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Abstract: 31 

The use of novel active ingredients for the functional modification of chitosan nanoformulations 32 

has attracted global attention. In this study, chitosan has been functionalized via histidine to craft 33 

novel chitosan-histidine nanoformulation (C-H NF) via the ionic gelation method. C-H NF 34 

exhibited elite physico-biochemical properties, influencing physiological and biochemical 35 

dynamics in tomato crops. Elite properties include homogenous-sized nanoparticles, lower PDI, 36 

viscosity, higher zeta potential, nanoparticle concentration/ml, conductivity, encapsulation 37 

efficiency, and yield. FTIR spectroscopy revealed histidine interaction with C-H NF, while SEM 38 

and TEM exposed its porous structure. Application of C-H NF to tomato seedling and potted 39 

plants via seed treatment and foliar spray positively impacts growth parameters, antioxidant-40 

defense enzyme activities, reactive oxygen species (ROS) content, and chlorophyll and nitrogen 41 

content. We claim that the histidine-functionalized chitosan nanoformulation enhances physico-42 

biochemical properties, highlighting its potential to elevate biochemical and physiological 43 

processes of tomato plant. 44 

Keywords: Chitosan-histidine nanoformulations; chitosan; histidine; cross-linked; tomato 45 

Graphical Abstract: 46 



 47 

Introduction 48 

Chitosan nanomaterials are highly researched in the agriculture sector by encapsulation of 49 

various active ingredients (AIs) viz. pesticides, plant hormones, and fertilizers [1, 2]. 50 

Encapsulation of AIs helps to amplify the use efficiency of AIs for plant growth and protection. 51 

Encapsulations have been done to achieve slow, control, and target delivery and are the main 52 

characteristic of chitosan nanomaterials for their application in plant [2]. Further, the immense 53 

physico-biochemical activity of the chitosan biopolymer lies in its functional group (C-6 –OH 54 

and –NH2). These functional groups provide a broad spectrum platform for enhancing chitosan 55 

functionality by attaching AIs [3, 4]. Modification in the functional group significantly alters the 56 

size, shape, polydispersity, size distribution, and surface charge of chitosan nanoparticles [5]. 57 

Further, modification changes of these physico-biochemical properties considerably affect the 58 

biological activity of nanoparticles in plants. In addition, to enhance the bioactivity of chitosan 59 

nanoformulations, many AIs have been explored [2]. Various amino acids have been used as AIs 60 

to change the properties of chitosan viz. arginine, alanine, lysine, proline, histidine, and glutamic 61 

acid to raise chitosan-based formulations for use in medical, pharmaceutical, and agriculture [6]. 62 

Among the amino acids, histidine has been the most functionally diverse amino acid which has 63 



an imperative role in plant metabolism as a structural and functional component [7, 8]. Chitosan-64 

based formulations incorporated histidine has been documented through diverse methodologies 65 

including hydration, crosslinking, fluorimetric, and phase inversion method [6]. These 66 

formulations have demonstrated applicability in various fields, such as metal ion absorption as 67 

evidenced by studies conducted [9-12]. Furthermore, the versatility of these formulations extends 68 

to drug delivery applications [13]. Additionally, research has explored their utility in gene 69 

delivery [14-16]. Moreover, the chitosan-based formulations have shown promise in cancer 70 

therapy [17], and in the realm of wound healing [18]. However, the method of ionic gelation in 71 

which sodium tripolyphosphate (TPP) has been considered to be the method where the payload 72 

potential of chitosan nanoparticles increases many folds [2]. This study focuses on the 73 

preparation of novel and highly active histidine functionalized chitosan nanoformulations 74 

designed to enhance its functionality through the modulation of physico-biochemical properties 75 

of nanoparticles. To the best of our knowledge, there haven't been established formulations of 76 

this kind of combination as bioactive material in the agriculture field before. Moreover, this 77 

study thoroughly explains the synthesis process and the effect of various concentrations of 78 

histidine on the physico-biochemical properties of C-H NF. Further, the synthesized 79 

nanoformulation was evaluated in test crop tomato as seed treatment and foliar application to 80 

measure its biochemical and physiological impact on tomato plants. 81 

Results 82 

Synthesis of C-H NF 83 

In this study, C-H NF synthesis employed the ionic gelation method by crosslinking of 0.5% 84 

chitosan and 0.5% TPP. Various histidine concentrations were explored for interaction with the 85 

chitosan + TPP complex. Functional groups of histidine interacted with the complex, resulting in 86 



a compact nanoscale chitosan-histidine nanoformulation (C-H NF). Among concentrations (0.5, 87 

1, 1.5, 2, 2.5, and 3%; w/v), 2% histidine exhibited compatibility based on the DLS study. After 88 

freeze-drying, approx 386 mg of C-H NF dry powder was obtained per reaction (210 ml). 89 

