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A b s t r a c t. Among the various stresses affecting crop produc-
tivity, drought is a major challenge, particularly for leguminous 
crops like peas. The present study investigated the potential of 
chitosan-zinc oxide nanoparticles (CHT-ZnO NPs) to enhance 
drought tolerance in Pisum sativum L. through foliar application. 
The nanoparticles were synthesized via ion gelation, characte-
rized before application using field emission scanning electron 
microscopy (FE-SEM), X-ray diffraction (XRD), Fourier trans-
form infrared (FTIR), and X-ray photoelectron spectroscopy 
(XPS). Thereafter, CHT-ZnO NPs were applied to pea plants at 
concentrations of 200 ppm and 400 ppm as well as ZnSO4 under 
different drought stress levels as per treatment plan. The results 
demonstrated that CHT-ZnO NPs significantly enhanced physio- 
logical and yield attributes of tested plant, even under moderate 
to severe drought stress. Notably, the 200 ppm dose of CHT-ZnO 
NPs showed the most significant improvement in chlorophyll con-
tents (42.8 to 31.9%) and overall yield (54.6 to 43.2%), compared 
to their respective control under moderate to severe drought (60 
and 40% field capacity (FC), respectively), thereby mitigating the 
adverse effects of drought. These findings suggest that the foliar 
application of CHT-ZnO NPs could become a promising strategy 
to improve drought resilience in pea crops.

K e y w o r d s: chitosan, drought stress, nanocomposites, Pisum 
sativum, yield, zinc oxide nanoparticles

1. INTRODUCTION 

The production of high-quality and nutrient-enriched 
food under the influence of climate change is a threatening 
challenge which requires a sustainable solution to ensure 
food security issues. It is estimated that the global popula-
tion is projected to reach 9.7 billion by the end of 2025; 
therefore, it is the need of the hour to increase the existing 
food production by 70% to meet the rising food demand 
(Shahab et al., 2024). Among abiotic stresses, drought is 
the most critical constraint which limits agricultural pro-
ductivity (Jan et al., 2025). Adverse climatic changes, 
like decreased precipitation, altered rainfall patterns, 
and increased temperature, are the main causes of global 
drought occurrence (Ishfaq et al., 2025). In 2022, about 
30% of the global land area was under moderate to extreme 
drought (Gebrechorkos et al., 2025; Havii et al., 2025). In 
Asia, around 1.7 billion hectares (from 4.3 billion hectares) 
of total land area is prone to drought stress due to their arid, 
semi-arid, or sub-humid climate (Nadeem et al., 2019). In 
plants, drought stress adversely affects physiological pro-
cesses, including photosynthesis, stomatal conductance, 
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rate of cell division and elongation, nutrient uptake, and 
membrane stability, resulting in decreased biomass accu-
mulation and yield losses (Khan et al., 2025). Hence, it is 
required to develop sustainable, resource-efficient, and eco-
friendly strategies to mitigate the impacts of drought stress 
on plants. 

Traditional agricultural intensification to meet global 
food demand heavily relies on agrochemicals such as fer-
tilizers and pesticides, which pose serious environmental 
threats like soil degradation, groundwater contamination, 
and greenhouse gas emissions (Elumalai et al., 2025). 
However, the recent development in nanotechnology offers 
innovative approaches to enhance crop resilience and pro-
ductivity (Sharma et al., 2025; Gorczyca et al., 2024; Priss 
et al., 2024). In recent years, the use of zinc oxide nanopar-
ticles (ZnO NPs) has become very popular, as it improves 
the growth rate, physiology, and nutrient status of the exist-
ing crops and improves their nutritional values to mitigate 
malnutrition crises (Inam et al., 2024). ZnO NPs, character-
ized by their nanoscale size (<100 nm), high surface area, 
and semiconductor properties, serve as bioavailable sourc-
es of zinc (Zn) (Mandal et al., 2022, Gökmen et al., 2024). 
It acts as an essential micronutrient involved in enzyme 
activation, protein synthesis, and chlorophyll formation 
in plants (Patel et al., 2020). Numerous studies have also 
reported that CHT-ZnO NPs are generally recognized as 
safe (GRAS) and demonstrate efficacy in improving plant 
growth and tolerance to drought stress (Fatima et al., 2024, 
Monib et al., 2023).

Chitosan (CHT), derived from chitin, is a partially dea-
cetylated polymer of N-acetyl glucosamine which possesses 
unique attributes such as biodegradability, biocompatibility, 
and a positive surface charge due to its amino groups (Ali 
et al., 2024). Recently, chitosan has been described par-
ticularly as an elicitor of plant defense for plant protection 
(Stasińska-Jakubas and Hawrylak-Nowak, 2022). The sy-
nergistic application of CHT and ZnO NPs as chitosan-zinc 
oxide nanoparticles (CHT-ZnO NPs) is helpful for drought 
mitigation through enhanced antioxidant defense, improved 
nutrient uptake, and maintenance of cellular homeostasis 
(Rani et al., 2024). Foliar-applied nanoformulations, in 
comparison with conventional fertilizers, do not require the 
root system and adequate topsoil moisture, thus providing 
a direct route for nutrient delivery to plants (Singh G.B. et 
al., 2024). They also facilitate direct and rapid absorption 
through cuticular pores, stomata, or nano-scale penetration, 
while minimizing losses due to precipitation, adsorption, 
or immobilization in dry soils (Wang X. et al., 2023). This 
route ensures rapid nanoparticle uptake at the primary sites 
of photosynthesis and induces plant defense mechanisms 
by activating antioxidant enzymes (in case of ROS produc-
tion), osmolyte synthesis, and stomatal regulation. This 
synergistic effect is more effective when applied to leaves, 
where stress signaling occurs (Seleiman et al., 2023).

Pea (Pisum sativum L.) is a major vegetable crop valu-
ed for its carbohydrates, proteins, vitamins, and essential 
amino acids such as lysine and tryptophan (Bagheri et al., 
2023). As a legume, it contributes to cereal-based rota-
tions through nitrogen fixation, but its cultivation area has 
declined due to climate change and extreme weather such 
as drought (Kumar et al., 2023). The crop is particularly 
vulnerable to drought stress, with the flowering stage being 
more sensitive than the vegetative phase (Bagheri et al., 
2023). Pea growth and yield in semi-arid regions have 
attracted considerable attention due to effect of climate 
change and water scarcity (Azmat et al., 2024; Ocieczek 
et al., 2025), which is why this crop was chosen for the 
study. Although the individual effects of chitosan and ZnO 
nanoparticles in enhancing plant stress tolerance have been 
reported, their integration into a single nanoformulation 
and foliar delivery has rarely been tested in legumes under 
field conditions. Previous studies mostly focused on either 
ZnO NPs or chitosan alone or evaluated their effects in 
controlled environments such as hydroponics or pot experi-
ments. To our knowledge, no study has yet assessed the 
combined foliar application of chitosan-ZnO nanoparticles 
in pea (Pisum sativum L.) subjected to moderate and severe 
drought stress in field trials. The present work therefore 
provides novel insights into the synergistic role of CHT-
ZnO NPs in improving growth, physiology, antioxidant 
defense, and yield attributes, while validating their poten-
tial as a sustainable strategy for climate-resilient legume 
production.

