074
Drought (D) 7.167°+0.294 14.272°+ 0.086 355+£2.082 3.370+0.039 0.235°+0.027
T1 (TiO2 NPs) 50mg/L 9.000*+0.115 15.177¢+0.033 372 £2.082 3.838°+0.039 1.5292¢+0.026
T2 (TiO2 NPs) 100mg/L 9.383°+ 0.088 15.335°+£0.477 38% +3.055 3.932¢+0.098 1.688% +0.022
T3 (TiO2 NPs) 200mg/L 10.3569+0.195 15.833%¢+ (0.007 38% + 3,055 412424+ 0.016 1.714* +£0.174
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Whereas the nano TiO; treated plant under drought
conditions was reduced by T1 (23%), T2 (16%) T3 (14%),
respectively, over the control (Table 1).

Chlorophyll content: Total chlorophyll content in M.
peregrina as influenced by different doses of TiO, NPs
treatments are presented in (Fig. 2). Various concentrations
of TiO, NPs resulted in enhancement of total chlorophyll
content in M. peregrina leaves. Whereas decline in total
chlorophyll content by (6.3%) was observed in treatment D
over control. Significant enhancement in total chlorophyll
content was observed in M. peregrina under TiO> NPs in
dose dependent manner. The highest increment (27%) was
observed at T3 followed by T2 (6%) and T1 (4%)
respectively when compared to control.

The malondialdehyde (MDA) content: The level of lipid
peroxidation in leaf samples of M. peregrina, as
determined in terms of Malondialdehyde (MDA) content,
is presented in Fig. 3. The highest level of MDA content
was recorded in treatment D with a percent increase of
67.3%. However, the increase in MDA content at T1 level
was (46.78 %) followed by T2 with the enhancement of
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Fig. 2. Effect of TiO2 NPs treatment on chlorophyll A and B
pigments and total chlorophyll of M. peregrina under drought

stress. Bars with the same letters are not significantly different at
<0.05 using Duncan’s test.
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Fig. 4. Effect of TiO2 NPs treatment on soluble protein content of

M. peregrina under drought stress. Bars with the same letters are
not significantly different at p<0.05 using Duncan’s test.
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(31.78 %), and T3 with (13.23%), respectively, when
compared to the control (Fig. 3).

Soluble protein content: Soluble protein content of M.
peregrina as influenced by various doses of TiO, NPs
treatments is presented (Fig. 4). In the observed results,
treatment D caused a significant reduction in soluble
protein content when compared to the control. Whereas a
significant increment in soluble protein content was
observed in response to TiO> NPs in a dose-dependent
manner in M. peregrina. The highest increase in soluble
protein content was recorded at T3 by (91.7%), followed
by T2 (72.9%) and T1 with the percentage increase of
(42.7%), respectively, over the control.

Proline content: Proline content in M. peregrina was
affected in response to all the TiO, NPs treatments, as well
as under treatment D. However, the highest level of proline
content was observed in treatment T3 (82%), and the
minimum was observed in treatment D (47.2%). Whereas
the increment in proline content in T2 was 66%, and T1
was 59%, respectively, over the control (Fig. 5).
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Fig. 3. Effect of TiO2 NPs treatment on MDA content of M.
peregrina under drought stress. Bars with the same letters are not
significantly different at p<0.05 using Duncan’s test.
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Fig. 5. Effect of TiO2 NPs treatment on proline content of M.
peregrina under drought stress. Bars with the same letters are not
significantly different at p<0.05 using Duncan’s test.
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Fig. 6. Effect of TiO2 NPs treatment on the activities of
antioxidant enzymes of M. peregrina under drought stress (a)
Superoxide dismutase (b) Ascorbate peroxidase (c) Catalase. Bars

with the same letters are not significantly different at p<0.05
using Duncan’s test.
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(SOD) Superoxide Dismutase Enzyme: Activity of SOD
exhibited significant variation in M. peregrina at diverse
levels of TiO, NPs treatments. The highest SOD activity
by (62%) was recorded at T3, followed by (50%) at T2 and

T1 with the increment of (38%) respectively over control.
However, the minimum SOD activity (30%) was observed
at D treatment when compared to control (Fig. 6a).

(APX) Ascorbate Peroxidase Enzyme: Results on the
differences in antioxidant enzyme (APX) of M. peregrina
under different levels of TiO, NPs treatments are shown
(Fig. 6b). The maximum APX activity (91.1%) was
documented at the T3 dose of TiO, NPs treatment
compared to the control, followed by (72%) at T2 and
(72.5%) at T3 concentration, respectively, compared to the
control. Whereas the minimum increase (26%) in APX
activity was noticed in the D treatment over the control.

