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A B S T R A C T

Halophytes contain many secondary metabolites that can facilitate the capping and stabilizing of
nanoparticles. Synthesis and optimization of zinc oxide nanoparticles from Phragmites karka were
performed for the first time in this study to assess the salinity resilience of tomato seedlings in
100 mM NaCl using biotechnological applications and growth analysis. Response surface
methodology and central composite design data revealed that ZnO NPs were stable at a 2:1 ratio
of plant and salt concentration (pH of 6.5 at 37.5 °C). The peak obtained at 331 nm from UV–Vis
spectroscopy confirmed the synthesis of ZnO NPs and these NPs have multiple functional groups.
The chemical bond formation of the prepared ZnO NPs (assessed using FTIR and XRD) confirmed
the crystalline structure of ZnO NPs that were derived from halophyte P. karka. The SEM images
revealed that ZnO NPs have a particle size of 23.5 nm and are spherical, while DLS revealed the
size (32.6 nm) and zeta-potential (−6.43 mV) of nanoparticles. Plants treated with ZnO NPs in-
crease the overall tomato growth parameters under salt stress, including shoot length (3-fold), es-
pecially at T20 (50 mgL−1 ZnO NPs + 100 mM NaCl) treatment among all growth weeks. The
number of leaves increased at T16 (20 mgL−1 ZnO NPs + 100 mM NaCl). The numbers of nodes
and internodes were increased at T20 (50 mgL−1 ZnO NPs + 100 mM NaCl) in both parameters.
Halophytic nanoparticles could be beneficial sources of biostimulants to improve salt resilience of
tomato plants undergoing salt stress.

1. Introduction
Nanoparticles (NPs) are increasingly used in agriculture to boost crop productivity, protect against pests and diseases, and im-

prove nutrient use efficiency. In the 21st century, applying NPs in agriculture increases plant production and stress resilience. For ex-
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ample, NPs are increasingly being utilized as nanofertilizers to deliver nutrients to plants more efficiently than traditional fertilizers.
Using chemical fertilizers enhances the possibility of harming living organisms and hinders the ecological and environmental safety
of the ecosystem (Shang et al., 2019). In addition, NPs can be used to encapsulate pesticides, which allows for a controlled release of
the active ingredient (Huang et al., 2018). Therefore, using NPs in agriculture reduces the amount of chemicals necessary, minimizes
environmental contamination, and increases fertilizer and pesticide efficacy.

In nano-industry, ZnO NPs are abundantly used as their manufacturing rate is higher than other NPs. The extensive use of syn-
thetic nanoparticles may accumulate in the ecosystem and could be transferred to the food chain as they have the potential to absorb
and accumulate pollutants (Al-Jabri et al., 2022). This pathway may damage the sub-cellular organization and plant photosynthesis
(Ali et al., 2021). The green synthesis of NPs is an environmentally friendly and cost-effective method as it avoids the formation of
harmful by-products and reduces environmental pollution (Chan et al., 2022; Bora et al., 2022; Jakhar et al., 2022). The biosynthesis
of metal and metal oxide nanoparticles could be done using plant extracts, algae, bacteria, or fungal cellular culture. Among all these
sources, the synthesis of plant extract nanoparticles is beneficial due to the accumulation of stress-protective metabolites (Shafey,
2020; Munir et al., 2021). Several extraction techniques have been developed for processing agricultural by-products. Among these,
ultrasound-assisted and microwave-assisted extraction could be used to extract secondary metabolites, such as polyphenols, from
plant materials (Tao et al., 2022; 2022). The polyphenols from liquid can be extracted using simple and selective methods (Tao et al.,
2022).

Zinc is an essential micronutrient for plant yield and development. It also plays a vital role in various plants' physiological
processes, such as the synthesis of hormones, plant chlorophyll synthesis, and the development of chloroplast. Zinc is also vital for the
development of chloroplasts and for the maintenance and stability of cell membrane structure. The biosynthesis of NPs mainly de-
pends on the biomolecules present in plants, such as enzymes, amino acids, organic acids, vitamins, and proteins. These biomolecules
act as capping agents in the production of metal nanoparticles. ZnO NPs are non-toxic, cost-effective, and environmentally friendly,
benefiting plant vegetation and maturation. They are recommended to be safe for the food chains compared to other metal nanoparti-
cles (Ying et al., 2022).

The plant yield usually decreases due to the salt stress, a primary abiotic stress. The salt stress might cause the increase of Na+ and
Cl− ions in plants which decreases yield and increases morpho-physiological disorders. The accumulation of Na+ and Cl− ions leads to
osmotic stress, ion toxicity, and water reduction in plant tissue (Ma et al., 2020). NPs of suitable size (1–100 nm) can penetrate plants
by mineral aggregation in the subcellular part of plants. These halophyte NPs protect plants against multiple abiotic stressors
(Kesawat et al., 2023; Munir et al., 2021). Halophytes, such as Panicum antidotale, Halopyrum mucronatum, Desmostachya bipinnata,
Phragmites karka, Chenopodium album, and Withania somnifera, could be a source of nanoparticles and serve as biostimulants to in-
crease salt tolerance in crop plants (Meng et al., 2018). Phragmites karka is a rhizomatic perennial reed that can resist up to 400 mM
NaCl due to the accumulation of stress-protecting secondary metabolites (Abideen et al., 2014). It cannot be used as fodder but as an
excellent stabilizer for eroding river banks (Ansari et al., 2021). The current research deals with the biogenic synthesis of ZnO NPs
from the leaves of P. karka. Multiple experimental parameters have been optimized for the stable synthesis of ZnO NPs using Design
Expert RSM. These parameters are temperature, pH, plant extract and salt solution ratio, and time for NPs synthesis. These biogeni-
cally synthesized nanoparticles were characterized using UV–Vis spectrophotometer, FTIR, FESEM, XRD, and DLS. For application
purposes, these ZnO NPs were applied on tomato plants under salinity stress for ex vitro analysis. The main aim of present project was
to synthesize ZnO NPs from halophyte P. karka leaves using RSM and to analyze its application on tomato plants under saline stress.

2. Materials and methods
2.1. Materials

The chemicals used in this study consisted of zinc acetate dihydrate (CH3·COO)2Zn.2H2O, sodium hydroxide (NaOH), hydrochloric
acid (HCl), sodium hypochlorite solution (NaOCl) and sodium chloride (NaCl) purchased from Biochem Chemopharma. The equip-
ment used in this study included: a weighing balance, water bath (DAEYANG ETS), pH meter (InoLab), shaking incubator (IRMECO
Germany), centrifuge (MPW-260R), dry oven (DAEYANG ETS), muffle furnace (Local made, PCSIR), UV–Vis spectrophotometer (U-
2800 Spectrophotometer), SEM (ZEISS LS10), XRD (D8Discover Brooker), FTIR (IRTracer-100 SHIMADZU) and a DLS (Malvern).

