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Abstract: Salinity is one of the most prevalent abiotic stresses which not only limits plant growth
and yield, but also limits the quality of food products. This study was conducted on the surface
functionalization of phosphorus-rich mineral apatite nanoparticles (ANPs), with thiourea as a source
of nitrogen (TU–ANPs) and through a co-precipitation technique for inducing osmotic stress tolerance
in Zea mays. The resulting thiourea-capped apatite nanostructure (TU–ANP) was characterized using
complementary analytical techniques, such as EDX, SEM, XRD and IR spectroscopy. The pre-sowing
of soaked seeds of Zea mays in 1.00 µg/mL, 5.00 µg/mL and 10 µg/mL of TU–ANPs yielded growth
under 0 mM, 60 mM and 100 mM osmotic stress of NaCl. The results show that Ca and P salt acted
as precursors for the synthesis of ANPs at an alkaline pH of 10–11. Thiourea as a source of nitrogen
stabilized the ANPs’ suspension medium, leading to the synthesis of TU–ANPs. XRD diffraction
analysis validated the crystalline nature of TU–ANPs with lattice dimensions of 29 nm, calculated
from FWHM using the Sherrer equation. SEM revealed spherical morphology with polydispersion
in size distribution. EDS confirmed the presence of Ca and P at a characteristic KeV, whereas IR
spectroscopy showed certain stretches of binding functional groups associated with TU–ANPs. Seed
priming with TU–ANPs standardized germination indices (T50, MGT, GI and GP) which were
significantly declined by NaCl-based osmotic stress. Maximum values for biochemical parameters,
such as sugar (39.8 mg/g at 10 µg/mL), protein (139.8 mg/g at 10 µg/mL) and proline (74.1 mg/g at
10 µg/mL) were recorded at different applied doses of TU–ANP. Antioxidant biosystems in the form
of EC 1.11.1.6 catalase (11.34 IU/g FW at 10 µg/mL), EC 1.11.1.11 APX (0.95 IU/G FW at 10 µg/mL),
EC 1.15.1.1 SOD (1.42 IU/g FW at 5 µg/mL), EC 1.11.1.7 POD (0.43 IU/g FW at 5 µg/mL) were
significantly restored under osmotic stress. Moreover, photosynthetic pigments, such as chlorophyll
A (2.33 mg/g at 5 µg/mL), chlorophyll B (1.99 mg/g at 5 µg/mL) and carotenoids (2.52 mg/g
at 10 µg/mL), were significantly amplified under osmotic stress via the application of TU–ANPs.
Hence, the application of TU–ANPs restores the growth performance of plants subjected to induced
osmotic stress.

Keywords: thiourea; nanoapatite; characterization; APX; SOD; POD; osmolytes

1. Introduction

Maize is grown worldwide and is the third major crop after rice and wheat, named
as “king of grain crops” [1]. The USA, China, Brazil and Argentina share two-thirds of

Molecules 2022, 27, 5744. https://doi.org/10.3390/molecules27185744 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27185744
https://doi.org/10.3390/molecules27185744
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-3552-2733
https://orcid.org/0000-0003-1941-0096
https://orcid.org/0000-0003-3790-0902
https://orcid.org/0000-0003-1553-2248
https://orcid.org/0000-0001-5016-2495
https://orcid.org/0000-0002-3498-797X
https://doi.org/10.3390/molecules27185744
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27185744?type=check_update&version=1


Molecules 2022, 27, 5744 2 of 14

the global maize production alone [2]. In Pakistan, Zea mays is cultivated on an area of
about 896 thousand hectares with a yearly mass production of 4.9 million tons of grains [3].
It is widely cultivated in KP and Punjab, contributing about 98% of the total production
of Pakistan [4]. Salinity affects the morphology, physical appearance and biochemical
composition of maize, including germination and photosynthesis, and thus affects the
development of the plant by declining the leaf area, photosynthetic pigments and stomatal
function [5]. In Pakistan, about 6.62 million hectors, accounting for eight percent of the total
cultivable land, is adversely affected by salinization [6]. Thus, Pakistan stands at eighth
place in the world for high saline land, due to which PKR 15 to 55 billion (about 0.6% of the
total GDP) annual economic loss is estimated as a result of poor production of crops and
crop products [7].

Recent trends in agriculture have validated the use of plant growth regulators, in-
cluding thiourea, to surge the growth and yield of crop plants. Thiourea (TU) not only
provides a nitrogen source, but also augments tolerance against various abiotic stresses
due to its high degree of solubility and rapid absorption into biosystems [8]. Earlier studies
have shown that thiourea application significantly improved the photosynthetic efficiency
and growth of wheat crop [9,10]. TU has been recognized as an effective osmoprotectant
to safeguard the crops from the detrimental effects of various abiotic stresses, including
osmotic stress and thermal stress. TU-based tolerance is credited with the activation of
biosystems for an enhanced uptake of nutrients, synthesis of osmolytes and scavenging
ROS, as well as triggering antioxidation biosystems [11,12]. However, it is estimated that
75% of the nitrogen source, when directly applied to soil, is lost due to many reasons,
including nitrate leaching and soil erosion [13]. Thus, farmers are compelled to use more
fertilizer for better plant growth, which is not only costly, but also causes negative impacts
on the environment [14,15]. In order to cope with this problem, scientists worldwide use
nanotechnology, which is a vital process for forming novel systems at nanoscale, possessing
some novel properties that promote plant productivity and reduce environmental pollution,
which are released in soil in a controlled manner [16].

Nanoparticles have unique physicochemical properties, which are used for different
purposes in life sciences, chemical engineering, medicines and agriculture [17]. Hence, the
present study was designed with the aim of synthesizing thiourea-based apatite nanopar-
ticles (TU–ANPs), using urea both as a source of nitrogen and to cope with NaCl-based
osmotic stress in Zea mays via germination and seedling foliar application.