2. MATERIALS AND METHODS

2.1. Synthesis and characterization of chitosan-zinc oxide 
nanoparticles

The ion gelation method reported by Choudhary et 
al. (2019) was adopted with slight modifications for the 
synthesis of chitosan-zinc oxide nanoparticles (CHT-ZnO 
NPs). Briefly, low molecular weight chitosan was dis-
solved in 0.1% (v/v) acetic acid with continuous stirring; 
then, the pH was adjusted to 4.6-4.8 with 10N NaOH, and 
TPP was added drop-wise to this solution for cross-linking. 
Moreover, ZnSO4 (0.02%, w/v) was added to prepare col-
loidal solutions. Dry powder of the nanocomposite was 
obtained by lyophilizing the gel using a freeze dryer (Heto 
Drywinner Freeze Dryer Model – CT/DW 60E). A por-
tion of these lyophilized nanocomposites was subjected to 
calcination at 400°C for 2-3 h in air. The organic matrix 
decomposed, leaving behind crystalline ZnO nanoparti-
cles, which facilitated the conversion of Zn²⁺ species into 
ZnO nanoparticles. Thereafter, for further characterization, 
pure chitosan (low molecular weight), ZnO nanopar- 
ticles, and CHT-ZnO NPs were stored at room tempera-
ture. Field emission scanning electron microscopy coupled 
with energy dispersive x-ray spectroscopy (Carl Zeiss 
VP500, operating voltage of 10 kV) was used to examine 
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the morphological and elemental composition of Chitosan, 
ZnO, and their composite materials. X-ray diffraction ana-
lysis was performed to determine the structural properties 
of pristine chitosan, pure ZnO nanostructures, and CHT-
ZnO composites. For this purpose, utilized angle range of 
10° to 70°, step size 0.02° s-1, a Cu with Kɑ radiation source 
having wavelength 1.5409 Å was used to capture the spec-
tra with a Bruker D8 advance X-beam diffractometer. FTIR 
analysis was conducted using a BRUKER TENSOR 27 
spectrometer equipped with a smart strength single-bounce 
diamond ATR (attenuated total reflectance) cell. Spectral 
data were acquired in the range of 3700 cm⁻¹ to 650 cm⁻¹ 
with a resolution of 1 cm⁻¹, averaging 15 scans per sample. 
The acquired spectra were processed and analyzed using 
the GRAMS software package. An X-ray photoemission 
spectroscopy (XPS) PS system from Scienta-Omicron 
equipped with a monochromatic Al K-Alpha X-ray source 
(1486.7 eV) was employed for in-depth chemical analy- 
ses and determination of the surface chemistry composi-
tion of the composite. The operating conditions included 
a 700 μm spot size, analyzer energy (CAE) of 100 electron 
volts for general scan, and sources operating at 15 KeV. 
After Shirley background corrections, the spectra were fit-
ted using the Gaussian-Lorentzia line shape. The XPS data 
were calibrated with C1s peak at 284.8 eV. 

2.2. Experimental layout

The field experiment was conducted  during the 2023/ 
2024 growing season in sandy loam soil, at the Shakargarh 
(longitudes 32°15’38.7” N and longitudes 75°10’37.2” E) 
District, Narowal, Punjab, Pakistan, to evaluate the impact 
of foliar application of CHT-ZnO NPs on pea (Pisum 
sativum L. cv. Meteor) in field conditions under various 
drought levels. The soil samples were collected from va- 
rious sites within the field area; then, a composite sample 
was prepared, and various physiochemical attributes of soil 
were measured following the standard protocols (Estefan 
et al., 2013). The texture of the soil was sandy loam with 
51% sand, 45% silt, and 04% clay. The other parameters 
included EC 4.5 dSm-1, pH 7.7, total organic carbon 0.83%, 
organic matter 1.42%, sodium 1 586 mg kg-1, Ca+Mg 17.2 
meq L-1, total phosphorus 0.027%, total potassium 0.38%, 
total zinc 64 mg kg-1, total manganese 257 mg kg-1, and 
total Fe 359 mg kg-1. 

The experiment was conducted under controlled condi-
tions in terms of irrigation regime, foliar application rates, 
and experimental layout, while the soil type was determined 
by the natural field characteristics of the study site, as con-
firmed through prior soil analysis. Sandy loam represents 
the prevailing soil texture in the region and reflects the 
agronomic environment in which pea is cultivated locally. 
While soil physicochemical properties may influence the 
magnitude of crop responses, the study focuses on treat-
ment-induced physiological responses under controlled 

field management conditions. Accordingly, the observed 
response patterns are expected to be applicable to compara-
ble agro-ecological settings, although quantitative variation 
across different soil types cannot be excluded.

The field experiment was arranged using a split-plot 
design with irrigation regimes (i.e., 80%, 60%, and 40% 
FC) as the main-plot factor and Zn treatments (i.e., DI water, 
ZnSO₄, 200 ppm CHT–ZnO NPs, 400 ppm CHT–ZnO 
NPs) as the subplot factor. Each treatment combination was 
replicated thrice, and a total of 36 experimental units were 
made. The main plots (irrigation regimes) were randomly 
assigned within blocks, and the subplots (Zn treatments) 
were randomly allocated within each main plot. Blocking 
was based on field orientation to minimize soil heteroge- 
neity effects. Each subplot measured 3.66 × 0.30 m with 
0.30 m plant spacing. To determine the field capacity of 
the soil, the method outlined by Sparks et al. (1996) was 
employed. This method aids in understanding the soil water 
holding capacity, a critical aspect in assessing plant water 
availability and irrigation requirements. Certified pea seeds 
were sourced locally from Talib Fertilizers and Co., Ikhlas 
Pur Road, Shakargarh, District Narowal, Punjab, Pakistan, 
and an equal number of seeds were planted per plot. After 
seedling emergence, standard agronomic practices (weed, 
pest, and disease management) were applied as required. 
Thirty days after sowing, when the pea plants reached the 
39 BBCH stage, various drought regimes, i.e., control (80% 
field capacity), moderate drought (60% FC), and severe 
drought (40% FC), were imposed, maintained, and moni-
tored daily with the help of a soil moisture meter (Lutron 
PMS-714), and irrigation volumes were adjusted accord-
ingly to sustain the target FC levels for each treatment. After 
10 days of maintaining the drought, foliar applications of 
ZnSO4 (at the recommended dose) (Dhaliwal et al., 2022), 
CHT-ZnO NPs 200 ppm, and 400 ppm, and deionized 
water (in the control) were applied at three-day intervals 
at the BBCH 51, BBCH 55, and BBCH 59 growth stages 
of pea plants as per treatment plan. The rationale behind 
using 200 ppm and 400 ppm CHT-ZnO NPs is based on 
the findings of our previous experiment (unpublished data). 
Briefly, a pot trial was conducted in controlled conditions 
in which CHT-ZnO NPs at 6.5, 12.5, 25, 50, 100, 200, and 
then 400 ppm were applied via soil, foliar, and soil + foliar 
modes and tested against similar drought regimes. Based 
on best performance in terms of physiological, growth, and 
yield parameters, the best two concentrations (CHT-ZnO 
NPs 200 ppm and 400 ppm) and the best method (foliar 
application) were used in this experiment to check their 
impacts on pea plants in field conditions. Then, after 10 
days of the last foliar dose, various physiological attributes 
were measured. The plants were harvested after 120 days 
of experimentation. 
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2.3. Physiological attributes of pea plants