Physicochemical characterization of C-H NF 90 

DLS, EE, yield, viscosity, and NTA study  91 

C-H NF was synthesized with varying histidine concentrations (0.5-3%; w/v). At 2% histidine, 92 

the nanoparticles exhibited a size of 314.4 nm, PDI of 0.218, zeta potential of 11.2 mV, 93 

conductivity of 0.046 mS/cm, viscosity of 1.43 Cps, kcps of 406.5, DCR of 1446.4, 94 

encapsulation efficiencies of 53%, and yield percentage of 32.17% (Fig. 1; Fig. 4A-I). Further 95 

characterization via NTA study revealed 3.53 × 108 C-H NF nanoparticles per ml with a mean 96 

size of 341.6± 0.00 nm at pH 7 in an aqueous solution (Fig. 2).  97 
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Figure 1. DLS analysis of C-H NF for (A) size (B) zeta potential (C) size distribution by number 133 
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 168 

Figure 2: NTA analysis of C-H NF (a) size (b) concentration of particle/ml169 

FTIR, SEM and TEM of C-H NF  170 

Nanoformulations underwent FTIR analysis for functional group assessment. The main peak at 171 

3439 cm-1 in bulk chitosan shifted to 3417 cm-1 in C-H NF, indicating alterations in –NH2 and –172 

OH groups (Fig. 3A and B). Peaks shifted 1654 (–CONH2), 1543 (–NH2), and 890 cm-1 173 

(anhydrous glycosidic bond) relative to bulk chitosan, revealing chitosan-TPP interaction. A 174 

peak at 1648 cm-1 in C-H NF corresponding to C=O of histidine interacted with –NH2 of 175 

chitosan. Peaks at 2879 cm-1 intensified in C-H NF, suggesting the amidation of chitosan. The 176 

possibility of histidine’s imidazole ring interacting through the –CN to –OH group of chitosan 177 

was indicated by the peak shift from 3439 to 3417 cm-1. Further, SEM and TEM studies 178 

confirmed the surface morphology and internal structure of C-H NF. SEM (EVO MA10, Carl 179 

Zeiss Promenade, Jena, Germany) revealed a spherical nanomaterial with a porous structure (Fig. 180 

3E). However, HR-TEM (HR-TEM, JEOL, JEM 2100F, USA) showed mild pore throughout the 181 

structure (Fig. 3F and G). 182 



 183 

           184 

Figure 3: FTIR spectra of (A) bulk chitsan (B) C-H NF (C), (D) hypothetical model of C-H NF showing interactions of chitosan, 185 

TPP and histidine and SEM and TEM study of C-H NF, SEM at (E) 20kx, TEM at (F) 60kx (G) 150kx186 
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In-vitro seedling growth 187 

The study investigated the impact of varied C-H NF concentrations (0.001, 0.003, 0.006, 0.012, 188 

and 0.015%, w/v) on seedling growth. After a 10-day germination period, results showed a 189 

notable positive effect on tomato seedlings, with a significantly higher germination percentage 190 

(95.9-99.8%). C-H NF concentrations of 0.006-0.015% demonstrated significant improvements 191 

in shoot length (13.6-16.2 cm), root length (10-13.9 cm), and SVI (2556.6-2895.1) compared to 192 

histidine (Table 1). 193 

Table 1 194 

Effects of C-H NF on tomato seedling growth in in-vitro 195 

Treatments 

(%) 

Seed 

germination (%) 

Shoot length 

(cm) 

Root length 

(cm) 

Seedling vigor index 

(SVI) 

Control 

(Water) 
84.6±0.49g 8.7±0.14g 5.7±0.23h 1221.6±19.6i 

BCH (0.01) 91.8±0.57f 10.1±0.05f 7.3±0.16g 1601.5±23.3h 

Histidine 

(0.01) 
93.9±0.60de 12.9±0.77d 8.7±0.07ef 2033.0±49.4f 

       C-H NF 

0.001 91.8±0.49f 11.4±0.49e 8.0±0.03f 1794.8±31.9g 

0.003 93.8±0.57d 14.9±0.61b 9.9±0.06e 2367.4±30.8d 

0.006 97.9±0.45b 16.2±0.72a 10.0±0.07d 2580.7±42.7c 

0.009 99.8±0.66a 15.4±0.49ab 13.8±0.49a 2895.1±67.5a 

0.012 99.3±0.61a 13.6±0.60c 13.9±0.49a 2748.1±22.0b 

0.015 95.9±0.60c 13.6±0.45c 12.9±0.45b 2556.6±36.6c 

0.018 94.9±0.60cd 11.8±0.49e 12.3±0.45bc 2295.2±41.9e 

Various growth parameters were recorded at 15 days of tomato seedling. Each value is mean of triplicates and each 196 
replicate consisted of 10 seedlings. Error bars represent ±SE (standard error) with the same letter statistically 197 



insignificant (p=0.05) as determined by Tukey-Kramer HSD. Water (control) and BCH (bulk chitosan, 0.01% 198 
dissolved in 0.1% acetic acid) 199 