2.2. Methods
2.2.1. Sampling of P. karka leaves

Fresh and healthy leaves of P. karka were sampled from Karachi, Pakistan, and washed 2–3 times using distilled water to eliminate
dust particles on the surface. The washed leaves were shade-dried for at least 1 week at room temperature. The dried leaves were
carefully packed in a labeled polythene bag and sealed properly. Then, the sample was parceled to Lahore College for Women Univer-
sity, Lahore, Pakistan (Fig. 1).

2.2.2. Preparation of extract
The dried P. karka leaves were then finely grinded into a powder. The finely grounded powder was stored in a labeled airtight jar

at room temperature for further research. Five (gm) powdered leaves were weighed and added in a separately labeled conical flask
with 100 ml of distilled water to make a homogenous mixture. The labeled flask was kept in a water bath for about 30 min at 60 °C
followed by filtration using Whatman filter Paper No.1 and stored in an amber-colored bottle at 4 °C (Hosny et al., 2021).
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Fig. 1. Sampling of P. karka leaves from Karachi, for the green synthesis of ZnO nanoparticles. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

2.2.3. Biogenic synthesis and purification of ZnO NPs from P. karka leaf extract
ZnO nanoparticles from P. karka were synthesized by the method as reported by Faisal et al. (2021) with little modification. To

synthesize ZnO NPs, a 2:1 ratio of leaf extract and salt solution was used. A salt solution of 0.25 M Zinc acetate dihydrate (Zn
(CH3COO)2.2H2O) was prepared. Salt solution was added in leaves extract gradually drop by drop in a 250 ml conical flask under con-
tinuous stirring on a magnetic stirrer at 900 rpm for about 2 h until the color changed from light green to pale yellow. The color
change of the solution indicated the presence of zinc oxide nanoparticles. pH of the homogenous solution was adjusted to 6.5. This re-
action mixture was placed in a shaking incubator at 120 rpm at 37 °C for overnight. ZnO NPs were harvested by centrifuging the reac-
tion mixture at 6000 rpm for 30 min at 25 °C. The supernatant was discarded, and the nano-pellet was washed thrice using distilled
water to confirm the removal of other particles. The obtained nano-pellet was dried at 60 °C for about 2 h in a dry oven. The final
product was grey powdered NPs, which were mashed using a pestle and mortar. Afterwards, the collected powder was shifted to a ce-
ramic crucible cup. These powdered NPs were calcined in a muffle furnace at 400 °C for 3 h. The resultant grey-colored annealed
powder was stored in a labeled Eppendorf for characterization and further research. Fig. 2 shows the diagrammatic presentation of
ZnO NPs synthesis.

2.2.4. Statistical optimization of the synthesis parameters for biosynthesized ZnO nanoparticles
The RSM was designed using the Design-Expert 11 software for the optimization parameters used for ZnO NPs synthesis. RSM,

which has a central composite design (CCD), was applied. RSM was used to optimize ZnO NPs by P. karka. RSM uses statistical-based
methodology to analyze the effect of changes in the condition of different variables used for ZnO NPs synthesis to determine the opti-
mum conditions for their synthesis. RSM was applied to analyze the impact of independent variables, i.e., plant extract, salt concen-
tration, pH, and temperature, on the synthesis of ZnO NPs. The CCD was used to estimate the level of four independent variables. A to-
tal of 30 runs were carried out to analyze the individual and interactive effects of an independent variable. The absorbance of each
factor was considered the dependent response (Y). All four variables were examined at the three coded levels (−1, 0, and +1). This
method evaluated the efficiency of three variables simultaneously while keeping the one variable constant. Using the design, the ex-

Fig. 2. Diagrammatic presentation of different steps of ZnO NPs synthesis from Phragmites karka plants.
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perimental data were fitted according to Eq. (1) as a second-order-quadratic equation, including individual and cross-interaction of
all variables. The below second-order polynomial equation was used to calculate the interaction between different variables and the
response.

Y = β0 + β1X1 + β2X2 + β3X3 + β4X4 + β12X1X2 + β13X1X3 + β14X1X4 + β23X2X3 + β24X2X4 + β34X3X4 +
β11X12 + β22X22 + β33X32 + β44X42 (Eq. 1)

Where in Eq. (1), Y is the predicted response, β0 is the constant term, β1, β2, and β3 and β4 are the regression coefficients for linear ef-
fects, β12, β13, β14, β23, β24, and β34 denote the regression coefficients for interaction effects, β11, β22, and β33 and β44 refer to the regres-
sion coefficients for quadratic effects. The absorbance was measured as the response value Y of the four variables. This software was
used to analyze the regression of the experimental data and plot response surface graphs. Multiple coefficients of correlation “R” and
determination coefficients of correlation R2 were calculated for the evaluation of regression equation performance. The fitted polyno-
mial equation was expressed in the form of 3D surface plots. Analysis of Variance (ANOVA) was conducted to specify the significance
of the model. The interactive relation between significant variables was analyzed by response surface and contour plots. RSM was
used for the regression and graphical analysis of obtained data.

2.2.5. Characterization of synthesized ZnO NPs
The characterization of ZnO nanoparticles synthesized from halophyte (P. karka) was carried out using the method reported by

Faisal et al. (2021).

2.2.5.1. UV–Vis spectroscopy. The bioreduction of zinc acetate to ZnO NPs was observed periodically by an ultra-violet-visible spec-
trophotometer (Model: U-2800 Spectrophotometer). UV–Vis analysis of leaf extract and ZnO NPs was carried out, and leaf extract
was diluted using distilled water. A UV–Vis spectrograph of leaf extract and ZnO NPs was recorded using a quartz cuvette with wa-
ter as a reference. The UV–Vis spectrometric readings were measured in the wavelength range 200–800 nm.

2.2.5.2. Fourier Transform infrared spectroscopy. In order to characterize the functional groups present on the surface of synthesized
ZnO NPs, the IRTracer-100 Fourier Transform infrared spectrophotometer SHIMADZU was used. The infrared absorption spectrum
obtained by this characterization technique identifies the phytochemical agent involved in the capping and stabilization of ZnO
NPs. The calcined powder of ZnO NPs was used for the analysis.

2.2.5.3. Field emission scanning electron microscopy. The morphology and size of ZnO nanoparticles were examined by FESEM using
SEM ZEISS LS10 with an accelerating voltage between 10 and 20 KV under vacuum conditions. The sample was placed on a carbon-
coated copper grid.