Various physiological attributes of pea plants were eval-
uated to check the impacts of the applied treatments under 
various drought regimes. From each replicate, three plants 
were randomly selected, and newly matured leaves from 
these plants were collected to determine chlorophyll a, 
chlorophyll b, total chlorophyll, carotenoid contents, sugar 
contents, proline contents, and relative water content.

2.4. Chlorophyll and carotenoid contents

Chlorophyll and carotenoid contents were quantified 
following the procedures of Arnon (1949) and Lichtenthaler 
and Wellburn (1983). Briefly, fresh leaf tissue (0.1 g) from 
each treatment was gently cleaned with water and dried 
with blotting paper. The samples were homogenized using 
a pestle and mortar, and pigments were extracted with 5 mL 
of 80% acetone. Then, the extracts were transferred into 
15 mL falcon tubes,  and centrifuged at room temperature 
for 5 min. The supernatant was collected, and absorbance 
was recorded at 663, 645, and 470 nm using a UV–visible 
spectrophotometer (BMS UV 2600). Chlorophyll a, chlo-
rophyll b, total chlorophyll, and carotenoid contents were 
calculated using the following equations:

Carotenoid contents = [100 A470 – 3.27 (chl a) –104 
(chl b)] / 227, (1)

Chlorophyll a = 12.21 (A663) – 2.81 (A645)7, (2)

Chlorophyll b = 20.13(A645) –5.03 (A663), (3)

Total chlorophyll = 20.2 (A645) – 8.02 (A663). (4)

2.5. Evaluation of sugar contents

Soluble sugar content in pea leaves was determined fol-
lowing the method of DuBois et al. (1956). Fresh leaf tissue 
(0.1 g) was homogenized in a pestle and mortar with 10 mL 
of distilled water and vortexed at 3000 rpm for 10 min. 
From the supernatant, 0.1 mL was mixed with 1 mL of 
5% phenol and incubated at room temperature for 1 h. 
Subsequently, 5 mL of concentrated sulfuric acid was 
added, and absorbance was recorded at 420 nm using 
a UV–visible spectrophotometer. The sugar concentration 
in the samples was calculated from a glucose standard 
curve prepared with known concentrations.

2.6. Osmo-protectants and relative water contents

Proline content in pea leaves was estimated follow-
ing the method of Bates et al. (1973). Briefly, fresh leaf 
tissues (0.1 g) were homogenized in 4 mL sulfosalicylic 
acid and transferred to falcon tubes, then refrigerated for 
24 h and centrifuged at 3000 rpm for 5 min. The superna-
tant was mixed with 4 mL of acid ninhydrin reagent and 

incubated in a water bath at 100°C for 1 h. After cooling, 
4 mL toluene was added, and the colored toluene phase 
(light to dark pink) was separated using a separating funnel. 
Absorbance was measured at 520 nm using a UV–visible 
spectrophotometer.

Relative water content (RWC) was determined follow-
ing the method of Sairam et al. (2002). In brief, recently 
expanded leaves of pea plants were excised, blotted dry, 
and weighed immediately to record fresh weight (FW). The 
samples were then soaked in distilled water for 4 h at room 
temperature to attain full turgidity. Thereafter, the leaves 
were gently blotted and weighed to obtain turgid weight 
(TW). Subsequently, the same leaves were oven-dried at 
70°C for 48 h to record dry weight (DW). The RWC was 
calculated using the following equation:

(5)

2.7. Yield attributes

After 120 days of plantation, the pea plants were 
harvested, and various yield attributes were measured after-
wards. The pod number per plant was recorded manually 
by randomly selecting three plants from each replication. 
Thereafter, seeds from each pod were calculated manu-
ally and the average was taken from each replicate. For the 
determination of hundred-seed weigh, all seeds collected 
from same replicate were mixed and 100 seeds were col-
lected from each replicate on a random basis. Afterwards, 
the weight of a hundred seeds was measured using a port-
able weight balance. At the end, the yield per hectare was 
calculated from each treatment to show overall producti- 
vity under various conditions. 

2.8. Statistical analysis

The experiment was laid out as a split-plot design with 
irrigation regimes (80, 60, and 40% field capacity) as the 
main plot factor and foliar treatment (DI water, ZnSO₄, 
200 ppm CHT-ZnO, 400 ppm CHT-ZnO) as the subplot fac-
tor, with three replicates. Data were analyzed by two-way 
ANOVA to test the effects of irrigation, foliar treatment, 
and their interaction. Prior to analysis, normality and 
homogeneity of variances were evaluated using Shapiro-
Wilk and Levene’s tests, respectively, and data were log- or 
square-root-transformed when assumptions were violated. 
The correct error terms were used to test main-plot and 
subplot effects separately. Pairwise mean comparisons 
among individual treatment were performed using Tukey’s 
HSD indicated significant effects (p ≤ 0.05). Although rep-
lication was limited to three per treatment, which constrains 
field-level inference, this replication number is consistent 
with prior agronomic field studies under resource-lim-
ited conditions. Results are presented as mean ± SE, and 
significant differences are indicated by different letters. All 
statistical analyses were performed in Statistix 8.1 software. 
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The R packages in R software (4.5.0) FactoMineR, and fac-
toextra were used to compute PCA. The optimal number of 
principal components was determined using the Kaiser cri-
terion (eigenvalue >1) in combination with the cumulative 
explained variance approach. The PCA input matrix con-
sisted of 12 rows and 11 variables. Prior to PCA, the input 
data were standardized (mean-centered and scaled to unit 
variance). The PCA was performed in R using the prcomp() 
function with the argument scale. = TRUE, ensuring that 
all variables contributed equally regardless of their original 
measurement units.