(CAT) Catalase Enzyme: Data on the (CAT) activity of
M. peregrina as affected by various concentrations of
TiO, NPs treatments are presented (Fig. 6¢). Different
doses of TiO, NPs treatment resulted in the enhancement
of Catalase activity (CAT). However, the highest level of
CAT (67.3 %) was reported at the T3 level of treatment,
followed by T2 (47.4%) and T3 (36.4%), respectively,
when compared to the control. However, the minimum
CAT activity (20.3%) was shown by treatment D
compared to the control.

Discussion

Data presented in Table 1 showed the plant FW and
DW of M. peregrina of stressed M. peregrina as influenced
by different doses of TiO, NPs. Application of TiO, NPs
showed positive effects on the plant FW and DW under
drought stress conditions and significantly improved the
negative effects of drought. Approximately all TiO»
concentrations reversed the adverse effects of drought
stress by enhancing the FW and DW of M. peregrina.

Growth is a major process significantly influenced by
drought (Saikia et al., 2018). Inadequate water availability
may result in retarded plant growth as cell division and
elongation are the most sensitive plant functions which are
vulnerable to water availability. Sensitivity of the cell
might be attributed to the drop in turgor pressure and
disruption of water movement through the xylem to the
adjacent elongating cells (Azam et al., 2019). Besides
these, reduced leaf area, root expansion, and elongation in
search of water, metabolic changes, and oxidative damage
are also caused by drought, resulting in poor plant growth
(Farooq et al., 2017).

NPs, according to their unique properties, size, surface
charge, shape, and potential interaction with plants, could
help to decrease the drought effect. (Tarafdar et al., 2014).
The influence of NPs on plants is highly reliant on their
concentration as well. In this study, the most effective
concentration against drought-induced effects in terms of
plant FW and DW in M. Peregrina was spraying with 200
mg/ml. Similar to our findings increase in spinach dry mass
and mung bean in response to TiO, NPs has been reported
by Raliya et al., (2015). Our results are also consistent with
the study of Gohari et al., (2020) in D. moldavica.
Reportedly, foliar application of TiO, NPs can penetrate
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the leaves through stomatal openings and then be
transported to various tissues via symplast or apoplast
pathways (Larue et al., 2012). In addition, NPs can
accumulate nutrient elements on their surface and act as a
nutrient reserve to the plants (Zulfigar et al., 2019), the
possible reasons behind the increase in FW and DW of
treated M. peregrina plants. Similarly, TiO, NPs may act
as a nano supplement to increase biomass production by
promoting plant metabolic activities (Adeel et al., 2020).

In the conducted experiments TiO, treated M.
peregrina seedlings, compared to untreated ones, were
less negatively affected by drought stress in terms of
plant root length, shoot length, and number of leaves.
(Table 1). The significant increase was observed at all
the levels of treatments. However, the maximum
enhancement in all the morphological parameters was
observed at T3 (200mg/L) level, respectively, compared
to non-treated plants. Reportedly, NPs can enter the
leaves via stomatal openings through the cell wall
intercellular spaces (Adeel ef al., 2020). To the contrary,
TiO, NPs generate hydroxyl radicals; these radicals have
been defined as a potential cell wall-loosening agent by
unspecific cleavage of polysaccharides (Mohammadi et
al., 2016). The TiO, NPs, which are passed through the
apoplast in an appropriate concentration, would thus
possibly loosen cell wall structure indirectly, which may
stimulate cell enlargement and growth of the treated
plant. Our result coincides with the findings of Gohari et
al., (2020), who reported the positive effects of TiO, NPs
on the number of leaves and plant height in response to
salt stress. Rahneshan et al., (2018) reported that TiO»
application improved the absorption rate of macro and
micronutrients, which in turn improved plant growth
attributes (e.g., plant height, leaf number) and reduced
negative effects of stress. Similar to our results, different
concentrations of TiO» NPs improved seed germination,
plant biomass, and plant root length in Lathyrus sativus
(Hojjat, 2020). TiO, NPs enhanced wheat plant growth
and yield components in water-deficient conditions.
(Jaberzadeh et al., 2013).

Foliar application of M. peregrina with different
concentrations of TiO, NPs (50, 100, and 200) under
drought conditions increased chlorophyll a, b, and total
chlorophyll contents more than the control plants. This
increase in pigment contents of M. peregrina was diverse
between treatments. The highest increment in total
chlorophyll content by 27% was observed in treatment T3
of TiO, NPs, followed by T2 and T1. Degradation of the
light-receiving pigments would reduce photosynthetic rate
and subsequently biomass production. (Aghdam et al.,
2016). This may explain why DW in the present study was
significantly reduced due to drought stress. Additionally,
morphological characteristics such as the number of leaves
on the plant also decreased.