2.2.5.4. X-ray diffraction. The crystalline structure and the degree of crystallinity of ZnO NPs were analyzed using an X-ray diffrac-
tometer. The scanning range was selected between 10° and 80°.

2.2.5.5. Dynamic light scattering. Zeta-size and zeta-potential were analyzed by DLS on Malvern, Malvern Instruments Limited. The
zeta potential values were obtained by applying the Helmholtz-Smoluchowski equation built in Malvern. For analysis, 10 mg of ZnO
NPs was dissolved in distilled water and sonicated for 30 min.

2.2.6. Preparation of ZnO NPs suspension
The nanoparticles synthesized from P. karka have 32.6 nm particle size and −6.43 mV Zeta potential. For the preparation of multi-

ple nanoparticle concentrations for the ex vitro experiment, 1g of synthesized ZnO NPs were dissolved in 1L of distilled water to make
a homogenous suspension. The bulk solution of NPs was homogenized using a digital ultrasonic bath for about 30 min at 25 °C with a
sonication intensity of 150 W, 40 kHz to achieve a better dispersion of nanoparticles (Alharby et al., 2017).

2.2.7. Tomato plant material and experimental design
This experiment involved developing a tomato (Solanum lycopersicum L.) under salt stress by the foliar application of ZnO NPs. The

seeds of the tomato were procured from Punjab Seed Corporation, Lahore. The experiment was conducted in Lahore College for
Women University, Lahore, in Randomization Complete Block Design (RCBD) under an ex-vitro environmental conditions. Healthy
and uniform-size tomato seeds were washed with distilled water and then surface sterilized with 3% sodium hypochlorite solution
(NaOCl) for 10 min, followed by repeated washing with sterilized distilled water. The sterilized seeds were sown in a plastic tray
(28 × 40 × 16 cm) filled with an equal amount of soil mixed with peat moss and perlite (1:1). At 20 days after sowing (DAS), uni-
form and healthy tomato seedlings were transplanted to 96 experimental plastic pots (10 cm in diameter and 12 cm in length) for fur-
ther research purposes. The 96 pots were divided into 24 sets of 4 pots each (replicates) representing one treatment. Tomato plants
were irrigated daily with tap water until the harvesting of plants.

The foliar application of ZnO NPs on tomato plants under salt (NaCl) stress was carried out by using four different concentrations
of ZnO NPs (10, 20, 50, and 100 mgL−1) and 10, 20, 50, and 100 mM NaCl were applied along with the combination treatments. A to-
tal of 24 treatments were carried out, with 4 replicates of each treatment. Consequently, all treatments of ZnO NPs and NaCl salt were
applied to each pot in 10-day intervals, starting from 3 weeks old tomato plants until the fruiting stage. To prevent osmotic shock,
salinity treatments were gradually applied by the irrigation system when the plants were 3 weeks old (Abideen et al., 2014). Salinity
levels were obtained by adding an appropriate amount (20 ml) of NaCl via the irrigation system. The first foliar application of ZnO
NPs was carried out with a hand sprayer at 3-week-old plants. At the time of the NPs’ spray, the soil surface in pots was covered with a
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plastic sheet to avoid direct entry of ZnO NPs in the soil. The tomato crop was grown for about 4 months until the fruiting stage. Table
1 presents the treatments given to the tomato plants in this study.

2.2.8. Analysis of plant morphological parameters
The plants were harvested at 4, 8, 12, and 16 weeks, and growth parameters (e.g., shoot length, number of leaves, number of

nodes, and internodes) were measured to assess tomato plants’ performance.

2.2.9. Statistical analysis
Data was statistically analyzed using IBM SPSS statistics 25. Standard error was calculated along with the analysis of variance

(ANOVA) to determine the least significant difference (LSD) between treatment means with the significance level at p ≤ 0.05.

3. Results
3.1. Statistical optimization of ZnO NPs synthesis by response surface methodology

In this research work, RSM was coupled with CCD to analyze the optimum conditions required for synthesizing stable ZnO NPs us-
ing P. karka. CCD is a two-level factorial design having center points, i.e., axial or star points. Based on factorial experimental results,
four independent variables were selected, i.e., plant (g), salt (g), pH, and temperature (°C) in RSM model. These independent vari-
ables were used to analyze their significant effect on absorbance (a.u.) at a specific wavelength. These RSM models were used to com-
pute the precise structure of the model and to study the impact of individual factors. The quadratic model was used to investigate the
mathematical relationship between independent and dependent variables. Table 2 represents the experimental ranges and levels of
independent variables.

The five coded levels were selected, and four variables were used to design an experimental setup of 30 runs. These runs were ana-
lyzed based on the interaction of the individual, quadratic, and cross-products of the variables. The order of the experimental run was
arranged randomly. Table 3 shows the experimental design and response activity of ZnO NPs synthesized from P. karka.

Table 1
Applied nanoparticle and saline treatments to tomato plants for growth trials.

Treatments ZnO NPs (mgL−1) NaCl (mM) ZnO NPs (mgL−1) + NaCl (mM)

T0 Control
T1 10
T2 20 _ _
T3 50 _ _
T4 100 _ _
T5 _ 10 _
T6 _ 20 _
T7 _ 50 _
T8 _ 100 _
T9 _ _ 10 ZnO NPs + 10 NaCl
T10 _ _ 10 ZnO NPs + 20 NaCl
T11 _ _ 10 ZnO NPs + 50 NaCl
T12 _ _ 10 ZnO NPs + 100 NaCl
T13 _ _ 20 ZnO NPs + 10 NaCl
T14 _ _ 20 ZnO NPs + 20 NaCl
T15 _ _ 20 ZnO NPs + 50 NaCl
T16 _ _ 20 ZnO NPs + 100 NaCl
T17 _ _ 50 ZnO NPs + 10 NaCl
T18 _ _ 50 ZnO NPs + 20 NaCl
T19 _ _ 50 ZnO NPs + 50 NaCl
T20 _ _ 50 ZnO NPs + 100 NaCl
T21 _ _ 100 ZnO NPs + 10 NaCl
T22 _ _ 100 ZnO NPs + 20 NaCl
T23 _ _ 100 ZnO NPs + 50 NaCl
T24 _ _ 100 ZnO NPs + 100 NaCl

Table 2
Levels of four factors used in CCD for ZnO NPs synthesis.

Name Units Type Std. Dev. Low High

Plant g Factor 0 0.5 1.5
Salt g Factor 0 0.5 1.5
pH Factor 0 6 7
Temperature °C Factor 0 35 40
Absorbance a.u. Response 0.0517998 0.511 0.699
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Table 3
Experimental design by CCD and response activity of ZnO NPs from P. karka.