2. Results
2.1. Characterization of TU–ANPs

FTIR spectral analysis (Figure 1) revealed that: IR absorption bands located at 3428,
3240, 1999, 1427 wavenumbers cm−1 correspond to N-H stretching; and O-H, C-N and
C=S are associated with thiourea and vibrational bending at 1032 and 520 wavenumbers
cm−1, representing PO4

3− characteristics in the apatite-validating capping of thiourea on
the surface of ANPs (Figure 1). The FTIR study validates the fact that displacement of
the C=S stretch is indicative of the binding of thiourea via this group to the core ANPs,
hence functionalizing the surface of ANPs and preventing an agglomeration of particles.
Consequently, the medium is stabilized. The XRD pattern showed intense diffraction peaks
at 2θ; 31.77, 32.90, 35.95, 45.47, 49.23, 57.80, 62.85, 68.49 and 25.96 and matched with JCPDS:
00-009-0432 as the standard diffraction spectra of apatite (Figure 2). SEM images revealed
the spherical-to-oval morphology of TU–ANPs with an intense agglomerated Ostwald
ripening, where the size ranged between 40 nm to 220 nm in diameter (Figure 3). EDX
spectra showed the presence of calcium (Ca) at 3.9 and 4.0 KeV, while phosphorus intensity
was observed around 2.0 KeV, which is characteristic of ANPs. The presence of nitrogen,
carbon and sulfur in traces are due to the capping of thiourea on the surface of ANPs
(Figure 3).
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Figure 3. SEM–EDX analysis of TU–ANPs showing intense agglomeration due to Ostwald ripening
where the size ranges from 40 nm to 220 nm, and characteristic signals of P and Ca of apatite at
given KeV.

2.2. Effect of TU–ANPs on Germination Indices and Vegetative Performance

ANOVA results revealed a significant (p < 0.05) effect of TU–ANPs on GP, MGT, GI and
T50. Seed grown under osmotic stress of 100 mM NaCl delayed the onset of germination to
6.12 days, compared to the non-saline condition (3.18). Seeds primed with 10 µg/mL of
TU–ANPs induced early germination with a T50 value of 2.98 days under the non-saline
condition whereby, under 100 mM salt stress, 3.67 days were taken to reach 50% germination
(Figure 4). Similarly, MGT and GI values were also significantly stabilized by TU–ANPs
under NaCl-induced osmotic stress. A maximum GP value of 100% was exhibited by
seeds primed at 10 µg/mL, followed by a 96.67% GP value at 5 µg/mL, where a minimal
GP of 66.67% was exhibited by hydro-primed seeds grown under 100 mM NaCl-based
osmotic stress (Figure 5). Moreover, a significant decline in seedling growth under osmotic
stress was reinstated via the application of TU–ANPs (Figure 6). The mean maximum root
length (7.1 cm) was recorded for plants treated with 10 µg/mL of TU–ANPs under the
non-saline condition, followed by plants (7.0 cm) treated with 5 µg/mL of TU–ANPs as
shown in Table 1. The minimal root length (5.5 cm) under osmotic stress of 100 mM NaCl
was significantly elevated to 6.1 cm when primed with 5 µg/mL of TU–ANPs (Table 1).
Similarly, data summarized in Table 1 reveals a highly significant (p < 0.05) dose-dependent
decline in leaf area, leaf fresh and dry biomass, due to NaCl-induced osmotic stress. Foliar
application of TU–ANPs at a dose of 5.0 µg/mL exhibited 1.5 g/leaf FW, 0.22 g/leaf DW
and 40.87 cm2 leaf area in plants grown under the highest experimental dose of osmotic
stress. Moreover, maximum shoot length (8.7 cm) was also recorded in plants with a foliar
application of 5 µg/mL under 60 mM of salinity, followed by hydro-primed plants (8.5 cm)
of the non-saline condition (Table 1).
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Table 1. Impact of TU–ANPs on vegetative growth parameters of Zea mays L. grown under different
levels of NaCl-based osmotic stress.

Treatments
Leaf

Length
(cm)

Leaf
Width
(cm)

Leaf
Fresh

wt.
(gm)

Leaf
Dry
wt.

(gm)

Leaf
Area
(cm2)

Shoot
Length

(cm)

Shoot
Fresh

wt.
(gm)

Shoot
Dry wt.

(gm)

Root
Length

(cm)

Root
Fresh

wt.
(gm)

Root
Dry wt.

(gm)

T1 38 b 2.3 cd 1.9 0.22 42.10 ab 8.5 a 27.13 bc 0.75 6.2 bc 7.5 abc 0.70
T2 35 cd 1.9 d 1.4 0.20 41.89 bc 8.5 a 23.44 de 0.73 6.0 cd 7.2 bcd 0.69
T3 31 d 1.8 d 1.3 0.20 40.54 bc 6.1 bc 20.29 e 0.70 5.5 d 7.0 bcd 0.68
T4 41 b 3.2 abc 2.0 0.25 41.54 bc 5.5 bc 28.07 ab 0.74 6.8 cb 7.7 ab 0.71
T5 40 bc 2.7 bc 1.8 0.21 40.64 bc 5.0 c 26.92 bc 0.70 6.0 c 7.1 bc 0.70
T6 39 bc 2.3 cd 1.4 0.20 40.55 bc 4.9 c 21.47 de 0.66 5.8 cd 7.0 bc 0.69
T7 40 bc 3.5 ab 2.2 0.26 43.42 a 7.6 ab 28.86 a 0.79 7.0 a 7.9 ab 0.74
T8 39 bc 2.6 bc 1.9 0.25 42.78 ab 8.7 a 27.20 ab 0.76 6.8 ab 7.6 abc 0.69
T9 31 d 1.9 d 1.5 0.22 40.87 bc 7.1 ab 25.11 cd 0.60 6.1 cd 6.9 cd 0.60
T10 51 a 3.8 a 2.5 0.25 43.98 a 6.4 bc 29.79 a 0.80 7.1 a 8.0 a 0.73
T11 50 a 2.8 bc 2.0 0.19 40.00 bc 7.0 ab 25.37 cd 0.60 6.2 bc 7.6 ab 0.69
T12 49 a 1.6 d 1.2 0.17 39.98 bc 6.1 bc 23.25 d 0.59 6.0 cd 6.5 d 0.59
LSD 5.68 1.12 NS NS 2.25 2.32 2.61 NS 0.65 0.80 NS

T1, (Hydrotreated + non-saline); T2, (Hydrotreated + 60 mM NaCl); T3, (Hydrotreated + 100 mM NaCl); T4, (1
µg/mL TU–ANPs + Non-saline); T5, (1 µg/mL TU–ANPs + 60 mM NaCl); T6, (1 µg/mL TU–ANPs + 100 mM
NaCl); T7, (5 µg/mL TU–ANPs + Non-saline); T8, (5 µg/mL TU–ANPs + 60 mM NaCl); T9, (5 µg/mL TU–ANPs
+ 100 mM NaCl); T10, (10 µg/mL TU–ANPs + Non-saline); T11, (10 µg/mL TU–ANPs + 60 mM NaCl); T12, (10
µg/mL TU–ANPs + 100 mM NaCl).