Plant growth, antioxidants and defense enzymes, ROS, chlorophyll, and nitrogen content 200 

Growth parameters, including plant height, branch and leaves count per plant, stem diameter, 201 

leaf area, and root length were assessed at physiological maturity. In the pot experiment, 0.03-202 

0.15% C-H NF concentration significantly increased plant height (65.3-91.0 cm) compared to 203 

control (43.9 cm), BCH (51.0 cm), and histidine (59.2 cm) (Table 2; Fig. 6A). However, the 204 

number of branches/plant (11.8-14.9), and leaves/plant (61.1-73.3) with all concentrations 205 

exceeded control, BCH, and histidine (Table 2). Additionally, C-H NF (0.01-0.18%) showed 206 

effectiveness in stem diameter (7.8-9.4 cm), leaf area (312.8-343.2 cm2), and root length (30.2-207 

52.7 cm) compared to histidine, BCH and control (Table 2; Fig. 6B). Notably, 0.03-0.15% C-H 208 

NF concentration demonstrated effectiveness across all growth parameters in the pot experiment. 209 

Following foliar application on pot plants, C-H NF (0.01-0.18% w/v) was examined for 210 

antioxidant, defense enzyme activities, ROS, and chlorophyll and N content. In the pot 211 

experiment, SOD activity (0.22-0.32 µmol/min/g) significantly surpassed control 212 

(0.07µmol/min/g), BCH (0.10µmol/min/g), and histidine (0.19 µmol/min/g) (Table 3). Likewise, 213 

POD (0.63-0.86µmol/min/g), CAT (2.6-3.6 mmol/min/g), and PPO (1.6-2.1 µmol/min/g) 214 

activities with all C-H NF concentrations were significantly higher than histidine, BCH, and 215 

control (Table 3). Conversely, H2O2 (176.8-145.3 µmol/g) and O2
-1 (54.2-26.2 µmol/g) content in 216 

C-H NF (0.01 to 0.18%) was markedly lower than control, BCH, and histidine (Table 3). Total 217 

chlorophyll content (2.4-3.3 mg/g) increased notably with all concentrations compared to control 218 

(1.56mg/g), BCH (1.94mg/g), and histidine (2.17mg/g) (Table 3). N content (1.62-2.02%) was 219 

significantly higher with C-H NF (0.01-0.18%) compared to control (1.40%) (Table 3). Overall, 220 



all C-H NF concentrations exhibited effectiveness in pot plant experiments for antioxidant, 221 

defense enzyme activities, ROS, and chlorophyll content. 222 

Table 2 223 

Effect of C-H NF on growth parameters of tomato in pot plant 224 

Treatments 

(%) 

Plant height 

(cm) 

Number of 

branch/plant 

Number of 

leaves/plant 

Stem 

diameter 

(mm) 

Leaf area 

(cm2) 

Root length 

(cm) 

Control 

(Water) 
43.9±2.01i 6.9±0.49g 35.9±0.92f 6.0±0.17c 293.2±1.42g 14.1±0.87i 

BCH (0.01) 51.0±1.55h 8.9±0.60f 47.6±1.61e 6.4±0.21c 300.4±1.09f 27.6±0.67h 

Histidine 

(0.01) 
59.2±0.66f 9.9±0.16e 51.1±0.74d 7.4±0.21b 309.2±1.47e 29.3±0.57g 

   C-H NF 

0.01 58.9±0.75fg 11.8±0.77d 62.3±0.71bc 7.8±0.24b 315.9±2.05d 30.2±2.15f 

0.03 65.3±1.28e 12.4±0.60c 61.1±2.38bc 8.1±0.03b 312.8±1.71de 33.0±1.23e 

0.06 69.9±2.30d 11.9±0.49d 61.8±2.48bc 8.5±0.08ab 316.8±0.74d 42.1±1.13c 

0.09 70.9±0.63d 14.4±0.61a 63.9±2.40b 7.8±0.37b 325.7±1.01bc 48.6±1.08ab 

0.12 73.7±1.20c 13.6±0.61ab 64.4±2.31ab 8.4±0.21ab 320.3±1.09cd 32.6±1.08e 

0.15 91.0±1.57a 14.9±0.60a 73.3±1.12a 9.4±0.10a 343.2±3.22a 52.7±1.25a 

0.18 85.4±1.63ab 12.9±0.16c 65.8±1.41ab 8.1±0.14b 329.8±0.52b 37.9±0.76d 

Growth parameters were recorded at physiological maturity of tomato pot plants under shade net 225 

condition. Each value is mean of triplicates and each replicate consisted of 3 plants. Error bars represent 226 

±SE (standard error) with the same letter statistically insignificant (p=0.05) as determined by Tukey-227 

Kramer HSD. Water (control), BCH (bulk chitosan, 0.01% dissolved in 0.1% acetic acid) and histidine 228 