Std. Run Factor 1
A: Plant powder (g)

Factor 2
B: Salt (g)

Factor 3
C: pH

Factor 4
D: Temperature (°C)

Response 1
Absorbance (a.u.)

29 1 3.5 1 6.5 37.5 0.627
15 2 2 1.5 7 40 0.576
21 3 3.5 1 5.5 37.5 0.573
9 4 2 0.5 6 40 0.599
13 5 2 0.5 7 40 0.617
23 6 3.5 1 6.5 32.5 0.614
3 7 2 1.5 6 35 0.516
19 8 3.5 0 6.5 37.5 0.633
10 9 5 0.5 6 40 0.535
17 10 0.5 1 6.5 37.5 0.627
27 11 3.5 1 6.5 37.5 0.683
2 12 5 0.5 6 35 0.613
18 13 6.5 1 6.5 37.5 0.523
14 14 5 0.5 7 40 0.546
28 15 3.5 1 6.5 37.5 0.602
6 16 5 0.5 7 35 0.567
7 17 2 1.5 7 35 0.645
16 18 5 1.5 7 40 0.545
8 19 5 1.5 7 35 0.677
4 20 5 1.5 6 35 0.52
25 21 5 1 6.5 37.5 0.699
1 22 2 0.5 6 35 0.672
12 23 5 1.5 6 40 0.511
22 24 3.5 1 7.5 37.5 0.681
20 25 3.5 2 6.5 37.5 0.675
11 26 2 1.5 6 40 0.54
30 27 3.5 1 6.5 37.5 0.63
26 28 3.5 1 6.5 37.5 0.646
24 29 3.5 1 6.5 42.5 0.544
5 30 2 0.5 7 35 0.577

3.1.1. Analysis of variance (ANOVA) for quadratic model
ANOVA test is used to analyze the significance and fitness of the model as well as to identify the model lack of fit. The ANOVA

analysis represented a linear relationship between the significant effects of independent variables such as plant (g), salt (g), pH, and
temperature (°C). ANOVA is a statistical technique used to analyze the relationship of quantitative variables. These quantitative vari-
ables can be described as a function of one or more qualitative variables. The main purpose of ANOVA is to observe the significant
combination among explanatory variables. This test also analyzes the reliability of the model as a whole. Various models, likewise the
linear, 2FI, quadratic, and cubic, were tested to enhance the synthesis of nanoparticles based on their F-value, p-value, determination
co-efficient (R2), and standard deviation. Table 4 shows the ANOVA for the quadratic model of P. karka.

Table 4
ANOVA for Quadratic model of P. karka ZnO NPs.

Source Sum of Squares df Mean Square F-value p-value

Model 0.0696 14 0.0050 2.90 0.0248 significant
A-Plant 0.0079 1 0.0079 4.62 0.0484
B-Salt 0.0005 1 0.0005 0.3045 0.5892
C-pH 0.0088 1 0.0088 5.14 0.0386
D-Temperature 0.0087 1 0.0087 5.09 0.0394
AB 0.0020 1 0.0020 1.18 0.2945
AC 0.0003 1 0.0003 0.1684 0.6873
AD 0.0016 1 0.0016 0.9557 0.3438
BC 0.0137 1 0.0137 7.98 0.0128
BD 0.0002 1 0.0002 0.1062 0.7490
CD 0.0001 1 0.0001 0.0771 0.7851
A2 0.0148 1 0.0148 8.64 0.0102
B2 0.0003 1 0.0003 0.1958 0.6645
C2 0.0029 1 0.0029 1.68 0.2146
D2 0.0136 1 0.0136 7.91 0.0131
Residual 0.0257 15 0.0017
Lack of Fit 0.0190 10 0.0019 1.42 0.3673 not significant
Pure Error 0.0067 5 0.0013
Cor Total 0.0954 29
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In Table 4, P-value of the model was 0.0248, which is less than 0.05; thus, this quadratic model is significant. It has been observed
that in Table 4, temperature (Factor 4) has attained the highest F-value, i.e., 7.91 the highest F-value of a temperature indicates that
the temperature plays a major role in the absorbance of nanoparticles synthesized from P. karka.

In Table 4, the Model F-value of 2.90 indicates that the model is significant. There is only a 2.48% chance that a higher F-value
could occur due to noise. The model F-value was the result of the variance analysis between the established model and residues. The
significance of each coefficient can be determined by observing the F-value and p-value. In Table 4, P-values less than 0.0500 indicate
model terms are significant. In this case A, C, D, BC, A2, D2 are significant model terms. Values greater than 0.1000 indicate the model
terms are not significant. The estimated p-value showed that only plant (g), pH, and temperature (°C) significantly affected the syn-
thesis of ZnO NPs from P. karka.

According to Table 4 of ANOVA, the Lack of Fit F-value of 1.42 implies the Lack of Fit is insignificant relative to the pure error.
There is a 36.73% chance that a Lack of Fit F-value this large could occur due to noise.

3.1.2. Fit statistics
The coefficient of variation (C.V.) identifies the reliability of the statistical model. It is the ratio of the estimated standard error to

the mean value of the observed response. Table 5 indicates the ANOVA summary of fit statistics. The C.V. value of less than 10% is de-
sirable.

Table 5 indicates that the Predicted R2 of 0.2509 is in reasonable agreement with the Adjusted R2 of 0.4781; i.e., the difference is
less than 0.2. Adequate Precision measures the signal-to-noise ratio. A ratio greater than 4 is desirable. The ratio of 5.820 indicates an
adequate signal. This model can be used to navigate the design space. The C.V. value is less than 10% i.e. 6.90%, which means this
model is also highly significant.

3.1.3. Final equation in terms of coded factors
The final equation in terms of coded factors for absorbance by P. karka ZnO NPs is presented below:

Absorbance = + 0.6478–0.0182*A - 0.0047*B + 0.0192*C - 0.0191*D + 0.0113*AB + 0.0043*AC -
0.0101*AD + 0.0293*BC - 0.0034*BD - 0.0029*CD - 0.0232*A2 - 0.0035*B2 -0.0102*C2 - 0.0222*D2 (Eq. 2)

In Eq. 2, A represents plant sample (g), B represents salt (g), C is coded for pH, and D indicates temperature. The coded factors
equation can be used to predict the response for given levels of each factor. By default, the high levels of the factors are coded as +1,
and the low levels are coded as −1. The coded equation is useful for identifying the relative impact of the factors by comparing the
factor coefficients.

