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ARTICLE INFO ABSTRACT

Keywords: This study aimed to develop and characterize the chitosan bionanoconjugates (BNCs) loaded with
Bionanoconjugate zinc (Zn) and salicylic acid (SA) and test their efficacy on wheat seed exposed to chilling stress.
Nanopriming

BNCs developed were spherical (480 + 6.0 nm), porous, and positively charged (+25.2 + 2.4
mV) with regulated nutrient release properties. They possessed complexation efficiency of 78.4
and 58.9 % for Zn, and SA respectively. BET analysis further confirmed a surface area of 12.04
m?/g. Release kinetics substantiated the release rates of Zn and SA, as 0.579 and 0.559 % per
hour, along with a half-life of 119.7 and 124.0 h, respectively. BNCs positively affected the
germination potential of wheat seeds under chilling stress as observed by significantly (p < 0.05)
reduced mean emergence time (18 %), and increased germination rate (22 %), compared to the
control. Higher activities of reserve mobilizing enzymes (a-amylase- 6.5 folds, protease —10.2
folds) as well as faster reserve mobilization of starch (64.4 %) and protein (63.5 %) molecules
were also observed. The application further led to increased levels of the antioxidant enzymes
(SOD and CAT) and reduced oxidative damage (MDA and H0). Thus, it is inferred that the
developed BNCs could help substantially improve the germination and reserve mobilization po-
tential, thereby increasing the crop yield.

Release kinetics

Seed reserve mobilization
Chilling stress

Vigour index

1. Introduction

The global population is expanding alarmingly and is expected to reach 9 billion by 2050. A significant part (>50 %) of this
population consumes wheat (Triticum aestivum L.), and it is anticipated that global wheat demand will increase by 70 % by 2050 [1].
Under global warming, wheat is one of the most affected crops and needs attention to sustain its productivity [2]. Late wheat planting
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has become a frequent practice due to the delayed harvesting of prior crops like cotton, paddy, sugarcane, pigeon pea etc. Because of
this, the wheat crop experiences cold stress during germination resulting in uneven stand establishment [3]. Chilling stress during seed
germination in late-sown wheat later leads to terminal heat stress resulting in reduced growth and decreased yield. Therefore, it is
imperative to enrich the novel research strategy desired to sustain wheat productivity in a changing environment to fulfill the rising
food demand [4]. Unique and alternative techniques viz., increasing the seed’s germination potential, improving the signalling
network, and finally resulting in crop establishment and production must be devised to combat multi-dynamic environmental changes
[5]. In this scenario, seed priming was introduced in crops for (i) homogenous and higher germination potential, (ii) better mobili-
zation of seed reserves, (iii) enhanced signalling network resulting in the better establishment of a plant to cope with environmental
stress [6,7]. Seed priming activates ‘pre-germinative metabolism’ that affects germination and emergence, allowing seeds to withstand
harsh conditions [8]. To date, various priming techniques and solutions like water (hydropriming), polyethylene glycol and inorganic
salts (osmopriming), hormonal priming (IAA, GAs, SA, etc.) and nutrient priming (Fe, Cu, Se, Zn, etc.) are commonly used [9,10].

Zinc (Zn) is recognized as a critical micronutrient and a component of over 300 plant enzymes and vital proteins in plants [11].
Earlier studies show that compared to unprimed seeds, priming with Zn increased SVI-1 and SVI-2 by 94 and 77 %, respectively,
resulting in improved seedling development and yield [12]. Zinc oxide and zinc sulfates are commonly used as zinc fertilizers to
ameliorate Zn deficiency in plants. However, their applications as fertilizer are restricted because of their low solubility and avail-
ability [13]. Salicylic acid (SA), an endogenous growth regulator, is a crucial phenolic compound with low solubility in water (0.011 M
at 20 °Q)that affects plant growth and development by participating in signalling and physiological processes. Its exogenous appli-
cation as seed treatment and foliar application induces many metabolic processes in plants and can be an alternative approach for
controlling disease and enhancing plant growth and yield [14]. It stimulates seed germination and root growth and improves seedling
stress tolerance. However, SA has low water solubility and is prone to environmental degradation factors such as light, air, and
temperature; therefore, it will be more biologically active if protected/encapsulated.

The priming techniques use excess nutrients that can be toxic to plant health (immediate high concentration) and soil (leached-out
nutrients). In this case, large amounts of the nutrients are washed off (not in plant use), so sustained-release fertilizer is needed. The
synchronized release of essential micronutrients and hormones via nanoparticles could be a superior approach for meeting the
germinating requirements [15]. It is emerging as a promising method because it provides advanced and alternate ways of exogenous
applications of biopolymers, micronutrients, and plant growth hormones to enable higher seed germination and plant production [16,
171.

Many biopolymers, such as alginate, starch, cellulose, chitin, and chitosan, have recently been used to generate novel materials that
aid crop growth and protection [18]. However, the sustainability of agriculture has recently been credited to chitosan and its de-
rivatives, which are readily available and packed with several advantages. Chitosan is the second most abundant biopolymer after
cellulose. It is a non-toxic, biodegradable, and biocompatible substance that reduces the adverse effects of stresses, upgrades the
defense system, and enhances plant growth by increasing the availability and uptake of water and essential nutrients [19]. Chitosan is
widely employed as a nano-chitosan and nanocarrier by encapsulating active molecules (metals, hormones, etc.) [20,21]. It also acts as
a good nitrogen source for plants as its main component comprises nitrogen absorbed by the plants.