3. RESULTS

3.1. Field emission electron microscopy analysis

Figure 1 shows the FE-SEM images and conforming 
EDS spectra of pure ZnO and the Chitosan-ZnO compo- 
site. The FE-SEM image of pure ZnO (Fig. 1a) reveals 
a granular and clustered morphology, consisting of densely 
packed particles. This structure is characteristic of crys-
talline ZnO and suggests a relatively high surface area 
due to the small particle size and rough texture. In con-
trast, the FE-SEM image of the Chitosan-ZnO composite 
(Fig. 1c) displays a significantly transformed morphology. 
The surface appears more compact and layered, with larger 
and smoother structures, indicating the presence of chi-
tosan. The ZnO nanoparticles seem to be embedded within 
or coated by the biopolymer matrix. 

The EDS spectrum of pristine ZnO nanostructures 
(Fig. 1b) confirms the elemental composition, showing 
strong peaks corresponding to zinc (Zn) and oxygen (O), 
with weight percentages of 60.6 and 39.4%, correspond-
ingly. The non-appearance of additional elements shows 
the good purity of the as-fabricated ZnO nanostructures. 
Meanwhile, the EDS spectrum of the Chitosan-ZnO 
composite (Fig. 1d) shows the presence of additional ele-

ments, namely carbon (C) and nitrogen (N), with weight 
percentages of 43.6 and 39.1%, respectively. These are 
attributed to the organic chitosan polymer. The zinc and 
oxygen content are significantly reduced to 10.6 and 6.8%, 
respectively, reflecting the lower ZnO loading and success-
ful dispersion within the chitosan matrix. The presence of 
these elements confirms the successful formation of the 
Chitosan-ZnO composite and the integration of inorganic 
and organic phases without detectable impurities. The com-
bined FE-SEM and EDS analyses clearly demonstrate the 
morphological transformation and compositional variation 
resulting from the formation of the Chitosan-ZnO compos-
ite, verifying the successful synthesis of a hybrid material.

3.2. X-Ray diffraction analysis

As chitosan is a natural biopolymer derived from chi- 
tin, it is greatly employed for water treatment due to its bio- 
compatibility, biodegradability, and non-toxicity (Jiménez-
Gómez and Cecilia, 2020). X-ray diffraction (XRD) was 
employed to investigate crystallinity and basic structural 
features of chitosan. The XRD pattern of pure chitosan is 
shown in Fig. 2c, which typically exhibits broad peaks, 
demonstrating a semi-crystalline or amorphous structure. 
A broad diffraction peak appeared around 2θ = 20°, cor-
responding to the crystalline region of chitosan, where as 
a less intense peak detected around 2θ = 10° is related to 
low ordered structures (Jia et al., 2020). The span of the 
peaks represents the low degree of crystallinity of chitosan 
due to its uneven arrangement and intermolecular hydro-
gen bonding. The peak around 2θ ̴ 20° is typically assigned 
to the (110) reflection plane, demonstrating the orientation 
of the polymer chains. The XRD pattern of pure chitosan 
indicates its semi-crystalline nature, displaying character-
istic peaks near 10 and 20°, which validate its identity and 
structural integrity. The XRD spectra of the as-produced 

Fig. 1. Field emission scanning electron microscopy (FE-SEM) images with energy dispersive X-ray spectroscopy (EDS) spectrum: 
a) FE-SEM image of pure ZnO, b) EDS spectra of pristine ZnO nanostructures, c) FE-SEM image of the Chitosan-ZnO composite, 
d) EDS spectra of the Chitosan-ZnO composite.

b)

d)

a)

c)
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ZnO nanostructures are presented in Fig. 2b. The XRD pat-
tern displays prominent diffraction peaks that correspond to 
the hexangular wurtzite crystal ZnO nanostructure (JCPDS 
card no. 36-1451). The most intense regions are observed 
at 2θ values of approximately 31.8, 34.4, 36.3, 47.5, 56.6, 
62.9, and 69.1°, which are indexed adjoining the (100), 

(002), (101), (102), (110), (103), and (201) atomic crystal 
planes, correspondingly. The most intense and well-defined 
nature of the Braggs peaks indicates the good lattice order 
of the ZnO structures (Yogamalar et al., 2009; El-Khawaga 
et al., 2025). No secondary peaks were detected, which may 
be related to impurities, confirming the high phase purity of 
the as-fabricated ZnO nanostructures. In Fig. 2a, the XRD 
patterns of the Chitosan-ZnO composite are depicted. This 
again shows the sharp and intense peaks representative of 
the hexagonal wurtzite phase of ZnO as in the case of pure 
ZnO structures (JCPDS card no. 36-1451) and the same 
main reflections observed. These peaks show the effective 
integration and high crystallinity of ZnO in the compos-
ite. The typical broad peaks of chitosan, normally observed 
around 10 and 20° are either absent or very weak in the 
composite (Sun et al., 2025). This can be ascribed to the 
intrinsically low crystallinity of chitosan and its lower con-
centration relative to ZnO in the composite. Furthermore, 
the prime diffraction peaks from the highly crystalline ZnO 
phase expected overshadows the low diffraction compo-
nent from the amorphous/semi-crystalline chitosan matrix. 
There are no additional peaks, which suggests that no sec-
ondary phases or impurities are present, confirming the 
successful fabrication of a phase-pure Chitosan-ZnO com-
posite (Allah et al., 2025).

3.3. FTIR analysis

The FTIR spectra of the composite of Chitosan with 
ZnO structures (blue), pure ZnO NPs (red), and pure 
Chitosan (black) are depicted in Fig. 3a. The IR spectra of 
pristine chitosan show a well-defined band region around 
3 361 cm−1 related to O-H bonding, alongside the internal 
hydrogen bonding. The absorption band near 2 877 cm⁻¹ 
is associated with the asymmetric stretching vibrations of 
C–H bonds. The existence of N-acetyl functionalities is 
evidenced by the characteristic peaks around 1 645 cm⁻¹ 
(indicative of C=O stretching in amide I) and 1 325 cm⁻¹ 
(corresponding to C–N stretching in amide III). A distinct 
peak at 1 589 cm⁻¹ is linked to N–H bending vibrations 
typical of primary amine groups (Queiroz et al., 2014). The 
deformation modes of CH2 and the symmetric bending of 
CH3 groups are reflected in the peaks observed around 1 423 
and 1 375 cm⁻¹, respectively. Peaks at 1 066 and 1 028 cm⁻¹ 
are assigned to C–O stretching vibrations. These spectral 
features are consistent with those documented for chitosan 
in previous studies (Queiroz et al., 2014; Vino et al., 2012; 
Song et al., 2013). The signal appearing at 1 262 cm⁻¹ is 
attributed to the bending motions of hydroxyl groups inher-
ent in chitosan (Song et al., 2013), while the band near 
896 cm⁻¹ is representative of out-of-plane CH bending 
related to the monosaccharide ring structure. The FTIR 
spectra of the synthesized zinc oxide nanoparticles were 
recorded in the range of 4 000-400 cm⁻¹. The spectrum 
exhibited characteristic bands corresponding to various 
functional groups at 3 370, 3 264, 3 160, 1 555, 1 435, 1 117, 

Fig. 2. XRD patterns of: a) the composite of Chitosan with ZnO 
structures, b) pure ZnO structures, and c) pure Chitosan.