3.1.4. Final equation in terms of actual factors
The final equation in terms of actual factors for absorbance by P. karka ZnO NPs is presented below:

Absorbance = - 6.21678 + 0.109639*Plant - 0.693083*Salt +0.520750*pH + 0.286467*Temperature
+0.015000*Plant*Salt +0.005667*Plant*pH - 0.002700*Plant*Temperature +0.117000*Salt*pH -
0.002700*Salt*Temperature - 0.002300*pH*Temperature - 0.010333*Plant2 - 0.014000*Salt2 - 0.041000*pH2 -
0.003560*Temperature2

(Eq. 3)

The equation in terms of actual factors can be used to predict the response for given levels of each factor. Here, the levels should be
specified in the original units for each factor. Eq. (3) should not be used to determine the relative impact of each factor because the co-
efficients are scaled to accommodate the units of each factor, and the intercept is not at the center of the design space.

3.1.5. Residual plots
The residual plots usually depict the adequacy of the model. The residual plots assist in evaluating the reliability of the model.

These plots help identify the differences between the experimentally derived and predicted values. The normal probability plot is
used to analyze the normality of residuals. To analyze experimental data, it is necessary to confirm whether the data have a normal
distribution. In normal distribution, the data points follow a straight line and are close to each other. Fig. 3 depicts the normal proba-
bility plot of ZnO NPs absorbance from P. karka. Fig. 3 illustrates that the points are near the diagonal line, indicating low discrepan-
cies. The straight line in the normal probability plot tells us that the distribution is normal.

Fig. 4 illustrates the relationship between the predicted vs actual absorbance values of ZnO NPs synthesized from P. karka. It
was estimated from the plot that the quadratic model was significant for the analysis of response variables and input variables. The
linear correlation coefficients in plot indicates that there is a reasonable agreement between the independent variables and ab-
sorbance values. The results indicate that there are tendencies in the linear regression fit, which proves strong agreement of the ac-
Table 5
Summary of ANOVA fit Statistics by P. karka.

Std. Dev. 0.0414 R2 0.7300

Mean 0.6004 Adjusted R2 0.4781
C.V. % 6.90 Predicted R2 0.2509

Adequate Precision 0.3204
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Fig. 3. Normal probability plot for the synthesized nanoparticles absorbance for P. karka.

Fig. 4. Predicted vs actual plot of residuals for P. karka ZnO NPs.

tual values with the predicted value. The figure can estimate that data points are uniform and consistent along the straight line,
which depicts data having a high correlation.

Fig. 5 shows the residual vs. run plot for ZnO NPs absorbance from P. karka. The threshold value of ±3.87 standard deviations in
the plot was chosen. Any observation outside this threshold points out the potential error in the model. Fig. 5 demonstrates that no
data point was outside the threshold value of ±3.87, thus, all models strongly agree with the experimental data. This plot was used
to analyze the outliers’ values in the data.

3.1.6. Response surface plot analysis
Fig. 6 shows the contour plot for the absorbance of ZnO NPs synthesized from P. karka, while Fig. 7 shows the 3D surface plot for

the absorbance of ZnO NPs synthesized from P. karka. These plots illustrate the interaction effects of independent variables on re-
sponse. The main purpose of nanoparticle synthesis optimization is to analyze all independent factor values that may lead to the de-
sired response, i.e., absorbance. The contour graphs are used to optimize multiple variables and to identify significant parameters.
The contour graph allows the visual drawing and locating of the experimental field area with maximum response. These contour
graphs also help to recognize significant interactions between various factors that can lead to the desired response. The quadratic re-
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Fig. 5. Residual vs Run plot of residuals for P. karka ZnO NPs.

sponse surface model can be analyzed using a 3D response surface and two-dimensional contour plots. One variable was held con-
stant in these plots, and the other two were used within experimental ranges. Fig. 6 shows the contour plots for RSM quadratic mod-
els. Besides, Fig. 6b shows the plot against the plant (g) and salt (g) variables for the absorbance of ZnO NPs. This plot illustrates that
increasing plant and salt concentration leads to a reduction in the absorbance value.

In the case of P. karka, the concentration of plants plays a significant function in the synthesis of ZnO NPs. Fig. 6b, d, and f illus-
trate that the lower concentration of plants causes the increase of absorbance. Thus, the plant concentration has a significant interac-
tion with the NPs absorbance. Figs. 6h and 4l shows that the increase in salt causes an increase in absorbance. In addition, Fig. 6j pre-
dicts that lower temperature causes an increase in absorbance. Thus, it can conclude that all of these variables, i.e., plant (g), salt (g),
pH, and temperature (°C) have significant effects on the absorbance of ZnO NPs synthesized from P. karka.

3.2. Characterization of synthesized ZnO nanoparticles
The ZnO NPs were synthesized from the leaves extract of halophyte, i.e., P. karka. The leaf extract was used due to excess polyphe-

nol content, a vital constituent for the synthesis of ZnO NPs. The presence of phytochemicals in the leaves extract, such as polyphe-
nols, terpenoids, tannins, anthocyanins, and steroids, acts as capping agents in the synthesis of ZnO NPs. The successful synthesis of
ZnO NPs by P. karka was observed by the change in the color of the reaction mixture from light green to pale yellow. The change in
color is considered to be a preliminary indication for the synthesis of ZnO NPs.

3.2.1. UV–visible spectroscopy
The UV–Vis spectrophotometry analysis further confirmed the synthesis of ZnO NPs. The sample spectra recording was performed

at a 200–800 nm wavelength range. The ZnO NPs show a characteristic broad absorption peak between 300 and 400 nm. Fig. 8 illus-
trates the ZnO NPs' UV–Vis spectrum compared with the leaves extract of P. karka. The spectrum showed a peak at 331 nm which is
diagnostic for the presence of ZnO NPs. Leaves extract showed the highest absorption peak at 302 nm. The obtained data was graphi-
cally plotted and represented using the “OriginPro 2018”.