2.3. Effect of TU–ANPs on Photosynthetic Pigments and Osmolytes

Plants exposed to NaCl-based osmotic stress significantly declined their photosyn-
thetic pigments (Chl a, Chl b and carotenoids). A minimal chlorophyll b content of
39.15 mg/g was recorded in plants subjected to 100 mM NaCl-based osmotic stress,
whereby a maximum chlorophyll b content of 53.51 mg/g was recorded in plants treated
with 10 µg/mL of TU–ANPs via the foliar route grown under the non-saline condition.
This was followed by 50.20 mg/g in plants treated with 5 µg/mL of TU–ANPs. Similarly,
chlorophyll a content in plants was also subjugated to decline due to osmotic stress in a
dose-dependent manner (Figure 7). An almost similar pattern of values was also reported
for carotenoid levels, where its highest value of 12.54 mg/g was recorded in plants with
under 100 mM of NaCl-based salinity and which were treated with 10 µg/mL of TU–
ANPs. Plants with under 100 mM NaCl-based osmotic stress were observed with a mean
chlorophyll a level of 22.65 mg/g, whereby in non-saline plants, the value 23.45 mg/g was
recorded for chlorophyll a content. Application of TU–ANPs at an optimal experimental
dose (5 µg/mL) elevated the chlorophyll a level to 24.39 mg/g; meanwhile, at a higher
dose of TU–ANPs, a decline (21.83 mg/g) in chlorophyll a levels was reported (Figure 7).
Likewise, foliar application of TU–ANPs in maize plant under osmotic stress significantly
affected levels of osmolytes (protein, sugar and proline). A total of 39.8 mg/g of protein
was recorded in plants treated with 10 µg/mL of TU–ANPs under a non-saline condition,
whereas 24.0 mg/g of leaf protein content was recorded in untreated plants (hydro-applied)
under 100 mM of NaCl-based osmotic stress. The results obtained clearly indicate that the
application of TU–ANPs optimized the level of protein, hence amplifying the growth perfor-
mance of plants under osmotic stress (Figure 8). Likewise, proline content (74.1 mg/g) was
also ameliorated via the application of 10 µg/mL of nanoparticles, compared to (60.0 mg/g)
plants subjected to hydro-application and 100 mM NaCl-based osmotic stress (Figure 8).
However, total soluble sugar was non-significantly affected by osmotic stress, whereby its
highest value was obtained at T10 (10 µg/mL NPs), followed by T1 (hydro-applied) and T7
(5 µg/mL NPs). Meanwhile, the lowest level (256.2 mg/g) was reported at T6 (1 µg/mL
NPs + 100 mM NaCl).
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2.4. Effect of TU–ANPs on Antioxidation Biosystem

Osmotic stress inducing oxidative stress with the production of oxidative free radi-
cals led to a decline in plant growth. TU–ANPs significantly coped with free radicals by
triggering the antioxidative biosystems of plants, hence optimizing the activity of antiox-
idant enzymes. The activity of SOD was significantly enhanced from 30.28 IU/G FW in
non-saline plants to 49.48 IU/g FW in plants subjected to 100 mM NaCl-induced osmotic
stress. Foliar application of TU–ANPs at 10 µg/mL significantly reinstated the activity of
SOD to 37.7 IU/g FW in plants under the highest experimental osmotic stress (Figure 9). A
similar trend in the incline of POD activity (63.79 IU/g FW) was recorded at T3 (100 mM
NaCl) against 38.76 IU/g FW at T1 (non-saline). The application of TU–ANPs at T7 and T10
significantly stabilized POD activity to 47.90 and 42.61 IU/g FW against the 63.79 IU/g FW
value at T1 in plants under elevated osmotic stress. A similar trend in the elevation of APX
and CAT activities was reported under osmotic stress, whereby TU–ANPs standardized
their respective activities to 3.33 and 8.76 IU/g FW (T12) against 5.67 and 11.68 IU/g FW in
hydro-applied plants (T3) under elevated (100 mM NaCl) osmotic stress (Figure 10).
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Figure 10. Effect of TU–ANPs on activities of peroxidase (POD) and catalase (CAT) of Zea mays under
various levels of NaCl-based osmotic stress.

3. Discussion

NaCl-based osmotic stress not only causes a reduction in GP but also delays the
time to germination (MGT and T50). This is due to its negative effect on mitotic cell
division and cell elongation, altering enzyme activity particularly associated with protein
synthesis, as well as growth hormones [18]. Figures 4–6 show that the application of TU–
ANPs significantly stabilize germination indices by not only providing minerals source of
calcium, phosphorus and nitrogen, but also by triggering biosynthetic pathways associated
with sugar phosphates, nucleotides, NADH, amino acids and growth hormones, such as
IAA. Meanwhile, thiourea is also known for breaking environmentally imposed seeds, as
well as innate seeds and innate bud dormancy, hence resulting in the early onset of seed
germination and the establishment of seedling growth [19,20].

Plant agronomic traits were significantly declined by soil salinity due to nutritional im-
balances in plants caused by salt ions through competitive absorption distribution and the
transport of micro- and macro-minerals [21]. Salinity primarily affects the bioavailability of
nitrogen by inhibiting root nodulation, phosphorus by inhibiting its uptake, and potassium
by altering its uptake and transportation. Besides the nutrient availability, salt also induces
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oxidative stresses through the production of peroxides (H2O2), nascent oxygen, hydroxyl
free radicals (HO*) and superoxide anion (O2−) which are not only cytotoxic, but also cause
damages to vital biomolecules (lipids, protein, DNA and carbohydrates) through oxidation,
hence effecting the overall growth performance of plants [22].