(0.01%, w/v) 229 

 230 

 231 

 232 

 233 



Table 3 234 

Effect of C-H NF on antioxidants and defense enzymes, ROS, chlorophyll and nitrogen content 235 

of tomato in pot plant 236 

Treatments 

(%) 

SOD 

(µmol/min/g) 

POD 

(µmol/min/g) 

CAT 

(mmol/min/g) 

PPO 

(µmol/min/g) 

H2O2 

(µmol/g) 

O2
- 

(µmol/g) 

Chlorophyll 

(mg/g) 

Nitrogen 

(%) 

Control 

(Water) 
0.07±0.00i 0.27±0.01h 0.4±0.07j 1.2±0.01i 197.8±5.0a 67.0±1.01a 1.5±0.05i 1.40±0.02h 

BCH (0.01) 0.10±0.00h 0.32±0.02g 1.1±0.05i 1.4±0.03h 190.3±8.0b 62.9±3.05b 1.9±0.07h 1.70±0.04ef 

Histidine 

(0.01) 
0.19±0.01g 0.46±0.03f 2.4±0.06h 1.5±0.02g 182.7±4.0c 58.7±2.04c 2.1±0.06g 2.30±0.05a 

    C-H NF 

0.01 0.22±0.01f 0.63±0.01e 2.6±0.05g 1.6±0.03f 176.8±6.0d 54.2±4.03d 2.4±0.06f 1.74±0.03e 

0.03 0.24±0.00e 0.63±0.04e 2.7±0.08f 1.7±0.05d 171.6±2.7e 48.5±2.75e 2.4±0.09e 1.84±0.02c 

0.06 0.28±0.00c 0.66±0.02d 3.2±0.09d 1.6±0.03f 163.9±4.0f 43.4±1.53f 2.8±0.05d 2.02±0.06b 

0.09 0.30±0.01b 0.63±0.03e 3.0±0.07e 2.0±0.04b 162.8±7.0f 36.7±3.09g 2.9±0.09c 1.74±0.04e 

0.12 0.26±0.01d 0.85±0.02b 3.3±0.09c 2.1±0.03a 154.9±2.4g 30.1±2.43h 3.1±0.07b 1.79±0.05cd 

0.15 0.32±0.00a 0.86±0.04a 3.6±0.09a 2.0±0.02bc 145.3±4.0h 26.2±3.37i 3.3±0.04a 1.62±0.03g 

0.18 0.28±0.00c 0.77±0.01c 3.4±0.08b 1.7±0.01e 165.2±5.0f 36.1±1.64g 2.4±0.09f 1.62±0.03g 

Effect of C-H NF on antioxidants and defense enzymes, ROS, chlorophyll and nitrogen content were measured at 3rd day of 237 
second foliar application in tomato pot plants under shade net condition. Each value is mean of triplicates and each replicate 238 
consisted of 3 plants. Error bars represent ±SE (standard error) with the same letter statistically insignificant (p=0.05) as 239 
determined by Tukey-Kramer HSD. Water (control), BCH (bulk chitosan, 0.01% dissolved in 0.1% acetic acid) 240 

 241 
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 247 

 248 

Figure 6. Effect of C-H NF on (A) plant growth (B) root growth of tomato in pot experiment 249 
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Discussion 253 

The ionic gelation method is employed for the synthesis of C-H NF, wherein TPP serves as a 254 

crosslinker [20]. Through this approach, nanomaterials can be effortlessly tailored to achieve 255 

desired size ranges, PDI, and zeta-potential [2, 36]. The positively charged functional groups (–256 

NH3
+) of chitosan (0.5%) in an acidic medium interact with the negatively charged –PO4

- 257 

(phosphate) group of 0.5% TPP (ionic cross-linker), leading to the formation of crosslinked 258 

chitosan+TPP complex. The procedure is primarily characterized by ionic cross-linking. In this 259 

approach, various concentrations of histidine (0.5, 1, 1.5, 2, 2.5, and 3%; w/v) are used to 260 

interact with the chitosan+TPP complex. During the crosslinking process, some –NH3
+ groups 261 

remain unbound and accessible for subsequent interaction with histidine. The functional groups 262 

of histidine (–C=O and –C-N) further interact with the chitosan+TPP complex, resulting in the 263 

formation of a condensed nanoscale C-H NF. Based on the FTIR study, an amidation reaction, 264 

occurring between amine groups (–NH) of chitosan and carboxyl group (–C=O) of histidine 265 

produced the chitosan-histidine as represented in Fig. 3A and B [13]. Among the various 266 

concentrations of histidine, 2% histidine was chosen based on the findings of the DLS study 267 