3.2.2. Fourier transform infrared spectroscopy (FTIR)
FTIR is used as a confirmatory technique for characterizing synthesized ZnO NPs. This technique helps to identify the vibrational

as well as rotational modes of existing molecules. This technique aids in recognizing the functional phytobio-molecules that help in
the reduction and stabilization of ZnO NPs. The FTIR spectra of leaf extract and biosynthesized ZnO NPs were recorded in the absorp-
tion band 4500 cm−1 to 500 cm−1. Fig. 9 illustrates the graphical presentation of FTIR spectra designed from the ZnO NPs synthesized
from the leaves extract of P. karka. The black-colored spectra illustrate ZnO NPs having multiple peaks, i.e., 698.45 cm−1,
1896.02 cm−1, and 3832.57 cm1. While in the case of P. karka leaves extract, the red-colored spectra showed multiple peaks at
661.58 cm−1, 1008.77 cm−1, 1622.13 cm−1, 1863.23 cm−1, 2081.19 cm−1, 2343.51 cm−1, 3469.93 cm−1 and 3770.83 cm−1. The peak
observed at 661.58 cm−1 represents the presence of weak band C–Cl vibration of alkyl halides in leaves extract of P. karka. This peak
is shifted to 698.45 cm−1 in the spectra of NPs which corresponds to the presence of the Zn–O bond. Thus, results showed that ZnO
NPs have been synthesized using the leaf extract of P. karka. The peaks at 1896.02 cm−1 and 1863.23 cm−1 were due to the presence
of the aldehyde (CHO) group. Peaks ranging from 3832.57 cm−1 to 3770.83 cm−1 dictate the presence of OH stretching vibrations.
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Fig. 6. Graphical representation for response surface optimization by plotting absorbance versus (a) contour plot for plant (g) and salt (g) by P. karka ZnO NPs (b) con-
tour plot for plant (g) and pH by P. karka ZnO NPs (c) contour plot for plant (g) and temperature (°C) by P. karka ZnO NPs (d) contour plot for salt (g) and pH by P. karka
ZnO NPs (e) contour plot for salt (g) and temperature (°C) by P. karka ZnO NPs (f) contour plot for pH and temperature (°C) by P. karka ZnO NPs.

3.2.3. X-ray diffraction analysis (XRD)
The XRD pattern of biosynthesized ZnO NPs from P. karka leaves extract has been represented in Fig. 10. The XRD pattern showed

the noticeable peaks corresponding to 2θ values of 31.8°, 34.5°, 36.3°, 47.6°, 56.6°, 66.4°, 67.9°, 69.08° and 76.9°. These prominent
peaks were corresponding to the HKL values of (100), (002), (101), (102), (110), (200), (112), (201) and (202). These planes closely
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Fig. 7. Graphical representation for response surface optimization by plotting absorbance versus (a) 3D plot for plant (g) and salt (g) by P. karka ZnO NPs (b) 3D plot
for plant (g) and pH by P. karka ZnO NPs (c) 3D plot for plant (g) and temperature (°C) by P. karka ZnO NPs (d) 3D plot for salt (g) and pH by P. karka ZnO NPs (e) 3D
plot for salt (g) and temperature (°C) by P. karka ZnO NPs (f) 3D plot for pH and temperature (°C) by P. karka ZnO NPs.

matched the crystalline structure of ZnO NPs. These results were also compared with the standard XRD pattern of ZnO NPs with code
Joint Committee on Powder Diffraction Standards (JCPDS) card No. 01-080-0074.

3.2.4. FESEM analysis
Fig. 11a and bshows the SEM images for ZnO NPs synthesized from P. karka. The images were recorded at the magnification of

5.00 KX and 10.00 KX. SEM images showed that particles are uniformly shaped and spherical. A fairly large number of small mole-
cules and agglomerated particles confirm the synthesis of ZnO NPs. The size of ZnO NPs synthesized from P. karka was 23.5 nm.

3.2.5. Dynamic light scattering (DLS)
The Zeta potential of ZnO NPs helps to analyze the stability of synthesized nanoparticles as it gives the net electrostatic potential

of any particle in suspension. Fig. 12a shows the zeta potential of ZnO NPs synthesized from P. karka. Further, Fig. 12b shows the
zeta-size analysis of ZnO NPs synthesized from P. karka. The intensity of light scattered due to the movement of nanoparticles was
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Fig. 8. UV–Vis spectrum of synthesized ZnO NPs compared with leaf extract of P. karka.

Fig. 9. The overlay of FTIR spectra of leaf extract of P. karka compared with biosynthesized ZnO NPs.

Fig. 10. XRD pattern of synthesized ZnO NPs using P. karka leaves extract.
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Fig. 11a. The FESEM images of ZnO NPs at magnification of 5.00 KX.

Fig. 11b. The FESEM images of ZnO NPs at a magnification of 10.00 KX.

Fig. 12a. Zeta-potential analysis for ZnO NPs synthesized by P. karka leaves extract.

measured using a Zeta-sizer. The average size of ZnO NPs synthesized from P. karka is 32.6 nm with a polydispersity index (PDI) of
0.608 and −6.43 mV zeta potential.

3.3. Effect of foliar application of ZnO NPs on tomato growth under salinity stress
3.3.1. Shoot length

Figs. 13 and 14 showed the effect of ZnO NPs on tomato plants under salinity stress for various weeks. Results showed the signif-
icant increase in shoot length at T3 (50 mgL−1 ZnO NPs) treatment of ZnO NPs compared to control. The shoot length increases at
the optimum dose of ZnO NPs, but at higher dose the shoot length gradually starts decreasing among all the growth weeks. How-
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Fig. 12b. Zeta-size analysis for ZnO NPs synthesized by P. karka leaves extract.

Fig. 13. Week 4th and 8th shoot length of tomato plants subjected to ZnO NPs and salt stress.

Fig. 14. Week 12th and 16th shoot length of tomato plants subjected to ZnO NPs and salt stress.

ever, under salinity stress, a significant decrease was observed in T5 (10 mM NaCl), T6 (20 mM NaCl), T7 (50 mM NaCl), and T8
(100 mM NaCl) treatments as the concentration of salinity levels increased in comparison with the control. Among all the other
comparison treatments, where tomato plants were grown under salinity stress by the foliar application of ZnO NPs, T20 (50 mgL−1

ZnO NPs + 100 mM NaCl) showed a significant increase in shoot length.

3.3.2. Number of leaves
Results for the number of leaves showed distinct responses at ZnO NPs and salt stress treatments individually among all growth

weeks (Figs. 15 and 16). In the case of nanoparticle treatments, the number of leaves increases with the increase in the nanoparticle
dose, but at higher concentrations of nanoparticle treatment T4 (100 mgL−1), the number of leaves gradually decreases. Thus, it can
be concluded that T3 (50 mgL−1) showed highest number of leaves. All the treatments only under salt stress showed significant de-
crease in leaves number in response to 10 mM NaCl, 20 mM NaCl, 50 mM NaCl and 100 mM NaCl as compared to control tomato
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Fig. 15. Week 4th and 8th number of leaves of tomato plants subjected to ZnO NPs and salt stress.

Fig. 16. Week 12th and 16th leaf numbers of tomato plants subjected to ZnO NPs and salt stress.

plants. When tomato plants were treated with the comparison treatments, the highest number of leaves was observed at T16 (20
mgL−1 ZnO NPs + 100 mM NaCl).