Similarly, high soil–salt content inhibits the activity of RUBisCO and ATPase, causing
the reduction in CO2 assimilation, and consequently reducing the efficiency of thylakoids
and mitochondrial electron transport [23]. Plant agronomic parameters were significantly
influenced by the application of TU–ANPs, salt stress and their interactions. The application
of TU–ANPs (1 µg/mL, 5 µg/mL and 10 µg/mL), particularly in non-saline conditions,
caused a significant increase in plant height, dry and fresh weight, shoot length, shoot fresh
and dry weight, root length and root fresh and dry weight, hence the use of nanoparticles
enhanced the growth of the maize plant by limiting the negative effects of salt stress. Nano-
fertilizers extend the duration of nutrient release to the plant, enhance the absorption of
nutrients, increase the accumulation of nitrogen in the leaf to support leaf development and
consequently balances the nutrient loss due to excess salts [24]. Mitigating crop allometric
traits, such as root and shoot length, leaf area, and fresh and dry biomass by thiourea, might
be due to the improved translocation of photosynthates. It was reported previously that
foliar application of thiourea significantly augmented the growth-related parameters in Vicia
faba [25]. Moreover, nano-thiourea (TU–ANPs) modulated plants’ vegetative growth under
salinity via the up-regulation of phytohormones synthesis, particularly auxins, regulating
gene expression at the post-transcriptional stage and co-coordinating the regulation of
microRNA expression [26].

Additionally, nano-fertilizer encouraged enzyme activities in plants; as a result, plant
cells preserved from injury of reactive oxygen species (ROS) [27]. In addition, the applica-
tion of TU–ANPs provides calcium- and phosphorus-enriched supplements, which reduces
the efflux of Kþ and influx of Naþ by stalling nonselective Na+/K+ channels, thus coping
with the detrimental effects of salinity [28]. Ca is also an obvious component of multiple
plant signaling pathways, remarkably including the SOS-regulatory pathway, which man-
ages the sequestration of Naþ from the cytosol into the vacuole [29]. Moreover, reduction
in photosynthetic pigments in plants under salt stress is of common occurrence that has
been reported in a wide variety of plants [30]. Salinity tends to inhibit the production
of chlorophyll through the activation of the chlorophylytic enzyme (chlorophyllase) and
chloroplast membrane degradation, the production of ROS and the inactivation of the Ru-
bisco enzyme [31,32]; thus, a decline in the pigment of leaves damages the structure of the
leaf by minimizing the chloroplast [33,34]. Application of thiourea-based ANPs improves
the efficiency of photosystem I and II and boosts the plants antioxidant capabilities [35].
A number of soluble sugars are also disturbed by applying salinity, but the application of
nanoparticles of silver improves the sugar content.

Similarly, proline content in plant tissues is both a reflection and a measure of stress-
induced damage at the cellular level. Accumulation of proline under stress protects the
cell by balancing the osmotic strength of cytosol with that of the vacuole and external
environment [36]. Our results reveal that exogenous application of TU–ANPs elevated
proline levels by providing a nitrogen source for the biosynthesis of amino acids, including
proline, which not only acts as osmolyte, but also interacts with other cellular macro-
molecules while stabilizing their structure and function [37,38].

The present study imitated an increase in activities of antioxidant enzymes (POD, APX
and CAT, etc.) in response to NaCl-based osmotic stress due to the production of ROS (H2O2,
HO* and O2−) [39]. Our results are in agreement with the findings of Zainab et al. [36],
who also reported an elevation in the activity of antioxidant enzymes in pearl millet under
120 and 150 mM applied NaCl stress. Results summarized in Figures 9 and 10 show a
significant stabilization of the activity of antioxidant enzymes in plants under stress by
applying TU–ANPs, which may be attributed to the eliciting effect of thiourea by providing
the amino source (nitrogen) to synthesize different antioxidants, including amino acids,
glutathione, etc., as well as scavenging ROS through its thiol group.
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4. Material and Methods
4.1. Synthesis and Characterization of TU–ANPs

While following the biomimetic precipitation procedure of Paz et al. [40] with slight
modifications, TU–ANPs were synthesized. Initially, 2 mM aqueous Ca+2 (calcium salt) and
aqueous Na2HPO4 (2 mM) in NaHCO3 (2 mM) were mixed drop-wise with a continuous
stirrer at 37 ◦C and pH 7.4, until the appearance of suspended nanoparticles. The result-
ing ANPs were centrifuged, washed and resuspended in the nitrogen source (thiourea)
for surface functionalization for 72 h under vigorous stirring. The resulting TU–ANPs
were centrifuged at 8000 rpm, washed, freeze-dried and subjected to contemporary char-
acterization, such as IR spectroscopy, SEM, EDX and XRD analysis using Oxford Inca
200 SEM instrument equipped with a Thermo EDX attachment and JEOL JDX 3532 X-ray
diffractometer at the University of Peshawar.

4.2. Plant Material and Growth Conditions

An experiment under laboratory conditions was performed using a randomized
complete block design at the Department of Botany, University of Peshawar, Pakistan,
to determine various germination indices. Primed seeds of Zea mays (SB-989 variety) in
dH2O, 1 µg/mL, 5 µg/mL and 10 µg/mL of TU–ANPs were sown in Petri plates with
double folds of Whatman filter paper under 0 mM, 60 mM and 100 mM of NaCl-induced
osmotic stress with three replicates (30 seeds) in each treatment condition at 25 ◦C. The
time to 50% germination (T50), mean germination time (MGT), percent germination (PG)
and germination index were calculated using the Equations as follows:

MGT =
∑(Ni × Ti)

N
(1)

GI =
G1
D1

+ . . . +
G f
D f

(2)

T50 = Ta +

(
N
2 − Na

)
(Tb − Ta)

(Nb − Na)
(3)

GP =
Gt
Nt

(4)

where Ni is the number of seeds germinated on the day; (Ti) is the time (days); G1 is the
germinated seeds on the first day (D1); Gf is the final germinated count on the final day
(Df ); N is the number of seeds germinated on the final day; Na and Nb are the respective
cumulative germination at Ta and Tb (times in days); Gt is the total number of germinated
seeds; and Nt is the total number of seeds.