(Fig. 4). After freeze drying, approx 386 mg C-H NF dry powder was obtained from each 268 

reaction. Unlike chitosan, the synthesized nanoformulation completely dissolved in distilled 269 

water. 270 

The optimization of the final histidine concentration for the synthesis of chitosan-histidine 271 

nanoformulation was systematically conducted, taking into account multiple parameters, 272 

including z-average (nm), PDI, zeta potential (mV), conductivity (mS/cm), kcps, and DCR, as 273 

well as encapsulation efficiency (EE). The nanoformulations synthesized at concentrations 274 

ranging from 0.5% to 1.5% exhibited z-average values for diameter, ranging from 527.1 to 396.3 275 



nm and PDI ranging from 0.495 to 0.337 (Fig. 4A and B). Moreover, in the context of 276 

encapsulation efficiency (EE), it is crucial to assess the degree of interaction between the 277 

chitosan-TPP complex and histidine within the C-H NF. To assess the encapsulation efficiency 278 

(EE), a ninhydrin test was performed on the supernatant obtained during the purification step of 279 

synthesis to estimate the free amino acid content. The encapsulation efficiency ranged from 37% 280 

to 47%, while the yield ranged from 21.26% to 27.42% within this concentration range (0.5% to 281 

1.5%) (Fig. 4G and H). Furthermore, in the concentration range of 0.5% to 1.5%, the 282 

formulation's viscosity and conductivity demonstrated an increase (Fig. 4D and I), attributed to 283 

the saturation of all charged functional groups associated with chitosan and histidine13. It was 284 

noted that an increased propensity for chitosan-TPP interactions was discerned in contrast to the 285 

chitosan-TPP-histidine complex (Fig. 5A). This is attributed to the insufficient amount of 286 

histidine available for interaction with chitosan-TPP during ionic gelation. Consequently, this 287 

deficiency led to diminished encapsulation efficiency and yield. Furthermore, within the histidine 288 

concentrations range of 2.5% to 3%, an escalation in the z-average was noted, rising significantly 289 

from 358.7 to 678.6 nm. Concurrently, the PDI value, viscosity, and conductivity also exhibited 290 

an increase (Fig. 4A, B, D and I). It is postulated that, under these conditions, a chitosan-TPP-291 

histidine complex, along with a more intricate chitosan-TPP-histidine structure, was formed (Fig. 292 

5C). Moreover, at these concentrations, interactions between histidine molecules (histidine-293 

histidine) were observed due to the elevated histidine concentration (Fig. 5C). The escalation in 294 

PDI was attributed to excess histidine facilitating intermolecular interactions between histidine 295 

molecules [37]. However, the encapsulation efficiency and yield percentage of the formulation 296 

decreased at histidine concentrations surpassing 2.5% (Fig. 4G and H). This reduction is 297 

attributed to the interaction of his-his, coupled with multiphase interactions of chitosan-TPP-298 



histidine due to the surplus availability of histidine. Some studies have documented that an 299 

excess of histidine in aqueous solutions leads to the formation of hydrogen bonding and 300 

dipeptide bonds between histidine-histidine [37, 38]. Furthermore, the concentration range of 301 

0.5-3% (Fig. 4C), illustrates a slight reduction in the zeta potential with an increase in 302 

concentration. The observed phenomenon suggests that the zeta potential is responsive to 303 

variations in histidine concentration, indicative of its dependence on the presence of influenced 304 

by the availability of free functional groups in nanoformulations. The increased concentration of 305 

histidine led to the occupancy of the -NH2 group of chitosan, despite the presence of its 306 

functional group in the form of the protonated -NH2 group of the imidazole ring.  307 

Among the various histidine concentrations investigated, a 2% concentration was employed to 308 

synthesize C-H NF. The resulting C-H NF exhibited z-average of 314.4 nm, a PDI of 0.218, a 309 

zeta potential of 11.2 mV, conductivity of 0.046 mS/cm, viscosity of 1.43 Cps, kilo-counts per 310 

second (kcps) of 406.5, derived count rate (DCR) of 1446.4, encapsulation efficiencies of 53%, 311 

and yield percentage of 32.17% (Fig. 4A-I). Lower PDI and viscosity may enhance the 312 

interaction between nanoparticles and plant cells, facilitating nutrient absorption. Further, the 313 

conductivity of the solution was influenced by the concentration of histidine in the solution. In 314 

addition, the primary influences in diminishing the size of the chitosan particles were most 315 

marked in the solution's viscosity and conductivity. Size and zeta potential are critical 316 

characteristics influencing the interaction of nanomaterials with plant cells, impacting physico-317 

biochemical responses in plants [39]. Positive zeta potential in C-H NF is noteworthy, as it 318 

contributes to the stability of nanoformulations in aqueous solutions and enhances their 319 

interaction with negatively charged plant cell surfaces [24]. The significantly lower PDI value at 320 

2% histidine concentration indicates that the nanoformulation predominantly consisted of the 321 



chitosan-TPP-histidine complex (Fig. 5B). The positive zeta potential of the prepared 322 

nanoformulation along with the low PDI indicates its colloidal stability for use in agriculture 323 

applications. A lower PDI signifies a homogeneous distribution of particle sizes, preventing the 324 

agglomeration of smaller particles into larger ones. The uniformity in nanoparticle sizes is 325 

crucial for facilitating facile entry into plant cells through cellular passages and surface openings 326 