3.3.3. Number of nodes
Compared with the control sample, the number of nodes gradually increases as the concentration of nanoparticle increases until

the concentration reaches at 100 mgL−1 ZnO NPs in weeks 12 and 16. Thus, it can be concluded that T3 showed a significant increase
in number of nodes. Compared with the control and salinity level, the number of nodes decreased as the salinity concentration in-
creased at all growth weeks. Foliar spray of ZnO NPs at tomato plant under salinity stress causes a noticeable increase in number of
nodes only at T14 (20 mgL−1 ZnO NPs + 20 mM NaCl) and T20 (50 mgL−1 ZnO NPs + 100 mM NaCl) treatments (Figs. 17 and 18).

3.3.4. Number of internodes
Figs. 19 and 20 show the response of salt stress and nanoparticle treatments to the number of internodes in tomato plants. Treat-

ments having only foliar spray of ZnO NPs showed an increase in the number of internodes at an optimum concentration of ZnO NPs
at T3 (50 mgL−1 ZnO NPs). Then, it gradually decreased as the concentration of ZnO NPs increases. On the other hand, the salt-
stressed tomato plants showed a significantly decreased in number of internodes than the control plants. Plants with both treatments
showed that the number of internodes increased at T20 (50 mgL-1 ZnO NPs + 100 mM NaCl), which is higher than in all the other
treatments.

Fig. 21 shows the ex vitro experimental setup of tomato plants subjected to ZnO NPs and salt stress. Fig. 22 shows the morphologi-
cal traits (shoot length, number of leaves, number of nodes and internodes) of tomato plants subjected to ZnO NPs under salt stress.

4. Discussion
Phytochemicals found in plants are considered stress-protective compounds and could significantly improve salinity stress resis-

tance (Qasim et al., 2017). Phragmites karka have the potential to accumulate metal ions as active phytochemicals and could act as
bio-reductants and stabilizers for the green synthesis of ZnO NPs. The reduction of Zn acetate to ZnO NPs occurs due to the excitation
of surface plasmon vibrations of synthesized nanoparticles. The biosynthesis of ZnO NPs using P. karka is regulated by factors such as



Biocatalysis and Agricultural Biotechnology 55 (2024) 102972

16

M. Hanif et al.

Fig. 17. Week 4th and 8th number of nodes of tomato plants subjected to ZnO NPs and salt stress.

Fig. 18. Week 12th and 16th number of nodes of tomato plants subjected to ZnO NPs and salt stress.

plant concentration, salt, pH, and temperature. The optimum synthesis conditions are analyzed using RSM. Multiple factors can affect
the response of a system, and the interaction between these factors can be analyzed (Es-Haghi et al., 2021). Equations. 2 and 3 indi-
cated that P. karka positively affected the biogenic synthesis of ZnO NPs. This revealed that P. karka plant plays a vital role in synthe-
sizing Zn+2 to Zn0. This leads to the interaction of secondary metabolites in P. karka with a reducing agent and increases the synthesis
of ZnO NPs. The presence of secondary metabolites enhances the reduction capacity of biomolecules involved in the reduction
process, as reported by Hoseinpour et al. (2017). The results showed that run number 21 gave the highest absorbance of ZnO NPs syn-
thesized from P. karka with 5 gm of plant leaf powder, 1 g of salt having 6.5 pH at 37.5 °C of temperature. The maximum absorbance
was 0.699 a.u.

Synthesis of nanoparticles using halophytes such as P. karka contains a broad range of applications in agriculture, the food indus-
try, and many others due to enriching sources of metabolites such as proteins, vitamins, coenzymes, phenols, flavonoids, and carbo-
hydrates (Munir et al., 2021; Hanif et al., 2023). The halophytic metabolites react with the metal ions and reduce their size to nano-
range. The flavonoid contains multiple functional groups along with the –OH group. It is considered that the –OH group of flavonoids
is responsible for the reduction of metal ions into NPs (Naseer et al., 2020). The UV–Vis analysis of ZnO NPs synthesized from P. karka
showed the highest absorbance at 331 nm and leaves extract absorbance at 302 nm. The same results are reported by Faisal et al.
(2021). The addition of zinc acetate dihydrate solution in leaf extract of halophyte may cause the physio-chemical changes in aqueous
solution. In the current study, the change of color from light green to pale yellow indicated the formation of ZnO NPs from the leaf ex-
tract of P. karka (Naseer et al., 2020).

FTIR was used to identify the possible functional groups present in the capping proteins associated with synthesized ZnO nanopar-
ticles. These functional groups are considered to be responsible for the reduction and stabilization of ZnO NPs. The FTIR spectra of
leaf extract showed a peak at 3770.83 cm−1, which shifted to 3832.57 cm−1 when reacted with Zinc acetate dihydrate to form ZnO
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Fig. 19. Week 4th and 8th number of internodes of tomato plants subjected to ZnO NPs and salt stress.

Fig. 20. Week 12th and 16th number of internodes of tomato plants subjected to ZnO NPs and salt stress.

Fig. 21. Ex vitro experimental setup of tomato plants subjected to ZnO NPs and salt stress.

NPs. This change in peak occurs due to the broad stretching vibration of the hydroxyl group (OH), which also corresponds to the pro-
tein N–H amide present in the leaves extract. The reason behind this phenomenon is the interaction of plant protein and nanoparti-
cles, which occurs through the free amine group or cysteine residues present in plant proteins (Al-Kordy et al., 2021). The same re-
sults were reported by Goutam et al. (2017) who also observed the OH stretching of the hydroxyl group. The peak observed at
661.58 cm−1 in leaves extract of P. karka, showed that the presence of functional groups, saponins and phenolic compounds in leaf ex-
tract indicated that extract has a potential to act as a capping agent. The shifting of some peaks from leaves extract to ZnO NPs spectra
confirmed the reduction of Zn+2 to Zn0 as reported by Naseer et al. (2020), who also stated that functional groups such as OH group
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Fig. 22. Morphological traits of tomato plants subjected to ZnO NPs under salt stress a) Shoot length b) Number of leaves c) Number of nodes d) Number of internodes.

plays a significant role in the bioreduction of salt and capping of ZnO NPs. Somehow, the results showed that the capping proteins in
leaf extracts aid in the stabilization of metallic nanoparticles, which in return prevents the agglomeration of nanoparticles.