Nano-chitosan fortification with essential nutrients is more valuable than pure/bulk chitosan [19,22] and the application of chi-
tosan nanocomposites containing some valuable components (Zn, Cu, Fe, and SA) to improve the physio-biological activities for better
results [23-26] has been conducted. Sufficient literature with the sole benefits of these molecules in their bulk and nanoforms is
available, showing improved crop growth, productivity, and yield. However, cumulative studies of these molecules entrapped in one
nanoconjugate system and their application to plant physiological and biochemical mechanisms involved during seed germination
have not been elucidated. Thus, the present investigation aimed to synthesize and characterize the bionanoconjugates (formulation
encapsulating both Zn and SA as a single conjugate), and test their efficacy to improve seed germination potential, reserve mobilization
and antioxidative system in wheat under chilling stress during germination.

2. Materials and methods

Chitosan (mol. wt. 50-190 kDa; N-deacetylation >85 %) and sodium tripolyphosphate (TPP) were purchased from Sigma-Aldrich
(St. Louis, USA). Reagents for biochemical and other assays were purchased from HiMedia and SRL (Mumbai, India). Seeds of wheat
variety WH-1124 were obtained from the Wheat and Barley Section, Department of Genetics and Plant Breeding, CCS Haryana
Agricultural University, Hisar.

2.1. Preparation of Zn-SA-chitosan BNCs

The ionotropic gelation process was used to develop Zn-SA-chitosan BNCs with certain modifications [27]. Chitosan was dissolved
in 1.0 % (v/v) acetic acid and continuously stirred until a clear solution was formed. Cross-linking was achieved by adding TPP
(cross-linker) to the chitosan solution in a dropwise manner and stirring continuously. ZnSO4 (0.15 %) and SA (0.1 %) were
sequentially added to the colloidal solution during cross-linking. The reaction mixture (RM)was sonicated three times (pulse rate: 9 s
on - 5 s off, frequency- 50 %; power- 500 W) followed by centrifugation at 12,000 rpm under dust-free conditions to obtain the pellets
of Zn-SA-chitosan BNCs. The pellets were lyophilized and stored at room temperature until further use.
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2.2. Physico-chemical characterization of Zn-SA-chitosan BNCs

2.2.1. DLS and zeta-potential

Particle size, polydispersity index (PDI) and zeta-potential of synthesized BNCs were measured using dynamic light scattering
(Malvern- MAL1265866, version: 2.1.0.15) with an appropriate sample loading index. Three batch samples were dissolved in
deionized water (10 mg/20 ml), then examined at 25 °C with a scattering angle of 90° and a detector angle of 173° (backscatter) using
45 runs per sample [28].

2.2.2. TEM, SEM, and EDS analyses

Samples were prepared for Transmission Electron Microscopy (TEM) by pouring 25 pl of sonicated BNCs solution onto the grid
(400-mesh Form var carbon-coated zinc grid), wicking out the surplus sample with filter paper after 35 s, and drying it. The Zn-SA-
chitosan BNCs were TEM micro-graphed using an FEI Spirit TEM (Hillsboro, USA) with an accelerating voltage of 0.1 kV [29,30].
However, the Zn-SA-chitosan BNCs were dried by critical point drying (CPD, Emitech K850) and sputter-coated with gold-palladium
(SC7620, Emitech) after mounting on aluminum stubs containing double-sided carbon and SEM micrographs were taken with a Zeiss
EVO MA10 SEM (Carl Zeiss Promenade, Jena, Germany) in high vacuum mode at 15 kV EHT (Extra high tension) at 400x and 29.70x
magnifications. Further, the purity, chemical composition and elemental analysis of a dried sample of BNCs were studied by an Energy
Dispersive X-ray Spectroscopy (EDS) analyser (Bruker XFlash 6130) [31].

2.3. Physisorption technique for surface study

2.3.1. BET and isotherm analysis

The Brunauer Emmett Teller (BET) analysis was performed at 77.35 K using Quantachrome® ASiQwinTM 1994-2017, Quan-
tachrome Instrument v5.21. Outgassing was carried out in a 6 mm cell type containing the sample adsorbed by nitrogen at 120 °C for
8.3 h. The sample was then used to conduct surface investigations, including specific surface area (mz/g), pore radius, volume, size,
cumulative pore surface area, and pore width at a particular relative pressure (P/Pg) [32].

2.4. Chemical analytical techniques (spectroscopy)

2.4.1. FTIR (Fourier transform infrared spectroscopy)

FTIR spectrometer was used to gaze at the functional groups and bond interaction in Zn-SA-chitosan BNCs (PerkinElmer Spectrum
IR Version 10.7.2). Freeze-dried BNCs (1 part) were gently pestled with KBr (99 parts) and scanned against a blank KBr pellet
background. Fifty-two scans in the wavelength range of 400-4000 cm ! were used to record the spectra of the samples [33].

2.4.2. Inductively coupled plasma-mass spectrometry (ICP-MS) and UV-Vis spectroscopy

The complexation efficiency (CE), yield potential (YP), loading capacity (LC), and in vitro release profile of Zn and SA were
determined using ICP-MS and UV-Vis spectroscopy. Known amounts of synthesized BNCs were dispersed in deionized water at room
temperature in two sets of ten tubes, one set for Zn and the other for SA. After every 24 h, aliquots from each tube were collected to
estimate Zn and SA using the appropriate methods [34]. The in vitro release of the Zn and SA at various intervals was studied after
dispersing the BNCs in pH adjusted (1-7) deionized water. For Zn estimation, collected samples were digested (appropriate mixture of
nitric acid and Hy05 for 90 min at 180 °C), diluted to a suitable concentration, and filtered with syringe filters before loading. The
samples were analyzed using the KED (Kinetic energy discrimination) technique in an ICP-MS (Thermofisher Scientific, model no.
i-CAP RQ) [34].