[40]. Furthermore, maintaining a lower PDI (0.180) not only ensures stability but also augments 327 

the overall bioactivity [41, 42]. Maintaining this reduced PDI is crucial for stability and 328 

increased bioactivity, as underscored in studies [43, 44]. The C-H NF, formulated with 2% 329 

histidine, underwent further characterization through a Nanoparticle Tracking Analysis (NTA). 330 

This investigation revealed a substantial concentration of nanoparticles, quantified at 3.53 × 108 331 

particles per ml, with an average size of 341.6 nm at pH 7 in an aqueous environment (Fig. 2A 332 

and B). The efficacy of nanoformulations in cellular systems is contingent upon achieving a 333 

higher particle concentration per unit volume of the formulation [2]. In our research, the notable 334 

concentration per ml of C-H NF (3.53 × 108) signifies efficacy in enhancing higher biological 335 

activities. 336 
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Figure 4. Effect of different concentrations of histidine (0.5-3%) on (a) z-average (b) PDI (c) zeta potential (d) conductivity (e) Kcps (f) 341 

Derived count rate (g) encapsulation efficiency (%) (h) yield (%) and (i) viscosity of chitosan-histidine nanoformulation (C-H NF) 342 
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Figure 5. Hypothetical model representing interaction of CS, TPP and His.343 
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The FTIR spectra facilitated the identification of intermolecular connections among the 344 

functional groups present in chitosan, histidine, and C-H NF (Fig. 3A and B). Specifically, the 345 

FTIR spectrum of chitosan (Fig. 3A) exhibited distinctive absorption bands at characteristic 346 

wavenumbers, including 3439 cm-1 (attributed to –NH2 and –OH stretching), 1659 (indicative of 347 

–CONH2 bending), 1568 (corresponding to –NH2 bending), and 896 cm-1 (associated with the 348 

anhydrous glycosidic bond). The major characteristic peak at 3417 cm-1 observed in the FTIR 349 

spectrum of C-H NF is found to correlate with the –NH2 and –OH groups inherent in the bulk 350 

chitosan present in C-H NF (Fig. 3A and B). Furthermore, a notable shift in peak position is 351 

evident, with the peaks moving to 1654 (reflecting –CONH2), 1543 (indicative of –NH2), and 352 

890 cm-1 (associated with the anhydrous glycosidic bond) as compared to bulk chitosan. This 353 

observed shift in peak positions provides valuable insight into the interaction dynamics between 354 

chitosan and TPP, underscoring the structural alteration in the formation of C-H NF [24, 40]. The 355 

FTIR analysis of C-H NF revealed a distinctive peak at 1648 cm-1, corresponding to the C=O 356 

group of histidine, indicating an interaction with the –NH2 group of chitosan [13, 45]. 357 

Additionally, in chitosan, the peaks at 2879 cm-1 intensified in C-H NF, shifting to 2882 cm-1, 358 

suggesting amidation of chitosan. Furthermore, a plausible interaction involving the imidazole 359 

ring of histidine and the –OH group of chitosan was inferred from the shift in the peak from 3439 360 

to 3417 cm-1. Based on these findings, a hypothetical structure model of C-H NF was proposed, 361 

illustrating the various interactions (Fig. 3C and D). Subsequently, SEM (EVO MA10, Carl 362 

Zeiss Promenade, Jena, Germany) and TEM (HR-TEM, JEOL, JEM 2100F, USA) studies 363 

confirmed the surface morphology and internal structure of the nanoformulations, respectively. 364 

SEM study showed a spherical-shaped nanomaterial with a porous structure (Fig. 3E). However, 365 

the TEM study revealed that it has mild pores over the structure (Fig. 3F and G). The high 366 



 

 

porosity of the external and internal surface of nanomaterial gives a higher surface area which 367 

is responsible for more interaction with the plant surface and surface receptors [2, 45]. In 368 

previous studies, similar external and internal architecture was confirmed in chitosan and TPP-369 

based chitosan nanoformulations [2, 36]. 370 

The current investigation focused on the impact of varying concentrations of C-H NF (0.001, 371 

0.003, 0.006, 0.012, and 0.015%, w/v) on seedling growth with observation made after a 10-day 372 

germination period. The results indicate a noteworthy influence on tomato seedlings, with a 373 

significantly higher germination % (95.9-99.8%). Additionally, the C-H NF exhibited significant 374 

improvements in shoot length (13.6-16.2 cm), root length (10-13.9 cm), and SVI (2556.6-375 

2895.1) in 0.006-0.015% concentrations of C-H NF over the histidine (Table 1).  376 