The XRD pattern of biosynthesized ZnO NPs from P. karka revealed the high-intensity, well-defined peaks indicating the synthesis
of the nanocrystalline phase. The result showed that the average crystal size of synthesized ZnO NPs decreases as the concentration of
plant extract increases. The reason was that the high amount of plant extract used during the synthesis process leads to the effective
capping and stabilizing of synthesized nanoparticles. These results have also been reported in previous studies related to the green
synthesis of Zinc oxide nanoparticles (Mathubala, 2012). The SEM results indicated that the size and shape of synthesized nanoparti-
cles vary due to the use of zinc acetate dihydrate, which acts as a precursor. Zinc acetate dihydrate lets the zinc oxide molecules grow
gradually; as a result, it forms small spherical structures. The kinds of observations are reported by Alamdari et al. (2020). The high
positive potential value of ZnO NPs synthesized from P. karka indicates that these biogenically synthesized nanoparticles are highly
stable. The presence of electrostatic repulsive forces prevents the agglomeration between nanoparticles. Generally, the zeta potential
value between (+30 mV to – 30 mV) indicates the good stability of nanoparticles. It was clear from the results that the size of synthe-
sized particles was less than 100 nm in diameter. The same results are reported by Faisal et al. (2021) which states that the ZnO NPs
synthesized from Myristica fragrans also showed the size and potential of nanoparticles less than 100 nm. The presence of multiple
functional groups present in the halophytic extract has been absorbed on the surface of synthesized ZnO NPs, which may affect its
zeta potential. There is a direct relationship between the absorption of halophytic secondary metabolites and zeta potential.

A study suggests that the variability in resistance to salinity depends upon the plant species (Ashraf and Foolad, 2007). The en-
hanced growth of tomato plants under different salt concentrations can be used as an indicator that ZnO NPs are a good source for
tomato plants. Our findings indicated that plants under treatments T5 (10 mM NaCl), T6 (20 mM NaCl), T7 (50 mM NaCl), and T8
(100 mM NaCl) caused the decrease in plant shoot length, number of leaves, number of nodes as well internodes. Thus, it can be con-
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cluded that as the salinity levels increase, the tomato plant growth parameters decrease. Our results were similar to Rahman et al.
(2018), who stated that the growth parameters of tomato plants were negatively affected by 6–8 ds/m salinity stress. Tomato plants
growing under salinity stress in early developmental stages may negatively affect crop production (Siddiky et al., 2015). The reason
behind the decreased growth in tomato plants under salinity stress is the ionic imbalance in plants due to the excess amount of salt. It
has been observed that under salt stress, the uptake of Na+ ions increased as compared to K+ and Ca+, leading to ionic deficiencies
(Shoukat et al., 2020). Salinity is a crucial abiotic factor that limits the growth and development of tomato plants (Guo et al., 2022;
Abideen et al., 2014).

Zinc is a beneficial element for plants; thus, it can have a positive effect when applied as nanoparticles. ZnO NPs have shown stim-
ulating effects on tomato plants under salt stress (Ahmed et al., 2023). In the present study, the study of growth parameters reveals
that they increase significantly when exposed to ZnO NPs under salt stress. Our results stated that plant growth parameters showed
the best growth at 50 mgL−1 ZnO NPs. The same results were reported by Quiterio-Gutierrez et al. (2019), who also concluded that
50 ppm of ZnO NPs showed an enhanced shoot length in tomato plants. In the present study, tomato plants were exposed to multiple
concentrations of ZnO NPs (10 mgL−1, 20 mgL−1, 50 mgL−1, and 100 mgL−1) under salt stress (10 mM NaCl, 20 mM NaCl, 50 mM
NaCl, and 100 mM NaCl). The results concluded that plants treated with 10 mgL−1, 20 mgL−1, and 50 mgL−1 of ZnO NPs improved
growth criteria, while plants treated with 100 mgL−1 led to decreased growth parameters of stressed plants. Similar to our findings,
Al-Antary et al. (2020) reported that 50 ppm of ZnO NPs increased the broad bean growth under salt stress. The increased concentra-
tion of ZnO NPs (100 mgL−1) causes the toxicity in plant nucleic acid and cell division. This claim was supported by the study reported
by López-Moreno et al. (2010), who observed the phytotoxicity on soybean plants by the high concentration of ZnO NPs. Another re-
search reported that increased concentration of ZnO NPs caused a negative impact on Brassica nigra root and shoot length (Zafar et al.,
2016).

The current research analyzed the effect of foliar application of ZnO NPs on tomato plant under salinity stress on plant growth pa-
rameters. The results demonstrated that 50 and 20 mgL−1 of ZnO NPs showed increased plant growth parameters under 50 and
100 mM NaCl. In agreement with our results, Ragab et al. (2022) also reported that ZnO NPs treated faba bean plants boosted their
growth and yield under salt stress. The foliar application of ZnO NPs may assist in reducing the salt stress on plant cells, causing an in-
crease in shoot length, number of leaves, and other morphological traits. It was observed that NPs always have a positive effect on
multiple morphological aspects of plants as they produce enhanced root and shoot growth in horticulture crops (Khalid et al., 2022).
The foliar application of ZnO NPs on tomato plants enhanced the shoot length, number of leaves, nodes and the intermodal length
even at 100 mM of NaCl.

This was due to the presence of ZnO NPs serving to reduce the sodium toxicity and concomitantly increasing the by-product me-
tabolism and photosynthetic activity. In addition, ZnO NPs could enter the cell walls and increasing the levels of auxin (IAA) which
helps to promote cell division (in the presence of cytokinins), cell elongation and mineral absorption. Recently, Zhang et al. (2022)
demonstrated that tomato plants were able to attain better growth while undergoing salinity stress by the foliar application of ZnO
NPs (Zhang et al., 2022).

5. Conclusion
In the present study, ZnO NPs were synthesized using foliar extracts of P. karka. Zinc acetate dihydrate was used as a precursor.

Halophytic leaf extract was used as a stabilizing and reducing agent. RSM was used to optimize the process of nanoparticle synthesis.
The RSM experimental setup showed that pH and plant are significant factors in synthesizing ZnO NPs. UV–Vis spectrum of ZnO NPs
by P. karka showed a distinct peak at 331 nm. Furthermore, the synthesis of nanoparticles was confirmed by FTIR technique, which
clearly showed the production of ZnO NPs; also revealed that the plant extract contains phytochemicals that could serve as a capping
and stabilizing agent. The spectra obtained by XRD analysis showed that the synthesized nanoparticles are of crystalline structure.
Meanwhile, SEM and DLS analyses defined the sizes of synthesized ZnO NPs from P. karka. The tomato growth experiment demon-
strated that the physiological effects of high salt stress were reduced by using ZnO NPs. It was plausible that the optimum concentra-
tion of ZnO NPs improved the levels of plant secondary metabolites and osmolytes which resulted in the enhanced plant growth para-
meters. Conversely, either in the presence or absence of salt stress, a high concentration of ZnO NPs appeared to cause symptoms of
phytotoxicity in the plants. This research revealed that zinc can assist in maintaining the structure of plasma membrane while under-
going extreme salinity stress; plausibly by maintaining the entry of sodium ions into plant cells thereby reducing the effects of oxida-
tive stress.
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