The CE, YP and LC were calculated as follows:

__Total amount of Zn or SA added in the RM — Zn or SA in supernatant .

CE (%)= 100 1
(%) Total amount of Zn or SA added in the RM M

Weight of lyophilized BNCs
YP(% )= 1 2
(%) Weight of components contained in the RM *100 @

Weight of Zn or SA in BNCs
Le (%)= Weight of BNCs *100 ©)

2.4.3. Release kinetics
The results of the Zn and SA release profiles were expressed as first-order release rate constants (Kr) using the equation [35]:

A
In Y K. T ()]

where, A is residual Zinc/SA; A, is the total Zinc/SA; K; is the release rate constant, and T is the time of release.
Half-life (T;,2) and decimal reduction value (D-value) of the complexed Zinc and SA were computed using the equations:
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In2
T, =
: K ®
D value = 10 (6)

2.5. Invitro seedling experiment

Wheat seeds were surface-sterilized with 2 % sodium hypochlorite for 10 min and primed with different concentrations of BNCs for
12 h in a beaker [7]. The primed seeds were divided into two groups and then a part of the primed seeds was transferred on the petri
plates lined with the germination paper and the remaining were placed onto germination paper layered with another sheet of paper.
These layered papers are folded so that the base of the papers was immersed in the water contained within the beaker. The first part
hydro-conditioned (5.0 ml) regularly and placed in a growth chamber at 10 & 1 °C (cold stress conditions).

a-Amylase, protease, starch and protein were estimated at 0, 1, 3, 5, 7 and 9 days after germination (DAG) [36]. The a-amylase
activity (unit/g Fwt) was measured following the standard protocol [37], where one unit is defined as pmole of substrate utilized per
min. For protease activity (unit/g Fwt), the germinating seeds were homogenized in phosphate buffer (pH 7.6) at 4 °C and enzyme
action was initiated at 37 °C upon adding casein (1 % w/v) as a substrate. After 20 min, 10 % trichloroacetic acid (TCA) was added to
precipitate the proteins and cease the reaction. The precipitates were removed, and the supernatant was allowed to react with alkaline
copper reagent at room temperature (10 min) followed by Folin Ciocalteu reagent (FCR) input. The mixture was incubated in the dark
(30 min) at room temp and absorbance was recorded at 620 nm. One unit corresponds to pmole/min. Similarly, starch and protein
contents were estimated at regular intervals following the standard methods, respectively [38,39].

Chlorophyll and carotenoids were quantified in fresh leaf tissue at 15"'DAG to assess the effects of BNCs on the photosynthetic
potential of seedlings [40]. Similarly, stress indicators (MDA and H202) and antioxidant enzyme (catalase) were also estimated on 15th
DAG in seedling leaves. MDA was estimated [41] using fresh tissue (200 mg) homogenized in 2.0 ml of 0.1 % trichloroacetic acid and
centrifuged at 8000 rpm for 15 min. The supernatant (0.5 ml) was added to 2.3 ml of 20 % TCA containing 0.5 % thiobarbituric acid.
After boiling the mixture in a water bath for 30 min, it was quickly cooled in an ice bath. The absorbance was recorded at 532 nm, and
the non-specific absorbance value at 600 nm was subtracted. MDA content was calculated using the molar extinction coefficient (155
mM~! em™Y). In the case of hydrogen peroxide [42], sample (200 mg) was macerated in 2.0 ml of ice-cold 0.01 M phosphate buffer
(pH-7.0), and the supernatant was collected after centrifugation (10,000 rpm for 10 min).0.6 ml of 0.1 M phosphate buffer (pH 7.0)
and a 3.0 ml mixture of 5 % (w/v) potassium dichromate and glacial acetic acid (1:3, v/v) were added to the 0.4 ml extract and boiled
(10 min) until the formation of the formation of green colored chromic acetate. The content was cooled, and the absorbance was
recorded at 570 nm against the reagent blank without sample extract. The quantity of HoO, was determined using the standard curve of
H20o.

For catalase assay [42], a leaf sample (200 mg) was crushed in 2 ml of 0.1 M phosphate buffer (pH 7.0) containing 1.0 % PVP and
the homogenate was centrifuged at 10,000 g for 20 min in a refrigerated centrifuge at 4 °C A reaction mixture containing 0.5 ml 0.1 M
phosphate buffer (pH 7.5), 0.4 m1 0.2 M H,02 and 0.1 ml supernatant was incubated at 37 °C. The reaction was terminated by adding 3
ml potassium dichromate reagent and the reaction mixture was then boiled for 10 min. The absorbance at 570 nm was measured using

|
|

4

T10 T6 T5 Tid QIR AR T

[

Fig. 1. Priming experiments in the laboratory under controlled conditions showing growth in primed seeds (T1-control, T2-bulk chitosan, T3-bulk
Zn, T4-bulk SA, T5- Mix bulk (chitosan, Zn and SA), T6-0.1 %, T7-0.2 %, T8-0.4 %, T9-0.8 %, T10-1.2 %, T11-1.6 % BNCs.
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the potassium dichromate reagent as a blank. An assay mixture devoid of enzyme extract was used as a control. The absorbance of the
sample was subtracted from the control to estimate the residual amount of HoO5 in the mixture. One enzyme unit was defined as the
amount of enzyme required to catalyze the oxidation of 1.0 pmole of Hy02 in 1 min under given assay conditions. In the supernatant
obtained above, the superoxide dismutase activity was determined by the rate of inhibition of nitroblue tetrazolium by photochemical
reduction. The reaction was monitored at 560 nm. One unit of SOD is defined as the amount of enzyme required to cause 50 % in-
hibition [43].

To the other group (ii.) of primed seeds, the between-paper approach was employed to analyze the root-shoot length, root number,
and seedling lengths at regular intervals (Fig. 1). On the 15th day, the seedlings’ fresh and dried weights were measured. The
experiment followed the International Seed Testing Association’s guidelines [16]. The following formulae were used to compute the
seed vigour index (SVI-I and II), germination rate (GR), mean emergence time (MET) and coefficient of germination (COG):

SVI-1 = Germination % X seedling length [44] (Equation-7).