The observed data suggest that chlorophyll may be
related to growth attributes of M. peregrina, but the other
factors could also be significant. TiO; is documented as a
beneficial component for essential processes in plants,
including  photosynthesis,  particularly at low
concentrations (Ahmad et al., 2018). According to Amaral
et al., (2024), Rubisco plays a vital role in carbon fixation
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during photosynthesis and significantly impacts crop yield
under diverse growth conditions. TiO; nanoparticles have
been shown to notably enhance both the activity of Rubisco
activase and its mRNA expression (Dias et al., 2019).

Similarly, TiO, NPs can significantly improve the
photochemical activity of photosystem II as well as
stimulate energy transfer inside the photosystem (Su et al/.,
2017). Reportedly, under stressed conditions, foliar
application of TiO» NPs increased chlorophyll content in
Solanum lycopersicum (Tiwari et al., 2017) Vetiveria
zizanioides (Shabbir et al., 2019) Zea mays, (Karvar et al.,
2022), Brassica napus (Sehrish et al., 2023), Mentha
piperita (Mohammadi et al., 2023).

MDA serves as an indicator to estimate the degree of
lipid peroxidation and injury to the plasmalemma, along
with organelle membranes, resulting from the damage
caused by ROS due to environmental stresses (Nadarajah,
2020). According to Taibi et al., (2016), the assessment of
lipid peroxidation also serves as an indicator of abiotic
stress. Reduced MDA production signifies improved
integrity of cell membranes. (Aghdam et al., 2016). The
highest (67.3%) level of MDA content was verified in the
untreated stressed (D) plants, whereas the TiO, NPs were
found to lower the negative effect of drought stress in the
treated plants in a dose-dependent manner. Our results are
consistent with the study of (Alabdallah et al., 2021), who
documented that the exposure of TiO, NPs decreases the
MDA content in Triticum aestivum plants. In the conducted
study, applying TiO, NPs in M. peregrina ameliorates the
negative impact of drought stress by showing lower MDA
content than the non-treated stressed plants. It has been
highlighted that the application of exogenous TiO» NPs
lowers the H»O levels by enhancing the activities of
antioxidant enzymes and leads to a reduction in MDA
content (Gohari et al., 2020).

Nano-TiO, treatments caused an increase in total
proline contents of M. peregrina plants under drought
compared to control plants under normal irrigation.
Proline is recognized as a multi-functional molecule
(Sertan Cevik, 2022). Acts as an osmoprotectant,
accumulating during drought stress to support cellular
functions and maintain osmotic equilibrium (Bushra ez
al., 2023). Also, proline might protect cells by
improving their ability to absorb water and aiding in the
activation of enzymes (Hosseinifard ef al., 2022). While
functioning as an osmolyte, proline is also observed as
a strong antioxidative defense agent, a metal chelator, a
ROS neutralizer, and an inhibitor of programmed cell
death (Adejumo et al, 2021). In the conducted
experiment, the induction of proline accumulation might
be due to the stimulation of proline synthesis through
the glutamate pathway. Considerable evidence proves
the positive association between the proline
accumulation and enhanced stress tolerance in plants
(Sadeghipour ef al., 2020). Our results correlate with the
findings of Shallan et al., (2016) & Ramadan et al.,
(2022). Higher levels of proline in TiO, NPs-treated
plants have been shown to stabilize the protein
structures and protein complexes, and act as ROS
scavengers to counter the detrimental effects of different
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abiotic stresses (Annunziata et al., 2019). The synthesis
of excess proline to mitigate oxidative stress in plants
exposed to metallic nanoparticles has been reported by
numerous researchers. (Wang et al., 2020, Ahmed et al.,
2021, Kumar et al., 2023).

Soluble proteins are important biomolecules of plant
active substances. Accumulation of soluble proteins in
different plant parts encourages the stimulation of
metabolic enzymes, antioxidant enzymes, detoxification
enzymes, and also some functional components for
eradicating free radicals in plants under various stress
conditions (Zhang et al., 2013). The data revealed that the
total soluble proteins were enhanced significantly in M.
peregrina leaves and observed the maximum percentage
increase (91.7%) was observed after treating with nano-
TiO; at 200 mg/L, while the lowest soluble protein content
was recorded in drought-stressed plants without TiO,
treatment. Similarly, in previous studies, an increase in
protein content with the application of TiO,-NPs has been
observed for wheat (Ullah ez al., 2020), tomato (Sertan
Cevik, 2020) rice (Igbal et al., 2023). These results indicate
that TiO,-NPs boosted the yield of soluble protein content
in different crops by improving the uptake and
accumulation of essential nutrients (Igbal et al., 2023).
Moreover, the increased soluble protein levels associated
with the greater NPs concentrations may be linked to the
synthesis of antioxidant enzymes to mitigate the induced
stress (Hu et al., 2018).