Similarly, the field experiment was performed using a randomized complete block
design. Seeds of Zea mays in primed in dH2O, 1 µg/mL, 5 µg/mL, and 10 µg/mL of
TU–ANPs were sown in pots and filled with loam and ten seeds each at the Department
of Botany, University of Peshawar, Pakistan (34.0086◦ N, 71.4878◦ E). After completion of
the seed germination (7 days), pots were placed under osmotic stress using 0 mM, 60 mM
and 100 mM of NaCl solution. The stress was maintained with a weekly application of
the mentioned doses of NaCl. Plants were, respectively, treated with dH2O, 1 µg/mL,
5 µg/mL and 10 µg/mL of TU–ANPs via the foliar route with an interval of 7 days for
6 weeks. Upon the completion of the seventh week, plants were harvested and initially
subjected to data collection for vegetative growth parameters (shoot length, root length,
number of leaves, etc.). Fresh plant specimens were also subjected to data collection in
order to quantify photosynthetic pigments, osmolytes and antioxidant enzymes.

4.3. Physiological and Biochemical Analysis

Photosynthetic pigments were quantified through a UV–Vis spectrophotometer accord-
ing to Lichtenthaler and Wellburn [41] with slight modifications. Photosynthetic pigments
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were extracted from 500 mg of leaves with 10 mL of 80% (v/v) of acetone, centrifuged
at 8000 rpm. The OD of the supernatant was recorded at 645 nm, 663 nm and 450 nm.
Similarly, the protein content in leaves was determined spectrophotometrically, following
the procedure of Zhang et al., [42] with some modification. The supernatant of the homoge-
nized fresh leaves of Zea mays (500 mg) in PBS (pH 7.5) was mixed with alkaline Na2CO3
and Na-K tartrate (aqu.). To the reaction mixture, an aqueous CuSO4·5H2O solution and
Folin phenol reagent was added and incubated for 30 min. The OD was recorded at 650 nm
and the protein content was determined using the BSA standard curve.

Sugar was extracted by homogenizing leaves in dH2O, centrifuged at 8000 rpm; to
the supernatant, 80% of phenol and 5 mL of concentrated H2SO4 was added. The OD of
the reaction mixture was recorded at 420 nm, and the total soluble sugar was estimated
using a standard sugar curve. The amount of proline was determined by following the
procedure given by Zhang [43]. Proline was extracted through aqueous sulfosalicylic acid.
To the filtrate, acid ninhydrin was added, and the reaction mixture was heated at 100 ◦C.
After cooling in an ice bath, toluene was added to the reaction mixture, and the OD of the
toluene-aspired layer was measured at 520 nm.

4.4. Activity of Antioxidant Enzymes (POD, APX, CAT and SOD)

Enzymes were extracted from fresh leaves while homogenizing in 15 mL of 0.05N
PBS (pH 7.0) with EDTA and PVPP. Homogenate was centrifuged at 80,000 rpm, and the
supernatant was used to determine the activity of antioxidant enzymes.

For lipid peroxidase (EC 1.11.1.3), activity was determined using the TBARS assay.
Enzyme extract was added to trichloroacetic acid and centrifuged at 4000 rpm. To the
supernatant, 0.5% thiobarbituric acid in 2.5 N HCl was added in the water bath at 100 ◦C
for about 30 min, allowed to cool in an ice bath. The OD was recorded at 532 nm and 600
nm against the blank-having reaction mixture, without leaves homogenizing. Ascorbic
peroxidase (APX EC1.11.1.11) activity was determined, with some modifications, by fol-
lowing the method of Verma et al. [44]. Enzyme extract was added to 1 mL of 0.2 mM of
EDTA, 0.05 mM of PBS and 0.5 mM of ascorbic acid and 1 mL of 2% of H2O2 at 25 ◦C: the
change in the OD was recorded at 290 nm for 3 min. The activity of ascorbic peroxidase
was determined using the extinction coefficient of 2.8 mM cm−1 by calculating the amount
of oxidized ascorbate. Catalase (CAT EC 1.11.1.6) was measured by adding enzyme extract
to 2 mL of PBS (pH 7.4), 0.1 mL of EDTA and 20 mM of H2O2, and change in the OD of the
reaction mixture was recorded at 240 nm for 3 min. The methodology of Wang et al. [18]
was followed to determine the activity of superoxide dismutase (SOD EC 1.15.1.1) and
peroxidase (POD EC1.11.1.X). For SOD activity, enzyme extract was added to 0.075 mM
NBT, 13 mM methionine, 0.002 M riboflavin and 0.1 mM EDTA in PBS (pH 7.6) under a
light chamber, and the optical density was recorded after 15 min at 560 nm. Similarly, for
POD activity, 1.35 mL of 100 mM MES buffer (pH 5.5) was added to the enzyme extract
following the addition of 0.1 mL phenylenediamine and 0.05% H2O2, and the change in
OD value was measured at 485 nm for 20 min. In order to control for random errors, all of
the experiments were replicated three times.

4.5. Statistical Analysis

The data was analyzed through a OW-ANOVA test for the comparison of multiple
population means using the experimental sample data through the Statistix 10 package. All
of the figures were plotted in Origin 9.1, where each of the mean values are from triplicate
data with a 95% CI (error bars).

5. Conclusions

Calcium and phosphorus salts act as precursors for the biomimetic synthesis of apatite
nanostructures. The thiourea acts as a surface functionalizing agent, validated through
FTIR, X-ray diffraction spectroscopy, SEM and EDX spectroscopy. Osmotic stress delayed
the germination and seedling growth of Zea mays, whereas the application of TU–ANPs
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ameliorated plant growth via the conversation of photosynthetic pigments and production
of osmolytes. The elevated activities of antioxidant enzymes, such as CAT, SOD, APX and
POD, in plants under osmotic stress were also restored via foliar application of TU–ANPs.
Seed priming and foliar application with optimal doses of TU–ANPs effectively elevated
the tolerance level of the crop to osmotic stress and is therefore recommended.