SVI-2 = Germination % X seedling dry weight [44] (Equation-8)

Gl G2 Gn
GR—ﬁJrEJrfff:Fﬁ*lO ()]
MET:an*dl 10)

N
_ 100(A1 + A2+ — — — — +An)
COG’A1T1 +A2T2 + — — — — +AnTn an
where,

G1 = No. of seedlings emerged on 1st day; G2 = No. of seedlings emerged on 2nd day; Gn = No. of seedlings emerged on nth day; T
= Days to germination; N = total number of seeds; ni = germinated seeds on the counting day; di = counting day.

2.6. Statistical analysis

SPSS, the statistical analysis tool, was used to analyze the results to conclude the findings. These findings are presented in graphical
and tabular form at a significance level of p = 0.05.
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Fig. 2. Particle size distribution based on intensity (A) and volume % (B) of bulk chitosan and their correlogram (C) and cumulants fit (D) based on
correlation coefficient vs time.
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3. Results
3.1. Synthesis, yield and DLS results of engineered Zn-SA-chitosan BNCs

The ionic interactions of TPP (negatively charged cross-linker) and chitosan (positively charged backbone) encapsulating Zn and
SA resulted in Zn-SA-chitosan BNCs with a hydrodynamic diameter of 480-520 nm (Fig. 3). The DLS study, along with size, also
revealed that the zeta-potential of these BNCs was +22.7-27.6 mV, with a PDI of 0.18-0.24 (Fig. 3a and b). Moreover, the graphs of
correlogram (Figs. 2¢ and 3c) and cumulants (Figs. 2d and 3d) fit based on correlation coefficient vs time additionally supports the
lower dispersity of BNCs compared to bulk chitosan having more area under the curve than BNCs. Bulk chitosan had particle size
>2600 nm and greater PDI (>0.8) and zeta-potential (+42-52 mV) (Fig. 2a and b). A 500 ml reaction volume (having chitosan 1 g, TPP
0.4 g, ZnSO,4 0.1 g and SA 0.08 g) yielded approximately ~0.8 g of dull white crystalline powder.

3.1.1. SEM, TEM, and EDS studies

The SEM micrograph revealed the presence of pores in the developed BNCs (Fig. 4a) while the TEM study revealed that Zn-SA
chitosan nanoconjugates composed of aggregated spherical-shaped nanoparticles (inset, Fig. 4b). EDS study showed the presence of
C (42.72 wt%), O (44.98 wt%),N (7.40 wt%), P (4.89 wt%) and Zn (0.01 %) in the nanocomposite (Fig. 5b). The findings of EDS also
verify and demonstrate Zn’s imprisoned companionship in the BNCs (Fig. 5a).

3.1.2. FTIR studies

The FTIR spectra mapped the peaks related to -NH; (1° amine) and —-OH at 3400 cm’l, CO-NH,;, (amide) at 1650 cm~! and the
anhydrous glycosidic peak of bulk chitosan at 896 cm L. The spectrum presents a peak transfer from 3400 to 3452 cm ™ * corresponding
to amalgamated peaks of NH; and OH group of chitosan due to stretching vibration. The cross-linking of Zn, TPP, and amino groups of
chitosan is shown by a peak shift from 1650 to 1594 to 1642 and 1560 cm™?, respectively, in SA-Zn chitosan BNCs (Fig. 6). A
considerable shift from lower to higher wave number (1073-1085 cm ™) in SA-Zn chitosan BNCs indicates the participation of the OH
group of chitosan.

The peaks representing the acetoxy group of SA, previously mapped at 1542 and 1647 cm ™!, were reallocated to 1539 and 1641
em ™! (Fig. 6). Interaction of ~-COOH group in SA with 1° amine of chitosan was recasted to 1311 cm ™! in BNCs. A hypothetical model
based on FTIR mapping that reveals the interactions of Zn, SA, TPP, and chitosan in the developed BNCs is shown in Fig. 7.
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Fig. 3. Particle size distribution based on intensity (A) and volume % (B) of synthesized BNCs and their correlogram (C) and cumulants fit (D) based
on correlation coefficient vs time.
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15.00 kV

Fig. 4. SEM (A) micrographs at 30kx showing porous surfaced Zn-SA chitosan BNCs and TEM (B) micrograph entails spherical shaped aggregated
(at 200kx) and dispersed NPs in the inset.
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Fig. 5. EDS analysis of Zn-SA chitosan BNCs (A) mapping of elements and (B) elemental composition.

3.1.3. BET and isotherm

The detailed description of the surface area (1.690 m?/ g), pore volume (0.015 cc/g) and pore radius (21.543 A) of bulk chitosan are
shown in Table 1. The BJH desorption report for BNCs showed a 12.04 m?/g surface area, 0.171 cc/g pore volume, and a 19.117 A pore
radius (Table 1).

3.1.4. Complexation efficiency (CE), loading capacity (LC), and yield potential (YP) and in vitro release profile

In the present study, the CE and LC of Zn-SA-chitosan BNCs were remarkable, with CE and LC values for Zn being 78.4 and 2.19 %
and for SA being 58.9 and 5.8 %, respectively. The reaction mixture’s yield potential was found to be 52.7 %.

In-vitro release studies were conducted to calculate the release and retention percentages of Zn and SA (Figs. 8-10). Due to the
protonation of the amino group of chitosan at low pH, a quicker release at this pH was seen in the pH-dependent release profile (pH
range 1.0-7.0). At pH 1.0, it was found that 88.9 % of the Zn (Fig. 8a) and 79.8 % of the SA (Fig. 8b) were released within 24 h,
compared to 31.8 and 16.4 %, respectively, at neutral pH (Fig. 8). The time-dependent release profile showed that 32 % and 16 % of Zn
(Fig. 9a) and SA (Fig. 9b) were released at 24 h (pH-7). Furthermore, 80 % and 74 % of Zn and SA were progressively released at 240 h
(Fig. 9).