In the current research, the supplementations of C-H NF resulted in a noteworthy enhancement 377 

of growth characteristics in tomato plants during a potted experimental regimen. This effect was 378 

observed to be superior compared to untreated control, bulk chitosan, and histidine (Table 2). 379 

Considering the growth promoting there was a massive difference between the C-H NF and its 380 

bulk form. The efficacy of the nanoformulation surpassed that of the bulk form, even when 381 

applied at equivalent levels. The results unveiled an augmentation in growth attributed to the 382 

application of C-H NF across all the parameters. These parameters include plant height, number 383 

of leaves per plant, number of branches per plant, leaf area, stem diameter, and root length. The 384 

growth-enhancing effect was observed across a concentration range of 0.01 to 0.18%. However, 385 

at a 0.15% concentration of the nanoformulation, maximum values were observed for all growth 386 

parameters (Table 2; Fig. 6). The activity of SOD ranges from 0.22-0.32 µmol/min/g, 387 

significantly surpassing the levels in the control (0.07µmol/min/g), BCH (0.10µmol/min/g) and 388 

histidine (0.19 µmol/min/g) across all concentration of C-H NF (Table 3). Similarly, the 389 



 

 

activities of POD (0.63-0.86 µmol/min/g), CAT (2.6-3.6 mmol/min/g), and PPO (1.6-2.1 390 

µmol/min/g) were higher in all concentrations of C-H NF compared to histidine, BCH and 391 

control (Table 3). Further, foliar application of chitosan nanoformulations extensively mitigated 392 

ROS levels and maintained cellular homeostasis by fostering the activities of antioxidant and 393 

defense enzymes. However, the content of H2O2 (176.8-145.3 µmol/g) and O2
-1 (54.2-26.2 394 

µmol/g) in all concentrations of C-H NF (0.01 to 0.18%) was prominently lower as compared 395 

with control, BCH and histidine (Table 3). The higher activity of chitosan nanoformulations in 396 

treated plants effectively counteracted the level of ROS (H2O2 and O2
-) in the leaves [43, 46, 47]. 397 

Previous studies have revealed the role of increased antioxidant enzyme activity in reducing 398 

ROS level in the plants [40, 44]. Our findings align with this, as we observed that higher activity 399 

of SOD, POD, CAT, and PPO significantly controlled the concentration of H2O2 and O2
- in 400 

tomato pot plants. Furthermore, the total chlorophyll content (2.41-3.30 mg/g) of pot plants in all 401 

the concentrations of C-H NF (0.01 to 0.18) exhibited noteworthy enhancement compared to the 402 

control (1.56mg/g), BCH (1.94mg/g), and histidine (2.17mg/g) (Table 3). Additionally, the N 403 

content (1.62%-2.02%) was significantly higher in all concentrations of C-H NF (0.01-0.18%) 404 

compared to the control (1.40%) (Table 3). The increased levels of chlorophyll and nitrogen are 405 

important for the higher rate of photosynthesis, contributing to enhanced plant growth and yield 406 

[36]. 407 

Numerous reports have documented the development of chitosan nanoformulations employing 408 

the ionic gelation method with emphasis on the utilization of TPP [2, 24, 36, 42, 43, 48, 49]. 409 

These nanoformulations have been used to enhance plant immunity against plant diseases and 410 

growth for getting an adequate yield. However, limited literature is available where chitosan 411 

histidine nanoparticles have been developed without TPP for metal ion absorption [9-12], drug 412 



 

 

delivery [13], gene delivery [14-16], cancer therapy [17], and wound healing [18]. To the best of 413 

current knowledge, chitosan histidine nanoformulations have not undergone evaluation for their 414 

impact on physiological and biochemical responses in plants. In the current investigation, a 415 

chitosan nanoformulation functionalized with histidine was explored, revealing notable changes 416 

in the physico-biochemical properties of C-H NF. Previous studies on chitosan nanomaterials 417 

have reported various ranges of PDI ranging from 0.3 to 0.5 [2]. In our research, the PDI was 418 

significantly lower compared to the previously reported chitosan nanomaterials, supporting its 419 

higher physiological and biochemical impact on tomato plants, likely attributed to its 420 

homogenous interaction with plant cells. Previous investigations have demonstrated elevated 421 

zeta potential in chitosan nanoformulation, attributed to the presence of freely available 422 

positively charged –NH2 group in chitosan [2, 43, 48, 49]. In the current formulation (C-H NF), 423 

histidine has been incorporated, introducing its functional group with a positive charge. The 424 

addition of this functional group has not significantly changed the zeta potential, resulting in a 425 

balanced zeta potential. However, higher encapsulation efficiency and lower PDI have been 426 

observed. The concentration of nanomaterials in aqueous solutions is crucial for maximizing 427 

their effectiveness in plants. It is very important for its higher activity in plants and the 428 

determination of concentration of nanoparticles has been reported previously on chitosan 429 

nanomaterials [40]. In our study, a considerably higher nanoparticle concentration/ml was 430 

recorded through NTA analysis. The higher concentration of nanoparticle/ml is presumed to 431 

have contributed to the higher bioactivity of nanoformulation in tomato plants. Moreover, the 432 

presence of an FTIR peak at 1648 cm-1 in C-H NF confirmed the interaction between –C=O of 433 

histidine and –NH2 group of chitosan through amide linkage [13]. Furthermore, the –CN group 434 

of histidine (Imidazole ring) may have interacted with the –OH group of chitosan, facilitated by 435 