Fig. 3. FTIR spectra of: a) of the composite of Chitosan with ZnO 
structures (blue), pure ZnO NPs (red), and pure Chitosan (black); 
b) XPS survey spectra of: (a) the composite of Chitosan with ZnO 
structures (b) pure ZnO NPs, and (c) pure Chitosan.
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b)
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1 019, 950, 693, 624, 620, and 568 cm⁻¹. The broad and 
intense peaks observed at 3 370 and 3 264 cm⁻¹ are attri- 
buted to the asymmetric and symmetric stretching vibra-
tions of hydroxyl (-OH) groups. The band near 1 555 cm⁻¹ 
is assigned to the C = O stretching of the amide II group. 
A bending vibration associated with –C–H groups appears 
at 1 435 cm⁻¹. C–O stretching vibrations are identified at 
1 117 and 1 019 cm⁻¹. The bending vibrations of =C–H 
groups manifest at 950 and 693 cm⁻¹, while the bending 
mode of O–H groups is evident at 620 cm⁻¹. Finally, the 
peak at 568 cm⁻¹ corresponds to Zn–O bond stretching, 
confirming the successful formation of the zinc oxide nano-
particles (Mahalakshmi  et al., 2020). The IR spectra of 
chitosan-ZnO show some combined peaks of ZnO and chi-
tosan. In additional peaks, the absorption band at 1633 and 
1535 cm−1 relates to the C=O group and stretching mode 
C=N, individually. The peaks at 1 414 and 1 150 cm−1 are 
attributed to C-N and C–O stretching vibrations, respec-
tively. The peak in the composite appearing near 635 cm-1 
is associated with the out-of-plane OH group (Movasaghi 
et al., 2008).

3.4. X-ray photoelectron spectroscopy analysis

Figure 3b shows the survey scan of x-ray photoemis-
sion spectra (XPS), survey spectra of pure chitosan, pure 
ZnO NPs, and the composite of chitosan with ZnO NPs. 
The chitosan biopolymer primarily consists of such ele-
ments as carbon (C), oxygen (O), and nitrogen (N). Its 
XPS survey spectrum typically shows C 1s (~284.6 eV) 
associated with C–C/C–H bonding (aliphatic) and possi-
bly C–O/C=O depending on the degree of deacetylation, 
Likewise, O 1s (~531–533 eV) and N 1s (~399–401 eV) 
peaks from hydroxyl and amine groups (–NH2) are present 
in the survey spectrum, which depicts the purity of chitosan 
(Rinaudo, 2006). Similarly, in the figure, the second spectra 
correspond to pure ZnO nanoparticles. This spectrum typi-
cally shows Zn 2p (~1 021–1 045 eV) related to Zn 2p₃/₂ at 
~1021.5 eV and Zn 2p₁/₂ at ~1044.5 eV due to orbit split-
ting. The O 1s peak around ~530.0-530.5 eV is attributed 
to lattice oxygen (O2- in ZnO). The presence of carbon is 
associated with absorbed species from the surface (Baruah 
and Dutta, 2009). The XPS survey spectrum of the com-
posite shows a combination of peaks from both Chitosan 
and ZnO. Specifically, C 1s is still present, possibly slightly 
shifted or broadened due to interactions with ZnO. The N 
1s peak detected from Chitosan may exhibit a possible shift 
or change in intensity due to coordination with Zn2+, and 
O 1s  is more complex, as it includes the peaks from Zn–O 
(from ZnO) as well as C–O and O–H (from Chitosan) 
(Zaman et al., 2022).

3.5. Photosynthetic pigments

In the present study, it was observed that the drought 
levels (i.e., 60 and 40% field capacity) exerted a sig-
nificant impact on plant growth (p≤0.05) by altering its 
photosynthetic pigmentations. The DI treatment at 60% FC 
showed reduction of 24.2, 18.7, and 16.3% in Chl a, Chl b, 
and total chlorophyll in pea plants, respectively, com-
pared to their respective control (DI 80% field capacity), 
as presented in Fig. 4. Similarly, in the case of the DI 
treatment at 40% FC, 40.1, 36.9 and 39.8% reduction in 
Chl a, Chl b and total chlorophyll of pea plants, respec-
tively, was shown, compared to their respective control 
(DI 80% field capacity). However, in the case of 80% field 
capacity, the application of the Zn sources (in the form of 
ZnSO4, 200 ppm CHT-ZnO NPs, and 400 ppm CHT-ZnO 
NPs) improved plant physiology and caused a substantial 
increase in Chl a (12.8, 50.4.7, and 25.6%), Chl b (18.7, 
36.4, and 23.9%), and total chlorophyll (16.3, 42.2, and 
24.6%), compared to their respective control (DI 80% field 
capacity). 

Moreover, in the case of DI at 60% field capacity, 
the addition of ZnSO4, 200 ppm CHT-ZnO NPs, and 
400 ppm CHT-ZnO NPs increased Chl a (15.3, 67.2, and 
50.6%), Chl b (12.4, 26.2, and 19.3%), and total chlorophyll 
(13.5, 42.8, and 31.9%), respectively, compared with their 
respective control (DI 60% field capacity). Additionally, in 
the treatments with severe drought stress, i.e., 40% field 
capacity, the application of ZnSO4, 200 ppm CHT-ZnO 
NPs, and 400 ppm CHT-ZnO NPs caused a significant 
increase in Chl a (23.4, 69.2, and 43.9%, respectively), 
Chl b (22.1, 36.2, and 25.4%, respectively), and total chlo-
rophyll (22.6, 49.7, and 33.0%, respectively), compared to 
their respective control (DI 40% field capacity).

In the present study, it was observed that the various 
drought levels, i.e., 60% and 40% field capacity, signifi-
cantly impaired the chlorophyll contents (Chl a, Chl b, 
and total chlorophyll) in the pea plants. These results are 
consistent with the findings of (Pandey et al., 2023), who 
also reported decreased chlorophyll contents and reduced 
photosynthetic rates of pea plants grown under drought 
stress. The decrease in chlorophyll contents might be 
linked with inhibited biosynthesis pathways, enhanced 
activities of chlorophyllase, and oxidative degradation of 
chlorophyll pigments due to reactive oxygen species (ROS) 
production and increased lipid peroxidation (Khayatnezhad 
and Gholamin, 2021; Sachdev et al., 2021). This in turn 
decreases light harvesting and carbon fixation, which 
alters the physiological processes and impairs the growth 
and yield of pea plants (Pandey et al., 2023; Khatun et al., 
2021).