3.1.5. Kinetics of release

First-order kinetics was used to calculate the release rate constants (K;) for Zn (Fig. 10a) and SA (Fig. 10b), which were found to be
0.00579 and 0.00559 h™!, respectively (Fig. 10). It shows that entrapped Zn and SA are released at rates of 0.579 and 0.559 % per
hour, respectively. The Zn and SA releases had a half-life (T1,2) of 119.7 and 124.0 h and a 90 % release time of 397.7 and 411.9 h,
respectively.
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Fig: 7. Speculative morphology of Zn-SA-chitosan BNCsS: Blending bulk Zn, SA, chitosan and TPP forming a nanostructure possessing backbone of

chitosan cross-linked by TPP encapsulating Zn and SA.

Table 1
BJH desorption summary of both bulk chitosan and Zn-SA-Chitosan BNCs.

Properties Bulk chitosan BNCs Units
Surface area 1.690 12.049 mz/g
Pore volume 0.015 0.171 cc/g
Pore Radius Dy (r) 21.543 19.117 A

3.2. Invitro seed and seedling analyses

The impact of Zn-SA-chitosan BNCs on wheat seedling growth parameters is shown in Table 2. All the parameters were reported on
the 10" DAG in petri plates shown in Table 2. Very low germination was reported in all treatments for 0-3 days. On the 10t day after
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germination (DAG), BNCs-primed seeds (0.1-1.6 %) showed a significant difference in germination rate, coefficient of germination,
and germination percent (Table 2). An increase in germination rate when seeds were treated with 0.4 % BNCs was 22 % higher than the
control. Moreover, the mean emergence time recorded in control was 7.3 days, whereas 0.4 % BNCs reduced the emergence time to 5.9
days. BNCs (0.4 %) treatment showed faster emergence of up to 18 % compared to the control (Table 3). However, a significant change

was not observed within the BNCs treated plants after 0.4 %.

Characters like root-shoot length, seedling length, fresh and dry weight recorded in Table 3 were observed at 15™ DAG on
germination paper. The maximum increase in shoot and root lengths were observed in 0.4 % BNCs-treated seeds. The growth of the
seedlings in WH-1124 was observed to be enhanced in all treatments. When treated with BNCs, a maximum dry weight of 0.118 g was
recorded in 0.4 % and 1.2 %. Similarly, fresh weight was found maximum in 0.4 % (1.25 g) followed by 0.8 % (1.24 g). Both mixed bulk
and bulk chitosan showed no signs of germination; thus, the treatments are absent in Tables 2 and 3. But seedling length significantly
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Table 2
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Fig. 10. Release kinetics of Zn (A) and SA (B).
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Effect of seed treatment by BNCs on germination potential determining traits [Germination rate (G. rate), coefficient of germination (COG),
germination percent (Ger. %), Seed vigour index (SVI-I and II)].

Treatment G. rate COG Ger. % SVI-I SVI-II
Control 6.84 + 0.03 12.8 £+ 0.05 100 + 1.1 927 + 60.1 6.3 + 0.89
Bulk Zn (0.1 %) 7.08 £ 0.15 13.1 £+ 0.06 100 + 0.9 1068 + 37.6 7.6 +£0.78
Bulk SA (0.1 %) 6.96 + 0.11 13.0 £+ 0.06 96.7 + 0.9 1047 + 33.3 7.8 +1.02
BNCs

0.1 % 7.83 £ 0.15 13.2 £+ 0.03 100 + 1.7 1283 £ 106.2 10.4 + 0.68
0.2% 7.95 £ 0.06 13.3 £ 0.05 100 + 0.9 1504 + 91.7 11.0 £ 0.53
0.4 % 8.38 + 0.07 13.4 £+ 0.07 100 + 0.8 1607 + 55.1 11.6 + 2.01
0.8 % 8.31 £ 0.15 13.5 £+ 0.09 96.7 + 0.9 1591 + 37.6 11.4 +1.03
1.2% 8.30 + 0.08 13.5 £+ 0.04 100 + 1.9 1565 + 37.1 11.3 £1.11
1.6 % 8.05 + 0.02 13.5 + 0.06 96.7 + 1.2 1581 + 108.6 11.3 + 2.84

CD at 5 % (p = 0.05) G. rate — 0.108, COG - 0.073, Ger. % - 0.5.

Table 3

Effect of seed treatment by BNCs on seedling characteristics [mean emergence time (MET), shoot length (SL), root length (RL), seedling length
(Seedling L.), seedling fresh weight (Seedling Fwt.) (g), seedling dry weight (Seedling Dwt.) (g)].

Treatment MET SL RL Seedling Seedling Seedling

L (cm) Fwt. (g) Dwt. (g)
Control 7.3+0.21 49+0.3 5.7 £ 0.51 10.5 £ 0.3 0.76 + 0.039 0.072 £ 0.07
Bulk Zn (0.1 %) 7.0 £0.14 52+ 04 6.7 + 0.41 11.9+1.3 0.89 + 0.081 0.084 £ 0.004
Bulk SA (0.1 %) 7.1 +0.22 53+05 6.6 + 0.58 11.9 £ 0.2 0.92 + 0.102 0.089 =+ 0.009
BNCs
0.1% 6.3 +0.18 57 +0.4 7.8+ 0.21 13.5+1.2 1.10 + 0.106 0.109 + 0.006
0.2 % 6.2 &+ 0.09 7.3+0.2 8.2+ 0.36 15.5 + 0.4 1.18 £ 0.141 0.113 + 0.010
0.4 % 5.9 +0.19 7.8+ 0.5 8.8 +£0.53 16.4 £ 0.4 1.25 +0.163 0.118 + 0.008
0.8 % 7.3+0.23 49+0.3 5.7 £ 0.51 10.5+0.3 0.76 + 0.039 0.072 £+ 0.07
1.2% 7.0 £0.26 5.2+ 0.4 6.7 + 0.41 11.9+1.3 0.89 + 0.081 0.084 + 0.004
1.6 % 7.1 +0.18 53+05 6.6 + 0.58 11.9 £ 0.2 0.92 + 0.102 0.089 =+ 0.009