Catalase (CAT), Ascorbate peroxidase (APX) and
superoxide dismutase (SOD) are antioxidant enzymes that
defend cells against oxidative stress of highly reactive free
radicals. (Moustafa et al., 2020). The incomplete reduction
of oxygen under drought stress conditions triggers the
reactive oxygen species (Azam et al., 2019). ROS
generation is considered as an oxidative impairment that is
hazardous to the cell membrane, affecting protein,
deoxyribonucleic acid, lipid molecules, and the generation
of protease-resistant aggregates (Nita & Grzybowski,
2016). In this regard, resistance of plants to drought can be
correlated to the efficacy of the antioxidant system to
detoxify ROS (Lum et al., 2014).

Our study showed that the foliar application of nano-
TiO, on M. peregrina under water deficit conditions
augmented the activities of SOD, APX and CAT enzymes
compared to control plants irrigated under normal
conditions. The obtained results revealed that under
drought stress, spraying of TiO, NPs at (T3) concentration
200 mg/L was more effective in enhancing the activities of
antioxidant enzymes than other concentrations (50 and 100
mg/L) in M. peregrina. Reportedly, CAT is largely
responsible for removing H>O, from the peroxisomes.
APX is the key enzyme for the elimination of H,O» from
the chloroplasts and SOD for catalyzing the dismutation of
02 to O, and H,0,. (Shallan et al., 2016). Application
nano-TiO, improve the activities of antioxidant enzymes
such as CAT, APX, SOD, in plants under stress (Igbal et
al., 2023). Our results corroborate with the findings of Da
Costa & Sharma (2016), Asl et al., (2021), Gonzalez-
Garcia et al., (2021), Mustafa et al., (2021), Karvar et al.,
(2022), who examined that NPs acquire the capability to
augment the antioxidant enzymatic activities.

Conclusions

To our knowledge, this is an initial report on the
assessment of TiO, NPs effects in M. peregrina under
drought stress. In the present study, growth attributes of
M. peregrina were decreased due to scarce water
conditions, which consequently decreased the
photosynthetic  pigments, proline content, and
antioxidant activities in non-treated plants. Our result
showed that under drought stress, foliar application of
TiO, NPs with different concentrations (50, 100, 200
mg/L) in M. Peregrina resulted in enhancement of
growth parameters and increased the chlorophyll
content, MDA content, proline content, total soluble
proteins and antioxidant enzymatic activities as
compared to untreated plants in dose dependent manner.
It can be concluded from the obtained results, that the
foliar application of TiO, NPs at higher concentration
could significantly enhance the morphological attributes
and biochemical activities in M. peregrina as it shows
that plants tried to counter imposed stress by activated
antioxidant defense system which was sufficient to
defend the plants from detrimental effects of drought
stress. Therefore, substantial use of TiO, NPs to
decrease the adverse effects of drought stress in
economically important plant such as M. peregrina is
worth to be more investigated in detail.

Acknowledgments

This work was supported by King Saud University,
Riyadh, Saudi Arabia, through Ongoing Research Funding
Program-Research Chairs, (ORF-RC-2025-2800).

References

Adeel, M., M.M. Rahman, I. Caligiuri, V. Canzonieri, F.
Rizzolio and S. Daniele. 2020. Recent advances of
electrochemical and optical 615 enzyme-free glucose
sensors operating at physiological conditions. Biosens.
Bioelectron., 165: 112331.

Adejumo, S.A., B. Oniosun, O.A. Akpoilih, A. Adeseko and
D.O. Arowo. 2021. Anatomical changes, osmolytes
accumulation and distribution in the native plants growing
on Pb-contaminated sites. Environ. Geochem. Health., 43:
1537-1549.

Aebi, H. 1984. Catalase In vitro. Methods. Enzymol., 105:
121126.

Aghdam, M.T.B., H. Mohammadi and M. Ghorbanpour. 2016.
Effects of nanoparticulate anatase TiO2 on physiological and
biochemical performance of Linum usitatissimum
(Linaceae) under well-watered and drought stress
conditions. Rev. Bras. Bot. Braz. J. Bot., 39: 139-146.

Ahmad, B., A. Shabbir, H. Jaleel, M.M.A. Khan and Y. Sadiq.
2018. Efficacy of titanium dioxide nanoparticles in
modulating photosynthesis, peltate glandular trichomes and
essential oil production and quality in Mentha Piperita L.
Curr. Plant. Biol., 13: 6-15.

Ahmed, B., A. Rizvi, A., Syed, A.M. Elgorban, M.S. Khan, H.
AL-Shwaiman, J. Musarrat and J. Lee. 2021. Differential
responses of maize (Zea mays) at the physiological,
biomolecular, and nutrient levels when cultivated in the
presence of nano or bulk ZnO or CuO or Zn?*or Cu?" or Cu?*
ions. J. Hazard. Mater.,419: 126493.