Author Contributions: Conceptualization, S.F.; Data curation, A.H., M.J. and M.N.K.; Formal anal-
ysis, K.A.Q. and M.N.K.; Funding acquisition, K.A.Q., M.J. and B.A.; Investigation, S.F. and R.U.;
Methodology, S.F.; Project administration, K.A.Q.; Resources, R.U. and B.A.; Software, A.H. and B.A.;
Supervision, R.U.; Validation, R.U., A.H. and M.N.K.; Visualization, M.J.; Writing original draft, S.F.;
Writing—review & editing, M.N.K., A.H., M.J., K.A.Q. and B.A. All authors have read and agreed to
the published version of the manuscript.

Funding: The APC was funded by the King Abdullah University of Science and Technology (KAUST),
Thuwal, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All authors have been personally and actively involved in substantial
work leading to the paper and will take public responsibility for its content.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Roychowdhury, D.; Mondal, S.; Banerjee, S.K. The effect of biofertilizers and the effect of vermicompost on the cultivation and

productivity of maize-a review. Adv. Crop Sci. Technol. 2017, 5, 1–4. [CrossRef]
2. Ali, B.; Hafeez, A.; Javed, M.A.; Ahmad, S.; Afridi, M.S.; Sumaira Nadeem, M.; Khan, A.U.R.; Malik, A.; Ullah, A.; Alwahibi, M.S.;

et al. Bacterial-mediated salt tolerance in maize: Insights into plant growth promotion, antioxidant defense system, oxidative
stress, and surfactant production. Front. Plant Sci. 2022, 13, 978291. [CrossRef]

3. Ali, B.; Hafeez, A.; Ahmad, S.; Javed, M.A.; Sumaira Afridi, M.S.; Dawoud, T.M.; Almaary, K.S.; Muresan, C.C.; Marc, R.A.;
Alkhalifah, D.H.M.; et al. Bacillus thuringiensis PM25 ameliorates oxidative damage of salinity stress in maize via regulating
growth, leaf pigments, antioxidant defense system, and stress responsive gene expression. Front. Plant Sci. 2022, 13, 921668.
[CrossRef] [PubMed]

4. Ali, B.; Wang, X.; Saleem, M.H.; Azeem, M.A.; Afridi, M.S.; Nadeem, M.; Ghazal, M.; Batool, T.; Qayyum, A.; Alatawi, A.; et al.
Bacillus mycoides PM35 Reinforces Photosynthetic Efficiency, Antioxidant Defense, Expression of Stress-Responsive Genes, and
Ameliorates the Effects of Salinity Stress in Maize. Life 2022, 12, 219. [CrossRef]

5. Ali, B.; Wang, X.; Saleem, M.H.; Hafeez, A.; Afridi, M.S.; Khan, S.; Ullah, I.; Amaral Júnior, A.T.; Alatawi, A.; Ali, S. PGPR-
Mediated Salt Tolerance in Maize by Modulating Plant Physiology, Antioxidant Defense, Compatible Solutes Accumulation and
Bio-Surfactant Producing Genes. Plants 2022, 11, 345. [CrossRef]

6. Duhan, J.S.; Kumar, R.; Kumar, N.; Kaur, P.; Nehra, K.; Duhan, S. Nanotechnology: The new perspective in precision agriculture.
Biotechnol. Rep. 2017, 125, 11–23. [CrossRef]

7. GOP. Economic Survey. Government of Pakistan, Finance Division, Economic Adviser’s Wing, Islamabad; GOP: Washington, DC,
USA, 2005.

8. WB. Pakistan Strategic Country Environmental Assessment; World Bank: Washington, DC, USA, 2006; Volume II.
9. Sher, A.; Wang, X.; Sattar, A.; Ijaz, M.; Ul-Allah, S.; Nasrullah, M.; Bibi, Y.; Manaf, A.; Fiaz, S.; Qayyum, A. Exogenous Application

of Thiourea for Improving the Productivity and Nutritional Quality of Bread Wheat (Triticum aestivum L.). Agronomy 2021, 11,
1432. [CrossRef]

10. Hassanein, R.A.; Amin AA, E.; Rashad ES, M.; Ali, H. Effect of thiourea and salicylic acid on antioxidant defense of wheat plants
under drought stress. Int. J. ChemTech Res. 2015, 7, 346–354.

11. Mehmood, S.; Khatoon, Z.; Amna; Ahmad, I.; Muneer, M.A.; Kamran, M.A.; Ali, J.; Ali, B.; Chaudhary, H.J.; Munis, M.F.H.
Bacillus sp. PM31 harboring various plant growth-promoting activities regulates Fusarium dry rot and wilt tolerance in potato.
Arch. Agron. Soil Sci. 2021, 2021, 1–15. [CrossRef]

12. Nawaz, H.; Ali, A.; Saleem, M.H.; Ameer, A.; Hafeez, A.; Alharbi, K.; Khan, A.; Jamil, M.; Farid, G. Comparative effectiveness of
EDTA and citric acid assisted phytoremediation of Ni contaminated soil by using canola (Brassica napus). Braz. J. Biol. 2022, 82,
e261785. [CrossRef]

13. Kaya, C.; Ashraf, M.; Sönmez, O. Promotive effect of exogenously applied thiourea on key physiological parametersand oxidative
defense mechanism in salt-stressed Zea mays L. plants. Turk. J. Bot. 2015, 39, 786–795. [CrossRef]

14. Dola, D.B.; Mannan, M.A.; Sarker, U.; Mamun, M.A.A.; Islam, T.; Ercisli, S.; Saleem, M.H.; Ali, B.; Pop, O.L.; Marc, R.A. Nano-iron
oxide accelerates growth, yield, and quality of Glycine max seed in water deficits. Front. Plant Sci. 2022, 13, 992535. [CrossRef]

http://doi.org/10.4172/2329-8863.1000261
http://doi.org/10.3389/fpls.2022.978291
http://doi.org/10.3389/fpls.2022.921668
http://www.ncbi.nlm.nih.gov/pubmed/35968151
http://doi.org/10.3390/life12020219
http://doi.org/10.3390/plants11030345
http://doi.org/10.1016/j.btre.2017.03.002
http://doi.org/10.3390/agronomy11071432
http://doi.org/10.1080/03650340.2021.1971654
http://doi.org/10.1590/1519-6984.261785
http://doi.org/10.3906/bot-1409-10
http://doi.org/10.3389/fpls.2022.992535