However, the application of zinc in the form of nanopar-
ticles improves the physiology of pea plants grown under 
drought stress (Mazhar et al., 2023). The 200 ppm CHT-
ZnO NP treatment exerted the most pronounced effects, 
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compared to conventional ZnSO₄ and the 400 ppm NPs. 
Zinc plays a vital role in maintaining biomembrane struc-
tures and acts as a cofactor for various enzymatic activities 
such as carbonic anhydrase and chlorophyll synthetase 
(Balafrej et al., 2020; Olayinka et al., 2021). Both enzymes 
are pivotal in photosynthetic metabolism. The higher effi-
cacy of CHT-ZnO NPs could be attributed to their improved 
penetration through leaf cuticles and stomatal openings to 
facilitate more efficient transport of nutrients to chloroplasts 
and enhance its reactivity and bioavailability (Avellan et 
al., 2021; Rani et al., 2023). Moreover, CHT-ZnO NPs 
could also indirectly regulate chlorophyll contents by miti-
gating oxidative damage to pigment-protein complexes in 
thylakoid membranes by enhancing the activity of antioxi-
dant enzymes such as SOD, CAT, and POD (Raja et al., 
2024). These protective roles could collectively enhance 
photosynthetic efficiency and chlorophyll pigmentation 
even under moderate to severe drought stress.

While the current study showed an increase in carote-
noid contents when the Zn treatments with ZnSO4, 200 ppm 
CHT-ZnO NPs, and 400 ppm CHT-ZnO NPs were applied 
in all drought levels, as shown in Fig. 4. However, the 
treatment at 60 and 40% field capacity showed a significant 
increase of 26.6 and 41.5% in carotenoid contents, respec-
tively, compared to the 80% field capacity. Moreover, 
within 80 and 60% of drought levels, the addition of 
ZnSO4, 200 ppm CHT-ZnO NPs, and 400 ppm CHT-ZnO 
NPs caused an increase of 11.7 to 33.8% in carotenoid con-

tents. However, the addition of the Zn sources did not show 
any significant improvement in carotenoid contents at 40% 
field capacity.  

Carotenoids are very crucial in the plant photosystem 
due to their role in light harvesting and ROS scaveng-
ing ability (Simkin et al., 2022). The observed increase 
in carotenoid content under moderate drought (60% FC) 
reflects an adaptative response aimed to minimize photo-
oxidative stress, and the findings of the study are in line 
with the results described by Lima et al. (2018). The 
increase in carotenoid contents under the CHT-ZnO NP 
treatments, especially in the case of 200 ppm, supports that 
zinc not only facilitates structural stabilization of thylakoid 
membranes, but can also upregulate carotenoid biosynthet-
ic genes such as phytoene synthase and lycopene β-cyclase 
(Li et al., 2024).

In the present work, under 40% FC, the Zn treatments 
did not cause a further increase in carotenoid levels, which 
indicates their inability under severe drought stress. These 
results are in agreement with the findings of Saleem et 
al. (2024), who also observed a decrease in chlorophyll 
and carotenoid contents in pea plants under Cd toxici- 
ty. In severe drought, antioxidative machinery becomes 
overwhelmed and disturbs the plastidial metabolism and 
pigment synthesis (Singh A. et al., 2024). This suggests 
that, under moderate conditions, CHT-ZnO NPs provide 

Fig. 4. Effects of various zinc sources on photosynthetic pigments: a) chlorophyll a, b) chlorophyll b, c) total chlorophyll, d) carotenoid 
contents in pea plants under various drought levels. Columns show the mean value of three replicates, while bars are standard errors. 
Columns sharing the same alphabet are not significantly different at p<0.05. FC – field capacity, NPs – nanoparticles.
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robust protection. However, their efficiency is extremely 
compromised under extreme drought, which possibly 
inhibits nutrient uptake and causes cellular collapse.

3.6. Osmo-protectants and relative water contents

The present work showed a significant increase in sug-
ar contents, i.e., 52.6% under the moderate drought level 
(60% FC), compared to their respective control (DI 80% 
field capacity), as shown in Fig. 5. However, in the case 
of 40% field capacity, a significant decrease of 57.3% was 
observed in sugar contents, compared to their respective 
control. Moreover, the treatment with ZnSO4, 200 ppm 
CHT-ZnO NPs, and 400 ppm CHT-ZnO NPs also produced 
a decrease of 69.2, 22.3, and 28.7%, respectively, com-
pared to their respective controls. In the case of 80% field 
capacity, the addition of ZnSO4, 200 ppm CHT-ZnO NPs, 
and 400 ppm CHT-ZnO NPs caused a significant increase 
of 65.3, 117, and 84.2%, respectively, in sugar contents, 
compared to their respective control (DI with 80% field 
capacity). Similarly, in the case of 60% field capacity, a sig- 
nificant increase of 31.8, 71.7, and 46.3% was observed 
upon the addition of ZnSO4, 200 ppm CHT-ZnO NPs, and 
400 ppm CHT-ZnO NPs, respectively, compared to their 
respective control (DI with 80% field capacity). Moreover, 
at 40% field capacity, the application of 200 ppm CHT-
ZnO NPs and 400 ppm CHT-ZnO NPs caused a significant 

increase of 179 and 106%, respectively, in sugar contents, 
compared to their respective control (DI with 80% field 
capacity).

In the current work, the proline contents were signifi-
cantly increased in moderate to severe drought stress. The 
proline contents increased by 103 to 185 at 60 and 40% field 
capacity, respectively, compared with the findings of the 
control (DI with 80% field capacity). However, the addition 
of the Zn sources caused a significant decrease in proline 
contents under various drought levels (as presented in 
Fig. 5). In the case of 80% field capacity, a significant 
decrease of 46.8, 147, and 60% in proline contents were 
observed under the application of ZnSO4, 200 ppm CHT-
ZnO NPs, and 400 ppm CHT-ZnO NPs, respectively, 
compared to their respective control (DI with 80% field 
capacity). Similarly, under 60% field capacity, a significant 
decrease of 22.1, 89.3, and 79.2% was observed upon the 
addition of ZnSO4, 200 ppm CHT-ZnO NPs, and 400 ppm 
CHT-ZnO NPs, respectively, compared to their respective 
control (DI with 60% field capacity). Moreover, at 40% 
field capacity, the application of 200 ppm CHT-ZnO NPs 
and 400 ppm CHT-ZnO NPs caused a significant decrease 
of 82.4 and 60.6%, respectively, in proline contents, 
compared to their respective control (DI with 40% field 
capacity).