48

Alabdallah, N., M. Hasan, I. Hammami, A. Alghamdi, D.
Alshehri and H. Alatawi. 2021. Green synthesized metal
oxide nanoparticles mediate growth regulation and
physiology of crop plants under drought stress. Plants.,
10: 1730.

Amaral, J., A.K.M. Lobo and E. Carmo-Silva. 2024. Regulation
of Rubisco activity in crops. New. Phytol., 241: 35-51.
Annunziata, 1., D. van de Vlekkert, E. Wolf, D. Finkelstein, G.

Neale, E. Machado, R. Mosca, Y. Campos, H. Tillman and
M.F. Roussel. 2019. MYC competes with MiT/TFE in
regulating lysosomal biogenesis and autophagy through an

epigenetic rheostat. Nat. Commun., 10: 3623.

Anonymous. 2018. Poland-Country Partnership Framework,
FY19-24. Washington, DC: World Bank.

Arnon, D.I. 1949. Copper enzyme in isolated chloroplasts:
Polyphenol oxidase in Beta vulgaris. J. Plant. Physiol., 24:
1-15 154.

Asl, N.M., H. Ahari and A.A.M. Moghanjoghi. 2021. Assessment
of nano chitosan packaging containing silver NPs on
improving the shelf life of caviar (Acipenser persicus) and
evaluation of nanoparticles migration. J. Food. Meas., 15:
5078-5086.

Azam, S., W. Nouman, U. Ahmed, T. Gull and M. Shaheen. 2019.
Adaptability of M. oleifera Lam. under different water
holding capacities. S. Afr. J. Bot., 129: 299-303.

Bates, L.S., RP. Waldren and L[.D. Teare. 1973. Rapid
determination of free proline for water-stress studies. Plant.
Soil., 39: 205-207.

Beyer, W.F. and I. Fridovich. 1987. Assaying for superoxide
dismutase activity: some large consequences of minor
changes in conditions. Anal. Biochem., 161: 559-566.

Bradford, M.M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem., 72:
248-254.

Bushra., A. Kiran., M. Ahmad., T. Shahzad and M. Sanaullah.
2023. Mitigation of drought stress in wheat through
exogenous application of proline. J. Anim. Plant. Sci., 33:
1392-1401.

Cevik, S. 2022. TiO2 nanoparticles alleviates the effects of
drought stress in tomato seedlings. Bragantia., 82.

Chapman C., P. Burgess and B. Huang. 2021. Effects of elevated
carbon dioxide on drought tolerance and post-drought
recovery involving rhizome growth in Kentucky bluegrass.
Crop. Sci., 61: 3219-3231.

Chen, L., X. Zhang, T. Hao, R. Liang, S.B. Man, G. Huang and
S. Tang. 2016. Research progress on antioxidant activity of
natural products. Eur. J. Biomed. Res., 2: 36-40.

Dias, M.C., C. Santos, G. Pinto, A. M. Silva and S. Silva. 2019.
Titanium  dioxide nanoparticles impaired both
photochemical and non-photochemical phases of
photosynthesis in wheat. Protoplasma., 256: 69-78.

Farooq, M., N. Gogoi, S. Barthakur, B. Baroowa, N. Bharadwaj,
S.S. Alghamdi and K.H. Siddique. 2017. Drought stress in
grain legumes during reproduction and grain filling. J.
Agron. Crop. Sci.,203: 81-102.

Gbadegesin, K.K., G.O. Okunlola, E.D. Olowolaju and A.A.
Adelusi. 2021. Determination if type of potassium salt
affects growth and yield of Capsicum annuum and Capsicum
chinense under drought stress. J. Stress. Physiol. Biochem.,
17: 147-154.

Ghodsi, R., H.M. Sadeghi, G. Asghari and S. Torabi. 2014.
Identification and cloning of putative water clarification
genes of M. peregrina (Forssk.) Fiori in E. coli X11 blue
cells. Adv. Biomed. Res., 27: 3-57.

FAHEEMA KHAN ET AL.,

Gohari, G., A. Mohammadi, A. Akbari, S. Panahirad, M.R.
Dadpour, V. Fotopoulos and S. Kimura. 2020. Titanium
dioxide nanoparticles (TiO2 NPs) promote growth and
ameliorate salinity stress effects on essential oil profile and
biochemical attributes of Dracocephalum moldavica. Sci.
Rep., 10: 912.

Gonzalez-Garcia, Y., C. Cardenas-Alvarez, G. Cadenas-Pliego,
A. Benavides-Mendoza, M. Cabrera- de-la-Fuente, A.
Sandoval Rangel, J. Valdés-Reyna and A. Juarez-
Maldonado. 2021. Effect of Three Nanoparticles (Se, Si and
Cu) on the Bioactive Compounds of Bell Pepper Fruits under
Saline Stress. Plants., 10: 217.