Molecules 2022, 27, 5744 13 of 14

15. Farooq, T.H.; Rafay, M.; Basit, H.; Shakoor, A.; Shabbir, R.; Riaz, M.U.; Ali, B.; Kumar, U.; Qureshi, K.A.; Jaremko, M. Morpho-
physiological growth performance and phytoremediation capabilities of selected xerophyte grass species toward Cr and Pb stress.
Front. Plant Sci. 2022, 13, 997120. [CrossRef]

16. Marchiol, L.; Filippi, A.; Adamiano, A.; Degli Esposti, L.; Iafisco, M.; Mattiello, A.; Braidot, E. Influence of hydroxyapatite
nanoparticles on germination and plant metabolism of tomato (Solanum lycopersicum L.): Preliminary evidence. Agronomy 2019,
9, 161. [CrossRef]

17. Fatima, F.; Hashim, A.; Anees, S. Efficacy of nanoparticles as nanofertilizer production: A review. Environ. Sci. Pollut. Res. 2021,
28, 1292–1303. [CrossRef]

18. Wang, W.; Vinocur, B.; Shoseyov, O.; Altman, A. Role of plant heat-shock proteins and molecular chaperones in the abiotic stress
response. Trends Plant Sci. 2004, 9, 231–239. [CrossRef]

19. Saeed, S.; Ullah, A.; Ullah, S.; Noor, J.; Ali, B.; Khan, M.N.; Hashem, M.; Mostafa, Y.S.; Alamri, S. Validating the Impact of Water
Potential and Temperature on Seed Germination of Wheat (Triticum aestivum L.) via Hydrothermal Time Model. Life 2022, 12, 983.
[CrossRef]

20. Haider, M.W.; Nafees, M.; Ahmad, I.; Ali, B.; Maryam Iqbal, R.; Vodnar, D.C.; Marc, R.A.; Kamran, M.; Saleem, M.H.; Al-Ghamdi,
A.A.; et al. Postharvest dormancy-related changes of endogenous hormones in relation to different dormancy-breaking methods
of potato (Solanum tuberosum L.) tubers. Front. Plant Sci. 2022, 13, 945256. [CrossRef]

21. Hussain, S.Q.; Rasheed, M.; Saleem, M.H.; Ahmed, Z.I.; Hafeez, A.; Jilani, G.; Alamri, S.; Hashem, M.; Ali, S. Salt tolerance in
maize with melatonin priming to achieve sustainability in yield on salt affected soils. Pak. J. Bot. 2023, 55, 1. [CrossRef]

22. Ali, B.; Azeem, M.A.; Qayyum, A.; Mustafa, G.; Ahmad, M.A.; Javed, M.T.; Chaudhary, H.J. Bio-Fabricated Silver Nanoparticles:
A Sustainable Approach for Augmentation of Plant Growth and Pathogen Control. In Sustainable Agriculture Reviews; Springer:
Cham, Switzerland, 2021; Volume 53, pp. 345–371.

23. Afridi, M.S.; Javed, M.A.; Ali, S.; De Medeiros, F.H.V.; Ali, B.; Salam, A.; Sumaira Marc, R.A.; Alkhalifah, D.H.M.; Selim,
S.; Santoyo, G. New opportunities in plant microbiome engineering for increasing agricultural sustainability under stressful
conditions. Front. Plant Sci. 2022, 13, 899464. [CrossRef]

24. Rohman, M.M.; Ahmed, I.; Molla, M.R.; Hossain, M.A.; Amiruzzaman, M. Evaluation of salt tolerant mungbean (Vigna radiata L.)
Genotypes on growth through bio-molecular approaches. Bangladesh J. Agric. Res. 2019, 44, 469–492. [CrossRef]

25. El-Ramady, H.; Abdalla, N.; Alshaal, T.; El-Henawy, A.; Elmahrouk, M.; Bayoumi, Y.; Domokos-Szabolcsy, É. Plant Nano-nutrition:
Perspectives and Challenges. In Nanotechnology, Food Security and Water Treatment; Springer International Publishing: Cham,
Switzerland, 2018; pp. 129–161.

26. Amin, A.A.; El-Kader, A.A.A.; Abouziena, H.F.; El-Awadi, M.; Gharib, F.A. Effects of benzoic acid and thiourea on growth and
productivity of wheat (Triticum aestivum L.) plants. Int. J. Sci. Res. 2016, 72, 1032–1037.

27. Srivastava, A.K.; Sablok, G.; Hackenberg, M.; Deshpande, U.; Suprasanna, P. Thiourea priming enhances salt tolerance through
co-ordinated regulation of microRNAs and hormones in Brassica juncea. Sci. Rep. 2017, 7, 45490. [CrossRef] [PubMed]

28. Torabian, S.; Zahedi, M.; Khoshgoftar, A.H. Effects of foliar spray of nanoparticles of FeSO4 on the growth and ion content of
sunflower under saline condition. J. Plant Nutr. 2017, 40, 615–623. [CrossRef]

29. Wahab, A.; Abdi, G.; Saleem, M.H.; Ali, B.; Ullah, S.; Shah, W.; Mumtaz, S.; Yasin, G.; Muresan, C.C.; Marc, R.A. Plants’ Physio-
Biochemical and Phyto-Hormonal Responses to Alleviate the Adverse Effects of Drought Stress: A Comprehensive Review. Plants
2022, 11, 1620. [CrossRef] [PubMed]

30. Saleem, K.; Asghar, M.A.; Saleem, M.H.; Raza, A.; Kocsy, G.; Iqbal, N.; Ali, B.; Albeshr, M.F.; Bhat, E.A. Chrysotile-Asbestos-
Induced Damage in Panicum virgatum and Phleum pretense Species and Its Alleviation by Organic-Soil Amendment. Sustainabil-
ity 2022, 14, 10824. [CrossRef]