Fig. 5. Effects of various zinc sources on sugar contents (a), proline contents (b), and relative water contents (c) in pea plants under 
various drought levels. Columns show the mean value of three replicates, while bars are standard errors. Columns sharing the same 
alphabet are not significantly different at p<0.05. FC, field capacity; NPs, nanoparticles.
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The relative water contents in the pea plants were sig-
nificantly decreased under moderate to severe drought 
stress, i.e., 60 and 40% field capacity (Fig. 5). However, 
the addition of the Zn sources caused a moderate to sig-
nificant increase in the relative water contents in the pea 
plants under various drought levels. In the case of 80% field 
capacity, a significant increase of 13.9, 21.8, and 15.7% 
in relative water contents were observed under the appli-
cation of ZnSO4, 200 ppm CHT-ZnO NPs, and 400 ppm 
CHT-ZnO NPs, respectively, compared to their respective 
control (DI with 80% field capacity), as shown in Fig. 5. 
Similarly, under 60% field capacity, a significant increase 
of 16.3, 24.6, and 13.4% was observed after the addition of 
ZnSO4, 200 ppm CHT-ZnO NPs, and 400 ppm CHT-ZnO 
NPs, respectively, compared with their respective control 
(DI with 60% field capacity). Likewise, at 40% field capac-
ity, the application of 200 ppm CHT-ZnO NPs, 400 ppm 
CHT-ZnO NPs, and ZnSO4, caused a significant increase of 
29.7, 22.9, and 13.0%, respectively, in relative water con-
tents, compared to their respective control (DI with 40% 
field capacity).

In the present work, the sugar contents showed a dual 
response in terms of an increase under 60% FC and a dras-
tic decline at 40% FC. This demonstrated the dynamic 
nature of osmotic adjustment in pea plants. Under moderate 
drought condition, carbohydrate metabolism becomes re-
active to increase osmolyte accumulation, which enhances 
the osmotic potential and maintains cell turgidity (Singh et 
al., 2023). Conversely, under higher drought stress, plant 
metabolism is adversely affected, limiting sugar biosynthe-
sis and its mobilization (Ghani et al., 2022).

The supplementation with 200 ppm CHT-ZnO NPs 
improved the sugar contents in the pea plants even at 40% 
FC. The present work supports the findings of Ajmal et 
al. (2023) and Semida et al. (2021), who also reported an 
increase in sugar contents in pea plants grown under drought 
stress and supplemented with ZnO NPs. This suggests that 
Zn plays a regulatory role in carbohydrate metabolism. 
Zn activates various enzymes like aldolase and invertase, 
which are crucial in glycolysis and sucrose cleavage, and 
thereby ensure continuous sugar supply for osmotic regu-
lation (Singh A. et al., 2024). The improved sugar levels 
under CHT-ZnO NP treatment could enhance carbon fixa-
tion, which is related to restoration of chlorophyll content 
and photosynthetic activities even under extreme drought 
stress (Sun et al., 2021).

Similarly, proline contents are increased in drought 
stress. Proline is a key osmoprotectant and ROS scaven-
ger, and its higher accumulation in plants is a hallmark of 
stress perception and cellular defense (Zulfiqar and Ashraf, 
2023). Interestingly, the application of CHT-ZnO NPs 
decreased proline levels across moderate to severe drought 
conditions. This reduction signifies that the CHT-ZnO NPs-
treated plants experienced lower oxidative and osmotic 
stress, thereby reducing the need for proline biosynthesis 

(Sadati et al., 2022). In stress conditions, stress-inducible 
genes like P5CS and OAT become active and regulate pro-
line synthesis. However, the application of Zn reduced the 
activation of these enzymes and improved the physiologi-
cal status by upregulating proline dehydrogenase (which 
is crucial in catalyzing proline degradation) (Zulfiqar et 
al., 2020). The reduction in proline might not only reflect 
decreased stress but could also represent metabolic reallo-
cation or trade-offs. Since Zn is an integral part of protein 
and amino acid metabolism, it may shift nitrogen partition-
ing away from proline towards other amino acids or protein 
synthesis pathways (Ahmed et al., 2024). Moreover, CHT-
ZnO NPs may enhance carbon-nitrogen metabolism and 
stabilize membranes, thereby decreasing the necessity for 
excessive proline accumulation as a stress signal (Methela 
et al., 2023). Such responses suggest that lower proline 
contents in plants under Zn application do not serve as an 
indicator of a weakened defense, but rather a reprogram-
ming of metabolic priorities under improved physiological 
homeostasis.

In the present work, the relative water contents in the 
plants decreased under abiotic stress, and the findings are in 
line with the results of Ali et al. (2023), who also observed 
a decrease in relative water contents in chickpea plants 
subjected to abiotic stress. The reduced relative water con-
tents measured in the study might be due to the stomatal 
closure, reduced water uptake, and cell wall stiffening in 
pea plants (Roig-Oliver et al., 2021). The inclusion of ZnO 
NPs improved relative water contents, which might be due 
to enhanced root water conductivity through aquaporin 
regulation, stabilization of membrane lipids to prevent 
water loss, and activation of hormonal pathways like ABA 
signaling to modulate stomatal behavior and root growth 
(Singh A.et al., 2024, Ahmed et al., 2022). CHT-ZnO NPs 
enhance the plant’s capacity to retain water and maintain 
cell expansion under water-deficient conditions.

3.7. Yield attributes

In the present study, it was observed that the drought 
levels (i.e., 60% and 40% field capacity) exerted a signifi-
cant impact (p≤0.05) on the yield attributes of pea plants. 
The treatment at 60% field capacity showed a reduction of 
43.4, 26.7, 25.6, and 25.3% in the number of pods, num-
ber of seeds, hundred-seed weight, and yield per hectare, 
respectively, compared to their respective control (DI 
80% field capacity), as presented in Fig. 6. Similarly, in 
the case of the treatment at 40% FC, the analyses showed 
64.2, 55.2, 60.4, and 60.3% reduction in the number of 
pods, number of seeds, hundred-seed weight, and yield per 
hectare, respectively, compared to their respective control 
(DI 80% field capacity). However, in the case of 80% field 
capacity, the application of the Zn sources (in the form 
of ZnSO4, 200 ppm CHT-ZnO NPs, and 400 ppm CHT-
ZnO NPs) improved the yield attributes of pea plants and 
caused a substantial increase in the number of pods (43.4, 
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71.7, and 37.7%), number of seeds (15.3, 34.9, and 18.6%), 
hundred-seed weight (16.8, 37.4, and 27.9%), and yield per 
hectare (20.2, 59.9, and 38.6%), compared to their respec-
tive control (DI 80% field capacity). Moreover, in the case 
of DI at 60% field capacity, the addition of ZnSO4, 200 ppm 
CHT-ZnO NPs, and 400 ppm CHT-ZnO NPs increased the 
number of pods (64.9, 113, and 37.8%), number of seeds 
(18.7, 47.0, and 29.9%), hundred-seed weight (18.1, 35.3, 
and 30.1%), and yield per hectare (22.1, 54.6, and 43.2%), 
respectively, compared with their respective control (DI 
60% field capacity). Additionally, the treatments with 
severe drought stress, i.e., 40% field capacity, the appli-
cation of ZnSO4, 200 ppm CHT-ZnO NPs, and 400 ppm 
CHT-ZnO NPs caused a significant increase in the number 
of pods (68.4, 174, and 78.9%, respectively), number of 
seeds (36.6, 87.8, and 58.5%, respectively), hundred-seed 
weight (43.4, 59.1, and 51.2%, respectively), and yield per 
hectare (76.7, 144, and 105%), compared to their respective 
control (DI 40% field capacity).