Hashem, A.H., M. Abd Elkodous, H.M. El-Husseiny, G.S. El-
Sayyad, A.S. Doghish, D. Elfadil and A. Matsuda. 2021.
Recent advances in waste-recycled nanomaterials for
biomedical applications: Waste-to-wealth. Nanotechnol.
Rev., 10: 1662-1739.

Hassen, T.B. and H.E. Bilali. 2022. Water management in the
Gulf Cooperation Council: Challenges and prospects. In:
(Eds.): Tiwari, A.K., A. Kumar, A.K. Singh, T.N. Singh, E.
Souzzi, G. Matta and S.L. Russo. Current Directions in
Water Scarcity Research. Elsevier Publisher, pp. 525-540.

Heath, R.L. and L. Packer. 1986. Photoperoxidation in isolated
chloroplasts. 1. Kinetics and stoichiometry of fatty acid
peroxidation. Biochem. Biophys., 125: 180-198.

Hiscox, J.D. and G.F. Israclstam. 1979. A method for the
extraction of chlorophyll from leaf tissue without
maceration. Canad. J. Bot., 57: 1332-1345.

Hojjat, S.S. 2020. Effects of TiO2> Nanoparticles on
Germination and Growth Characteristics of Grass Pea
(Lathyrus sativus L.) Seed under Drought Stress.
Nanotechnologies. Russ., 15: 204-211.

Hosseinifard, M., S. Stefaniak, J.M. Ghorbani Javid, E. Soltani,
L. Wojtyla and M. Garnczarska. 2022. Contribution of
exogenous proline to abiotic stresses tolerance in plants: A
review. Int. J. Mol. Sci., 23: 5186.

Hu, L., A. Bi, Z. Hu, E. Amombo, H. Li and J. Fu. 2018.
Antioxidant metabolism, photosystem II, and fatty acid
composition of two tall fescue genotypes with different heat
tolerance under high temperature stress. Front. Plant. Sci.,
9: 1242.

Igbal, A., Z. Mo, S.G. Pan, J.Y. Qi, T. Hua, M. Imran, M.
Duan, Q. Gu, X.B. Yao and X. Tang. 2023. Exogenous
TiO2 nanoparticles alleviate Cd toxicity by reducing Cd
uptake and regulating plant physiological activity and
antioxidant defense systems in rice (Oryza sativa L.).
Metabolites, 13: 765.

Jaberzadeh, A., P. Moaveni, H.R.T. Moghadam and H. Zahedi.
2013. Influence of bulk and NPs Titanium foliar application
on some agronomic traits, seed gluten and starch contents of
wheat subjected to water deficit stress. Not. Bot. Horti.
Agrobot., 41: 626 201-207.

Karvar, M., A. Azari, A. Rahimi, S. Maddah-Hosseini and M.J.
Ahmadi-Lahijani. 2022. Titanium dioxide nanoparticles
(TiO2-NPs) enhance drought tolerance and grain yield of
sweet corn (Zea mays L.) under deficit irrigation regimes.
Acta. Physiol. Plant., 44: 1-14.

Kumar, S., A. Dwivedi, A.K. Pandey and P. Vajpayee. 2023.
TiO2 nanoparticles alter nutrients acquisition, growth,
biomacromolecules, o0il composition and modulate
antioxidant defense system in Mentha arvensis L., Plant.
Nano. Biol., 3: 100029.

Larue, C., G. Veronesi, A.M. Flank, S. Surble, N. Herlin-Boime
and M. Carriere. 2012. Comparative uptake and impact of
TiO2 NPs in wheat and rapeseed. J. Toxicol. Environ.
Health., 75: 722-734.



INFLUENCE OF TiO2 NPs IN M. PEREGRINA UNDER DROUGHT STRESS 49

Lum, M.S., M.M. Hanafi, Y.M. Rafii and A.S.N. Akmar. 2014.
Effect of drought stress on growth, proline and antioxidant
enzyme activities of upland rice. J. Anim. Plant Sci., 24:
1487-14.

Mahmoud, T. and S. Gairola. 2013. Traditional knowledge and
use of medicinal plants in the Eastern Desert of Egypt: a case
study from Wadi El-Gemal National Park. J. Med. Plant.
Res., 1: 10-17.

Mohammadi, H., M. Esmailpour and A. Gheranpaye. 2016.
Effects of TiO: nanoparticles and water-deficit stress on

morphophysiological ~ characteristics of  dragonhead
(Dracocephalum moldavica L.) plants. Acta. Agric. Slov.,
107: 385-396.