CD at 5 % (p = 0.05)SL - 0.687, RL — 0.731, Seedling L — 1.023, S. Fwt. — 0.061, S. Dwt. — 0.008.

improved when Zn, SA, and BNCs (0.1-1.6 %) treatments were compared to the control.
Seeds treated with BNCs of 0.4 and 0.8 % concentration had a maximum seedling length of 16.4 cm. On the 15® DAG, it was
discovered that the shoot-root, seedling length, and fresh and dry weights in BNCs treated seeds were considerably higher than the
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control (Table 3). Seeds treated with 0.4 % BNCs produced better SVI-I (73 %) and SVI-II (82 %) results than the control, while the
improvements were just 15 and 19 % for bulk zinc and almost 13 and 23 % for bulk SA, respectively. The increase in germination rate
in nanoprimed (0.4 %) seeds was 8.15 + 0.07; in control, it was recorded at 6.84 + 0.03. Similarly, the germination rate in bulk Zn and
SA recorded was 7.08 £ 0.15 and 6.96 + 0.11, respectively. Additionally, a significant difference in the coefficient of germination
between control (12.8) and nanoprimed (13.6) seeds was seen in 0.4 % BNCs treated wheat seeds. However, no germination was found
in bulk chitosan and mixed bulk-treated seeds.

3.2.1. a-Amylase and protease activity

In the present study, we found that a-amylase activity changed when wheat seeds were primed with BNCs, as seen in Fig. 11a. It was
observed that all the treatments had very minimal amylase activity on the oth day of the experiment. At a later stage, a-amylase activity
significantly increased in seeds treated with BNCs compared to bulk and control during 0" to 5 DAG. At 5™ DAG, its activity in
control seeds grew by 3.4 times, but in 0.4 % BNCs-treated seeds, it increased by 6.5 times (Fig. 11a). In comparison, bulk Zn and SA
experienced a 4.8 and 5.8 fold increase from 0 to 5™ DAG. The highest activity increase of 461 % from the 0™ to 5" DAG was noted in
0.4 % BNCs treatment, whereas the increase in control was 328 % only on the 5™ DAG. However, the activity decreased on subsequent
days of germination as recorded up to the 9t pAG (Fig. 11a).

In 0.8 % treated seeds of wheat (WH-1124), protease activity increased 10.2 times, whereas it increased 5.3 times in control seeds
from the O™ day to the 5th day after germination. Although the bulk Zn (6.4 folds) and SA (7.7 folds) treated seeds showed better
results than the control, the activity increase was significantly lower than BNCs, showing a maximum increase on the 5% DAG
compared to the control (Fig. 11b). The seeds treated with 0.8 % BNCs in WH-1124 had the maximum enzyme activity, whereas seeds
treated with water had the lowest enzyme activity from 0™ to 7" DAG. However, on the 9% day, the activity in BNCs-treated seeds was
lowered, whereas the control exhibited higher activity than the treated seeds (Fig. 11b).

3.2.2. Protein and starch content

Seed food reserve, viz. starch and protein, decreased during germination, corresponding to the enzyme activity (a-amylase and
protease). From 0% to 9 DAG, the bulk Zn and SA exhibited a moderate reduction of 5.1 and 4.6 mg g~ ! fwt, respectively, whereas 0.8
% BNCs experienced the largest loss of 6.46 mg g~ ' fwt. The control group had the highest leftover protein level, 5.78 mg g~ ! fwt
(Fig. 11d). On the oth day, protein reserve mobilization was quicker and more than 60 % protein was mobilized in BNCs treated seeds.
However, only 42 % of reserve protein was mobilized in control. In contrast, the bulk Zn and SA showed up to 51 and 45 % reserve
protein mobilized on the 9" DAG (Fig. 11d).

A similar trend in starch content was reported, as seen in protein. On the oth day, the BNCs-treated seeds utilized more than 60 % of
the reserved starch with maximum utilization of 0.8 % (64.44), followed by 1.2 and 1.6 % (64.34 %), 0.4 % (63.9 %), and least in the
0.1 % (60.1 %). Maximum utilization in bulk was recorded in Zn (54.60 %) treated plants compared to minimal starch utilization in
bulk SA (52.56 %). The minimum starch was mobilized in the control seeds with only 44.82 % mobilization on the 9 pAG (Fig. 11c).

3.2.3. Chlorophyll and carotenoid content

Chlorophyll a, b, and total chlorophyll content changed in WH-1124 after BNCs treatment (Fig. 12a). Results show that 0.4 % BNCs-
treated seeds had the maximum total chlorophyll content (5.34 mg g~ * fwt), while control seeds had the lowest (3.09 mg g™+ fwt).
Whereas, in bulk Zn and SA, the seeds treated had a total chlorophyll content of 3.78 and 4.18 mg g~ fwt, respectively (Fig. 12a).
Moreover, on BNCs treatment (0.4 %), the increase observed in chlorophyll a and b was 54.4 and 124.9 % higher than in control. In
bulk Zn, the increase in chlorophyll a and b was only 30.7 and 47.4 %, respectively, compared to the control. Moreover, chlorophyll a
and b in SA increased by 42.8 and 54.7 %, respectively. Additionally, the chlorophyll a and b ratio observed was altered from 1:2.86 in
control to 1:2 in BNCs (0.4 %) treated plants (Fig. 12a). It was also recorded that when seedlings were treated with BNCs instead of
controls, their carotenoid content increased significantly during germination. The 0.4 % had the highest carotenoid content (0.9 mg
g 1) compared to the control having the values of 0.5 mg g~ fwt, respectively (Fig. 12b).