The reduction in yield under drought stress in the pre-
sent work supports the findings of Kausar et al. (2023), 
who also observed a decline in overall grain seeds (yield) 
of pea plants under drought stress. This reduction is direct-
ly associated with impaired photosynthetic processes, 

reduced flowering, and low nutrient uptake. The decline in 
pods, seeds, and yield at both 60 and 40% FC highlight 
the cumulative effect of impaired source-sink relationships, 
oxidative damage, and hormonal imbalance under water 
stress (Nadeem et al., 2019). Zinc is crucial for enzymatic 
functions involved in ATP synthesis and energy transfer, 
which are essentially important in the grain-filling phase by 
the conversion of photosynthates into storage compounds 
in the grains (Teng et al., 2023; Suganya et al., 2020). Zinc 
treatments, particularly with 200 ppm CHT-ZnO NPs, 
improved yield attributes across all conditions. This could 
be possible due to restoration of physiological processes, 
including improved photosynthesis, enhanced sugar and 
nutrient transport, and stabilization of reproductive struc-
tures (Wang Z. et al., 2023). The enhanced photosynthesis 
during the grain-filling stage ensures a steady supply of 
nutrients and photosynthates to the developing grains, con-
tributing to higher grain weight and overall yield (Raza et 
al., 2025). Zinc plays a key role in pollen viability, auxin 
biosynthesis, and seed development, all of which are cru-
cial under drought stress (Kandil et al., 2022). Additionally, 
CHT-ZnO NPs enhance root architecture to assimilate 
nutrients along with water and contribute further to improv-
ing grain filling and overall plant yield (Dimkpa et al., 

Fig. 6. Effects of various zinc sources on the number of pods per plant (a), number of seeds per plant (b), hundred seeds weight (c), and 
yield (d) of pea plants under various drought levels. Columns show the mean value of three replicates, while bars are standard errors. 
Columns sharing the same alphabet are not significantly different at p < 0.05. FC, field capacity; NPs, nanoparticles.
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2019). In the present study, the higher CHT-ZnO NPs dose 
(400 ppm) showed less benefits, compared to the 200 ppm 
treatment. The reasons for their limited role in plant growth 
might be due to nanoparticle aggregation, potential phy-
totoxicity, or interference with nutrient uptake (Sheteiwy 
et al., 2021). Hence, careful optimization of nanoparticle 
concentration is helpful to avoid antagonistic effects and to 
improve crop yield in a sustainable way.

The application of CHT-ZnO NPs on pea plants 
improved the overall plant growth, physiology, and yield 
attributes and mitigated the impacts of abiotic stress on var-
ious plant growth stages. This could be a better strategy for 
sustainable agricultural production and food security while 
focusing on some limitations as well. The study was lim-
ited to a single crop and location, and responses may vary 
across different agro-ecological zones. Moreover, while 
chitosan carriers are biodegradable, the long-term envi-
ronmental fate of ZnO NPs and their effects on soil health 
remain unclear. Likewise, the scalability and cost-effec-
tiveness of large-scale CHT-ZnO NP production require 
further evaluation compared with conventional Zn ferti-
lizers. Therefore, future work should include multi-crops, 
multi-location trials, and cost-benefit ratios to ensure safe 

and sustainable application. Further research should also be 
done on genetic level variations in pea plants induced by 
the supplementation of CHT-ZnO NPs for the assurance of 
sustainable food supplies.

3.8. Correlation matrix and principal component analysis

A clustered heatmap was generated to highlight the 
interaction between the twelve treatments and the measured 
physiological and yield attributes (Fig. 7). Treatments were 
grouped based on similarity in results across parameters, 
i.e., chlorophyll contents (Chl a, Chl b, T.Chl), carotenoid 
contents (CC), sugar contents (SC), proline contents (PC), 
relative water contents (RWC), number of pods per plant 
(NoP), 100-seed weight (HSW), and yield. Treatments with 
CHT-ZnO NPs at 200 ppm and 400 ppm at field 80% FC 
tended to cluster together and showed higher chlorophyll 
contents, yield, and related physiological parameters indi-
cated in red hues. On the other hand, the treatment under DI 
at 40% FC, without any addition, clustered separately and 
showed reduced values (blue) across most of the parameters. 
Notably, the clustering analysis showed that the appli- 
cation of 200 ppm CHT-ZnO NPs at 80% FC (treatment 7) 

Fig. 7. Clustered heatmap indicating the relations between treatments and physiological and yield parameters in Pisum sativum L. 
Rows present treatments and column show parameters: chlorophyll contents (Chl. a, Chl. b, T. Chl), carotenoid contents (CC), sugar 
contents (SC), proline contents (PC), relative water contents (RWC), number of pods per plant (NoP), 100-seed weight (HSW), and 
yield. The intensity of colour indicates the magnitude of each parameter (red = high, blue = low).

Clustered heatmap of treatments
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was linked with the best overall performance, especially in 
terms of chlorophyll contents and yield, showing a syner-
gistic effect of the NP treatment.

Principal component analysis (PCA) was performed to 
analyze the variation between the treatments. PC1 alone 
accounts for 83.8% of the variance, while PC2 accounts 
for 12.2% (Fig. 8). The PCA individual plot showed clear 
separation among the treatments. The PCA biplot showed 
that physiological parameters, such as sugar content (SC), 
Chlorophyll a (Chl a), Chlorophyll b (Chl b), and yield 
were the main contributors to PC1, positively influencing 
treatments located on the right side of the plot. 

4. CONCLUSIONS

Chitosan-zinc oxide nanoparticles (CHT-ZnO NPs), 
synthesized via ion gelation and characterized through 
physicochemical analyses, demonstrated positive effects 
on pea (Pisum sativum L.) grown under drought con-
ditions. Foliar applications, particularly at 200 ppm, 
improved physiological traits such as chlorophyll content, 
carotenoids, sugars, proline regulation, and relative water 
content, while also enhancing yield-related attributes under 

moderate drought stress (i.e., 60% FC). These results sug-
gest that CHT-ZnO NPs have potential as a promising tool 
to alleviate drought-induced damage in legumes. However, 
the present results are based on a single short-term field 
trial with limited replication and should therefore be inter-
preted cautiously. Long-term, multi-location studies are 
required to validate their effectiveness, assess scalability 
and cost-benefit ratios, and evaluate possible ecological or 
toxicological implications before widespread adoption in 
sustainable agriculture.
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