31. Ma, J.; Saleem, M.H.; Yasin, G.; Mumtaz, S.; Qureshi, F.F.; Ali, B.; Ercisli, S.; Alhag, S.K.; Ahmed, A.E.; Vodnar, D.C.; et al.
Individual and combinatorial effects of SNP and NaHS on morpho-physio-biochemical attributes and phytoextraction of
chromium through Cr-stressed spinach (Spinacia oleracea L.). Front. Plant Sci. 2022, 13, 973740. [CrossRef]

32. Ma, J.; Saleem, M.H.; Ali, B.; Rasheed, R.; Ashraf, M.A.; Aziz, H.; Ercisli, S.; Riaz, S.; Elsharkawy, M.M.; Hussain, I.; et al. Impact
of foliar application of syringic acid on tomato (Solanum lycopersicum L.) under heavy metal stress-insights into nutrient uptake,
redox homeostasis, oxidative stress, and antioxidant defense. Front. Plant Sci. 2022, 13, 950120. [CrossRef]

33. Nasrallah, A.K.; Kheder, A.A.; Kord, M.A.; Fouad, A.S.; El-Mogy, M.M.; Atia, M.A.M. Mitigation of Salinity Stress Effects on
Broad Bean Productivity Using Calcium Phosphate Nanoparticles Application. Horticulturae 2022, 8, 75–84. [CrossRef]

34. Biswas, P.; Wu, C.Y. Critical review: Nanoparticles and the environment. J. Air Waste Manag. Assoc. 2005, 55, 708–746. [CrossRef]
35. Rehman, M.Z.; Rizwan, M.; Sabir, M.; Shahjahan, A.S.; Ahmed, H.R. Comparative effects of different soil conditioners on wheat

growth and yield grown in saline-sodic soils. Sains Malays. 2016, 45, 339–346.
36. Zainab, N.; Khan, A.A.; Azeem, M.A.; Ali, B.; Wang, T.; Shi, F.; Alghanem, S.M.; Hussain Munis, M.F.; Hashem, M.; Alamri, S.;

et al. PGPR-Mediated Plant Growth Attributes and Metal Extraction Ability of Sesbania sesban L. in Industrially Contaminated
Soils. Agronomy 2021, 11, 1820. [CrossRef]

37. Claussen, W. Proline as a measure of stress in tomato plants. Plant Sci. 2005, 168, 241–248. [CrossRef]
38. Jain, M.; Mathur, G.; Koul, S.; Sarin, N.B. Ameliorative effect of praline on salt stress induced lipid peroxidation in cell lines of

groundnut (Arachis hypogea L.). Plant Cell Rep. 2001, 20, 463–468. [CrossRef]

http://doi.org/10.3389/fpls.2022.997120
http://doi.org/10.3390/agronomy9040161
http://doi.org/10.1007/s11356-020-11218-9
http://doi.org/10.1016/j.tplants.2004.03.006
http://doi.org/10.3390/life12070983
http://doi.org/10.3389/fpls.2022.945256
http://doi.org/10.30848/PJB2023-1(27)
http://doi.org/10.3389/fpls.2022.899464
http://doi.org/10.3329/bjar.v44i3.43479
http://doi.org/10.1038/srep45490
http://www.ncbi.nlm.nih.gov/pubmed/28382938
http://doi.org/10.1080/01904167.2016.1240187
http://doi.org/10.3390/plants11131620
http://www.ncbi.nlm.nih.gov/pubmed/35807572
http://doi.org/10.3390/su141710824
http://doi.org/10.3389/fpls.2022.973740
http://doi.org/10.3389/fpls.2022.950120
http://doi.org/10.3390/horticulturae8010075
http://doi.org/10.1080/10473289.2005.10464656
http://doi.org/10.3390/agronomy11091820
http://doi.org/10.1016/j.plantsci.2004.07.039
http://doi.org/10.1007/s002990100353


Molecules 2022, 27, 5744 14 of 14

39. Jeevanandam, J.; Barhoum, A.; Chan, Y.S.; Dufresne, A.; Danquah, M.K. Review on nanoparticles and nanostructured materials:
History, sources, toxicity and regulations. Belistein J. Nanotechnol. 2018, 9, 1050–1074. [CrossRef]

40. Paz, A.; Guadarrama, D.; Lopez, M.; Gonzalez, J.E.; Brizuela, N.; Aragon, J. A comparative study of Hydroxyapaptite nanoparticles
synthesized by different routes. Quim. Nova 2012, 35, 1724–1727. [CrossRef]

41. Lichtenthaler, H.K.; Buschmann, C. Chlorophylls and carotenoids-Extraction, Isolation and purification. In Current Protocols in
Food and Analytical Chemistry (CPFA); John Wiley: New York, NY, USA, 2001; Volume 9.

42. Zhang, Y.; He, Z.H.; Zhou, G.Y.; Wang, D.S. Genotype and environment effects on major quality characters of wintersown Chinese
wheats. J. Chin. Cer. Oils Assoc. 1999, 4, 1–5.

43. Zhang, X.Z. Crop Physiology Research Methods; China Agriculture Press: Beijing, China, 1992; pp. 148–149.
44. Verma, S.; Dubey, R.S. Lead toxicity induces lipid peroxidation and alters the activities of antioxidant enzymes in growing rice

plants. Plant Sci. 2003, 164, 645–655. [CrossRef]

http://doi.org/10.3762/bjnano.9.98
http://doi.org/10.1590/S0100-40422012000900004
http://doi.org/10.1016/S0168-9452(03)00022-0

	Introduction 
	Results 
	Characterization of TU–ANPs 
	Effect of TU–ANPs on Germination Indices and Vegetative Performance 
	Effect of TU–ANPs on Photosynthetic Pigments and Osmolytes 
	Effect of TU–ANPs on Antioxidation Biosystem 

	Discussion 
	Material and Methods 
	Synthesis and Characterization of TU–ANPs 
	Plant Material and Growth Conditions 
	Physiological and Biochemical Analysis 
	Activity of Antioxidant Enzymes (POD, APX, CAT and SOD) 
	Statistical Analysis 

	Conclusions 
	References