3.2.4. Stress indicators content

To assess the effects of BNC and chilling stress, we measured the content of MDA and Hy0,. MDA content declined in BNCs-treated
seeds by 39 % compared to the control (Fig. 13b). Bulk Zn and SA recorded a decline of only 13.6 and 21.1 % compared to the control.
Maximum MDA content (128.3 nmol/g Fwt) was found in non-treated seeds (Fig. 13b). Similarly, HyO, content found in control (12.3
pmol/g Fwt) seeds was significantly higher than the content in 1.6 % BNC (8.4 pmol/g Fwt) treated seeds (Fig. 13a). Moreover, a
decline of upto 31 % in Hy05 content was reported in BNCs-treated seeds (Fig. 13a).

3.2.5. Activity of antioxidant enzymes

The activities of key antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT) were monitored to evaluate the seed
response to the BNC treatments (Fig. 13). The results show that on BNCs application, the CAT activity was provoked compared to bulk
and control. Moreover, the activity was enhanced by 51 % in 1.6 % BNC, which is higher than the bulk Zn and SA, showing an increase
of only 14.3 and 7.5 % compared to non-treated seeds (Fig. 13d). Similarly, in the case of SOD the activity was significantly higher than
the bulk- and non-treated seeds with a value of 2.33 unit/g Fwt in BNCs. BNCs treatment with 0.4 % showed an increase of 26.6 % in
SOD activity compared to control seeds (Fig. 13c). Whereas, activity in bulk Zn and SA increased upto 5.1 and 11.9 %, respectively.
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4. Discussion

Zn-SA-chitosan BNCs developed and employed in the present study were monodispersed with a low PDI value (0.18 + 0.04) and
higher positive surface charge (+25.2 + 2.4 mV) with a mean size of 480 + 6.0 nm (Fig. 3). Chitosan biopolymer was crafted into
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monodispersed spherical nanostructures by encapsulating Zn and SA during the process of cross-linking of linear biopolymer by TPP.
The monodispersed NPs are crucial for their effortless influx to plant cells using cellular passages/and surface openings. A higher
positive surface charge provides sufficient stability that abates aggregation and agglomeration in aqueous media. This charge is also
necessary for its strict attraction with negatively charged plant cell/organelle membranes for greater responsiveness [23,45].

The porosity network in the developed BNCs visible in the TEM analysis demonstrates their spherical clumpy character (Fig. 4b).
Additionally, SEM infers that the BNCs were spherical, porous and that the pores present are symmetrical and orchestrated too, which
are essential for the proper co-encapsulation of Zn and SA and their subsequent slow-release (Fig. 4a). SEM-EDS spectrum verified the
existence of C, P, O, and N and Zn deposition in the porous BNCs (Fig. 5). These SEM-EDS results concur with those of [46], who
confirmed and proved the entrapment of Zn inside the nanoparticles. The chemical interfaces of Zn and SA with chitosan were evident
from the FTIR study (Fig. 6), which agrees with earlier studies [33]. The presence of the relevant peaks further demonstrates that the
produced BNCs are doped with Zn and SA (Fig. 6). Considering the interactions confirmed by FTIR, a theoretically possible structural
ionic positioning in BNC having the backbone of chitosan cross-linked by TPP encapsulating Zn and SA is shown in Fig. 7. Another
speculative morphology of Zn-SA-chitosan BNCs showing the blending of bulk Zn, SA, chitosan, and TPP to form a bionanoconjugate is
hypothesized in Fig. 7.

BET (Brunauer Emmett Teller) analysis determines the physisorption features of the BNCs. Bulk chitosan has less surface area, pore
volume, and pore radius than BNCs (Table 1). These results are consistent with earlier findings which subsequently guarantee the
higher absorption and efficient entry of these BNCs in the seed and plant cells during imbibition and transpiration, respectively [47].
The surface area of nanoparticles is an important parameter as it is directly related to their reactivity, stability, and efficacy in various
applications [48].

Encapsulation efficiency (EE) of Zn (78.4 %) and SA (58.9 %) in BNCs is significantly better than in prior studies [45,49]. Addi-
tionally, the synthesized Zn-SA chitosan BNCs exhibited exceptional loading capacity of the encapsulated constituents (Zn and SA),
essential for their superior biological characteristics. Better EE of SA could be attributed to the strong inter- and intra-molecular in-
teractions with the carrier polymer. Intermolecular interactions involve the hydroxyl and carboxylic acid moieties present in the SA
molecule, which participated in hydrogen bonding and electrostatic linkages, respectively, with both the metal ions and the groups
present in the chitosan polymer (Fig. 7). For SA, both the interactions may occur because the pKa of SA is 2.97. The pH of BNCs is
considerably higher; as a result, SA can deprotonate and interact with the positive charges [50]. Deprotonation enables the electro-
static interactions between the active agent and the surface of the BNCs (thus representing positive zeta-potential). Moreover, the
stronger interactions that could maintain the active agent trapped inside the BNCs include hydrogen bonds between the amino groups
of chitosan polymer and the ~-COOH group of SA which can be an answer for extended release of ingredients (Fig. 6). Recent findings
revealed that release profiles of the SA/chitosan NPs at 37 °C (fixed) at pH of 5.5 and 7.4 after 5 h was 18 and 35 %, respectively,
whereas, after 22 h the release was found to increase up to 68 and 31 % respectively. Nanoparticles developed in previous findings
reported that oxide nanoparticles could sustain maximum release for upto 530 min [51]. The difference in the release time of the two
ingredients can be explained by the nature of the chemical interactions between the active agent and the polymers, the hydrophilicity
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of the BNCs, and the closing of the polymeric network. The intricate process of nutrient release and seed uptake depends on various
factors, mainly temperature and pH, responsible for the BNCs’ uptake and post-uptake release in seedlings [25]. Zn and SA were found
to be released from BNCs more quickly at lower pH than at neutral. This rapid release from BNCs is attributed to the protonation of the
chitosan amino group at acidic pH. It is also predicted that the defined, symmetrical and porous network of the BNCs might have
played a significant role in slow and sustained release of Zn and SA (Figs. 8-9). In contrast to the bulk application of Zn, SA, chitosan
[52-54], and their sole nanoparticles [55], as described in earlier studies, the slow rate of nutrient release in the present study may
supply nutrients over a prolonged duration that may have sustainable impacts on the crop.