Mohammadi, H., Z. Kazemi and A. Aghaee. 2023. Unraveling the
influence of TiO2 nanoparticles on growth, physiological
and phytochemical characteristics of Mentha piperita L. in
cadmium-contaminated soil. Sci. Rep., 13: 22280.

Morales-Espinoza, M., G. Cadenas-Pliego, M. Pérez-Alvarez, A.
Hernandez-Fuentes, M. Fuente, A. Benavides-Mendoza, J.
Valdés-Reyna and A. Juarez-Maldonado. 2019. SeNPs
induce changes in the growth, antioxidant responses, and
fruit quality of tomato developed under NaCl stress. Mol.,
17: 3030.

Moustafa-Farag, M., A. Mahmoud, M.B. Arnao, M.S. Sheteiwy,
M. Dafea, M. Soltan, A.E. Hasanuzzaman and S. Ai. 2020.
Melatonin-induced water stress tolerance in plants: Recent
advances. Antioxidants, 9: 809.

Mustafa, H., N. Ilyas, N. Akhtar, 1. N. Raja, T. Zainab, T. Shah,
A. Ahmad and A. Parvaiz. 2021. Biosynthesis and
characterization of TiO2 NPs and its effects along with
calcium phosphate on physicochemical attributes of wheat
under drought stress. Ecotoxicol. Environ. Saf.,223: 112519.

Nadarajah, K.K. 2020. ROS Homeostasis in Abiotic Stress
Tolerance in Plants. Int. J. Mol. Sci., 21: 5208.

Nakano, Y and K. Asada. 1981. Hydrogen peroxide is scavenged
by ascorbate-specific peroxidase in spinach chloroplasts.
Plant. Cell. Physiol., 22: 867-880.

Nita, M. and A. Grzybowski. 2016. The role of the reactive
oxygen species and oxidative stress in the path mechanism
of the age-related ocular diseases and other pathologies of
the anterior and posterior eye segments in adults. Oxid. Med.
Cell. Lon-gev., 20:16.

Padayachee, B. and H. Baijnath. 2012. An overview of the
medicinal importance of Moringaceae. J. Med. Plant Res., 6:
5831-5839.

Parkash, V. and S. Singh. 2020. A review on potential plant-based
water stress indicators for vegetable crops. Sustain. Agric.
Res., 543:12.

Rahneshan, Z., F. Nasibi and A.A. Moghadam. 2018. Effects of
salinity stress on some growth, physiological, biochemical
parameters, and nutrients in two pistachio (Pistacia vera L.)
rootstocks. J. Plant. Interact., 13: 73-82.

Raliya, R., R. Nair, S. Chavalmane, W.N. Wang and P. Biswas.
2015. Mechanistic evaluation of translocation and
physiological impact of TiO2 and zinc oxide NPs on the
Tomato (Solanum lycopersicum L.) plant. Metallomics., 7:
1584-1594.

Ramadan, T., S. Sayed, A. Abd-Elaal and A. Amro. 2022. The
combined effect of water deficit stress and TiO2 NPs on cell
membrane and antioxidant enzymes in Helianthus annuus L.
Physiol. Mol. Biol. Plants,28: 391-409.

Rao, D.E. and K.V. Chaitanya. 2019. Morphological and
physiological responses of seven different soybean (Glycine
max L. Merr.) 554 cultivars to drought stress. J. Crop. Sci.,
22:355-362.

Rasheed, A., H. Li, M. Tahir, A. Mahmood, M. Nawaz, A. Shah
and Z. Wu. 2022. The role of nanoparticles in plant
biochemical, physiological, and molecular responses under
drought stress: A review. Front. Plant. Sci., 13: 9761796639.

Robiansyah, 1., A.S. Hajar, M.A. Al-kordy and A. Ramadan.
2014. Current status of economically important plant M.
peregrina (Forrsk.) Fiori in Saudi Arabia: a review. J. Theor.
Appl. Sci., 6: 79-86.

Sachdev, S., S.A. Ansari, M.I. Ansari, M. Fujita and M.
Hasanuzzaman. 2021. Abiotic stress and reactive oxygen
species: Generation, signaling, and defense mechanisms.
Antioxidants, 10: 277.

Sadeghipour, O. 2020. Cadmium toxicity alleviates by seed
priming with proline or glycine betaine in cowpea (Vigna
unguiculata (L.) Walp.). Egypt. J. Agron., 42: 163-170.

Saikia, J., R.K. Sharma, R. Dhandia, A. Yadav, R. Bharali, V.K.
Gupta and R. Saikia. 2018. Alleviation of drought stress in
pulse crops with ACC deaminase producing Rhizobacteria
isolated from acidic soil of Northeast. Sci. Rep., 2: 8, 3560.