The first-order release kinetics of the BNCs further determines the favourable results for release and retention rate constants of the
encapsulated materials (Fig. 10). The release kinetics, or the rate and pattern of nutrient release, can have a significant impact on the
effectiveness of these bionanoconjugates. The slow release of nutrients is an important factor in designing and applying bio-
nanoconjugates [56]. A slow and sustained release of nutrients provides a continuous supply of essential elements to the plant,
promoting healthy growth and reducing the need for frequent reapplication of fertilizers. This can also reduce the risk of nutrient
toxicity and environmental pollution, as a slow release ensures a controlled and consistent supply of nutrients to the plant [57].

Strong seedling establishment is essential for obtaining decent crop produce since it boosts a plant’s ability to withstand envi-
ronmental challenges throughout the stages of growth. According to studies, seed priming with bulk chitosan promotes numerous
genes associated with glucose metabolism in plants, increasing seedlings’ vigour [58]. It is also observed that applying bulk and nano
zinc individually improved seed germination, growth, and, eventually, yield [59]. Similarly, the sole application of SA has also been
reported to establish wheat plants successfully [60]. Furthermore, prior studies frequently suggest that seed treatment with nano-
materials improves seedling growth [36,61].

Table 2 demonstrates that seeds treated with BNCs have greater germination rates, coefficients of germination, and percentages of
germination than untreated and bulk-treated seeds. Low germination rate leads to a reduced stand density, making it difficult for the
crop to compete with weeds and leading to a lower rate of crop growth. A high germination rate ensures that the seedlings are healthy
and vigorous, which results in a more uniform and robust crop with less stress pressure. The current analysis also revealed that BNCs
considerably increased seed vigour (I and II) and seedling growth in the wheat genotype (WH-1124). Seed vigour indicates the seed’s
vitality and ability to produce a seedling with good root development, shoot growth, and overall health. Studies have shown that seed
vigor positively correlates with crop yield and grain quality [62]. The BNCs also resulted in higher seedling length and fresh and dry
weight than the control. It is reported that the larger the surface area higher the absorption of moisture and nutrients. Longer roots
ensure a good supply of nutrients for better seedling growth and assist seedlings in thriving in the changing environmental/plant
conditions [63]. It is hypothesized that the primed seeds’ higher root-shoot length, seedling length, and fresh and dry weight may be
attributable to their primed seeds’ early and robust growth, which is the outcome of the prompt and efficient actions of reserve food
mobilizing enzymes (Table 3). The BNCs significantly increased the a-amylase and protease activity (Fig. 11), which also correlated
with the mobilization of reserve material (starch and protein) during seed germination (Fig. 11). It is suggested that chitosan nano-
particles could easily penetrate the cells due to their size, which results in enhanced bioactivities in the plant [64]. Similar results of
improved germination by seed priming were obtained in barley, wheat, and maize when their seeds were treated with chitosan and SA
nanoparticles [52,65,66]. Studies also evidenced that chitosan can stimulate root cell division by activating plant hormones such as
auxin and cytokinin, which further contribute to the increased uptake of nutrients [67,68].

The amount of chlorophyll and carotenoid in a seedling is another crucial factor strongly associated with nitrogen content and
photosynthesis [69]. In our findings, BNCs-treated seedlings had greater chlorophyll contents (Fig. 12). MDA and H,0,, the markers of
lipid peroxidation and oxidative stress, respectively, act as key indicators of cellular oxidative stress. High levels of MDA and H»O5 can
damage cellular membranes, proteins and DNA, affecting the germination process. BNCs used in our study significantly reduced MDA
and H30» during seedling development. The presence of SA in BNCs, which has a signalling function, might have played a key role
here. This reduction is also credited to the corresponding increase in antioxidant enzymes, viz., SOD and CAT [70].

We also found it interesting that priming wheat seeds with greater Zn-SA chitosan BNCs concentrations (1.6 %) did not abate
overall seedling growth, which could be attributed to the slow release of Zn and SA. Therefore, the gradual release of these active
substances may have masked their sudden exposure to plant cells and avoided toxicity. Although the higher BNCs concentrations did
not avert seed germination and growth, the treatments with concentrations above 0.4 % in seed priming primarily revealed non-
significant increases in seed germination traits. The synergistic functions of SA and Zn in nutrient mobilization and seed germina-
tion may account for the significant rise in seedlings’ potential for growth in the current study.

5. Conclusion

The developed BNCs were spherical, porous, monodisperse, stable, and had a slow-release feature. Seed priming with these BNCs
for 14 h effectively increased seed germination potential. To augment and alter seed reserve mobilization potential in wheat, the Zn-
SA-chitosan BNCs that own the release of Zn and SA in a leisurely manner are better than the solely applied nutrients. We also contend
that the synthesized BNCs are made primarily of biodegradable and abundantly available biopolymer, making them environmentally
friendly and cost-effective for crops with immense economic potential. Applying Zn-SA-chitosan BNCs to promote overall plant
development under terminal heat and drought stress may be investigated.
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