Saranya, S., R. Aswani, A. Remakanthan and E.K. Radhakrishnan.
2019. Nanotechnology in agriculture. Nanotechnology for
agriculture. Adv. Sust. Agric., 1: 171739.

Sehrish, A.K., S. Ahmad and S.O. Alomrani. 2024. Nutrient
strengthening and lead alleviation in Brassica napus L. by
foliar ZnO and TiO2-NPs modulating antioxidant system,
improving photosynthetic efficiency and reducing lead
uptake. Sci Rep., 14: 19437.

Seleiman, M.F., N. Al-Suhaibani, N. Ali, M. Akmal, M. Alotaibi,
Y. Refay and M.L. Battaglia. 2021. Drought stress impacts
on plants and different approaches to alleviate its adverse
effects. Plants, 10: 259.

Shabbir, A., M.M.A. Khan, B. Ahmad, Y. Sadiq, H. Jaleel and
M. Uddin. 2019. Efficacy of TiO2 nanoparticles in
enhancing the photosynthesis, essential oil and khusimol
biosynthesis in  Vetiveria zizanioides L. Nash.
Photosynthetica, 57: 599-606.

Shah S.M.D.M., G. Shabbir, S.I. Malik, N.I. Raja, Z.H. Shah, M.
Rauf and S.H. Yang. 2022. Delineation of physiological,
agronomic and genetic responses of different wheat
genotypes under drought condition. Agronomy., 12: 1056.

Shallan, M., H. Hassan, A. Namich, A. and A. Ibrahim. 2016.
Biochemical and physiological effects of TiO2 and SiO2
nanoparticles on cotton plant under drought stress. Res. J.
Pharm. Biol., 7: 1540-1551.

Su, X., I. Ma, X. Wei, P. Cao, D. Zhu, W. Chang, Z. Liu, X.
Zhang and M. Li. 2017. Structure and assembly
mechanism of plant C2S2M2-type PSII-LHCII. Super
complex. Sci., 357: 815-820.

Taibi, K., F. Taibi, L.A. Abderrahim, A. Ennajah, M. Belkhodja
and J.M. Mulet. 2016. Effect of salt stress on growth,
chlorophyll content, lipid peroxidation and antioxidant
defence systems in Phaseolus vulgaris L. S. Afr. J. Bot.,
105: 306-312.

Tarafdar, J.C., R. Raliya, H. Mahawar and I. Rathore. 2014.
Development of zinc nano fertilizer to enhance crop
production in pearl millet (Pennisetum americanum). Agric.
Biol. Res., 3: 257-262.

Tiwari M., N.C. Sharma, P. Fleischmann, J. Burbage, P.
Venkatachalam and S.V. Sahi. 2017. Nano titania
exposure causes alterations in physiological, nutritional
and stress responses in tomato (Solanum lycopersicum).
Front. Plant. Sci., 8.

Ullah, S., M. Adeel, M. Zain, M. Rizwan, M K. Irshad, G. Jilani,
A. Hameed, A. Khan, M. Arshad and A. Raza. 2020.
Physiological and biochemical response of wheat
(Triticum aestivum) to TiO2 nanoparticles in phosphorus-
amended soil: A full life cycle study. J. Environ. Manag.,
263: 1103-1165.



50

Wang, Z., A.A. Haidry, L. Xie, A. Zavabeti, Z. Li, W. Yin, R.L.
Fomekong and B. Saruhan. 2020. Acetone sensing
applications of Ag modified TiO? porous nano particles
synthesized via facile hydrothermal method. Appl. Surface.
Sci., 533: 147383.

Zhang H., X. Sun and M. Dai. 2022. Improving crop drought
resistance with plant growth regulators and rhizobacteria:
Mechanisms, applications, and perspectives. Plant.
Commun., 3: 100228.

Zhang, M., Y. Liu, L. Wang, X. Xing, L. Sun, J. Pan, X. Kong
and D. Li. 2013. ZmLEA3, a multifunctional group 3 LEA

FAHEEMA KHAN ET AL.,

protein from 657 Maize (Zea mays L.), is involved in biotic
and abiotic stresses. Plant. Cell. Physiol., 54: 944-959.

Zhou, X., A.H. El-Sappah, A. Khaskhoussi, Q. Huang, A.M. Atif,
M.A.A. Elhamid, M. Ihtisham, M.F.A. El-Maati, S.A. Soaud
and W. Tahri. 2025. Nanoparticles: A promising tool against
environmental stress in plants. Front. Plant. Sci., 15:
1509047.

Zulfigar, F., M. Navarro, M. Ashraf, N.A. Akram and S. Munné-
Bosch. 2019. Nanofertilizer use for sustainable agriculture:
Advantages and limitations. Plant Sci., 289: 110270.