 

 

the protonation of the –NH group of the imidazole ring in an acidic medium [13, 50]. 436 

Furthermore, the observed biological activity in tomato plants can be attributed to two facts. The 437 

physico-biochemical properties of chitosan-histidine nanoformulations, characterized by a lower 438 

z-average and PDI value, along with a positive zeta potential, are considered influential. 439 

Furthermore, higher conductivity, kcps, DCR, and nanoparticle concentration/ml contribute to 440 

enhanced growth and development. Moreover, the potential biological activity of histidine in the 441 

plants cannot be discounted, as its presence entails three N atoms that may serve as an N source 442 

of the plant and function as an organic N source. Previous studies have suggested the role of 443 

histidine in plant metabolism as both a structural and functional component [7, 8].  444 

The current research asserts that the anticipated positive impact of C-H NF on tomato crops can 445 

be attributed to its inherent physicochemical properties, including homogenous-sized 446 

nanoparticles, lower PDI, higher zeta potential, and higher nanoparticle concentration/ml. More 447 

specifically, the biochemical and physiological responses of tomatoes to C-H NF may occur 448 

through a synergic effect involving histidine and chitosan. To elaborate further, C-H NF 449 

contained a total of four nitrogen, three from histidine and one from chitosan. Consequently, the 450 

nanoformulation could act as a potential organic nitrogen source for tomatoes, potentially 451 

contributing to enhanced growth. Notably, at a dosage of 0.009%, C-H NF prompted positive 452 

effects on seedling growth in the Petri plate. Moreover, in potted plants, the foliar spray of C-H 453 

NF (0.15%) proved effective across all growth parameters. It maintained antioxidant-defense 454 

enzyme activities, balanced ROS content, and considerably enhanced chlorophyll and nitrogen 455 

content. According to the findings, the current study claims that the application of C-H NF can 456 

be implemented in field experiments for translation and validation of technology. 457 

Materials and methods 458 



 

 

Materials  459 

Chitosan of low molecular weight (50,000–190,000 Da, 80% degree of deacetylation), sodium 460 

tripolyphosphate (TPP), and histidine were procured from Sigma-Aldrich, St. Louis, MO, USA. 461 

Other chemicals were sourced from HiMedia and SRL, Mumbai, India. Deionized (DI) water 462 

was used in the study. Seeds of tomato cultivar ‘NBH-2453’ were used from Nobel Seeds Pvt. 463 

Ltd., India. 464 

Synthesis of chitosan-histidine nanoformulations 465 

To synthesize C-H NF, the ionic gelation method was explored19,20. In this method, 0.5 % 466 

chitosan was dissolved in glacial acetic acid (1% v/v) to get a pH of 3.84. NaOH solution was 467 

then used to adjust the processed chitosan (0.5%) to pH 5.10 followed by cross-linking with 468 

0.5% TPP. The cross-linking was conducted using a pediatric set (Romsons, Agra, India) under a 469 

magnetic stirrer (200 rpm; Remi Laboratory Instruments, Mumbai, India). Before completing the 470 

cross-linking, the chitosan-TPP complex further interacted with different concentrations of 471 

histidine solutions (0.5, 1, 1.5, 2, 2.5, and 3%; w/v). The final concentration of histidine was 472 

optimized based on the DLS study. The formulation was further centrifuged (10,000 rpm for 10 473 

min), and precipitated semisolid material was resuspended in DI water and sonicated (Q 500 474 

Sonicator Qsonica, USA) for 4 min with 5-second pulse on/off, 40% amplitude. This process 475 

was repeated three times. The obtained semi-solid formulation was lyophilized (FreeZone 6, 476 

Labconco, USA), and stored at room temperature. 477 

Characterization of chitosan-histidine nanoformulations 478 

Chitosan-histidine nanoformulations underwent comprehensive characterization utilizing 479 

dynamic light scattering (DLS) on a Zetasizer instrument (ZS90, Malvern, U.K.). Measurements 480 

were conducted at 25°C, employing a scattering angle of 90°C. Key parameters including Z-481 



 

 

averages, size distribution, PDI, zeta potential, conductivity, kcps, and DCR were determined 482 

through triplicate measurements, ensuring robust and reliable data acquisition. Various 483 

concentrations of histidine solutions, ranging from 0.5% to 3% (w/v), were used for 484 

investigation. The optimization of the final histidine concentration was selected based on a 485 

thorough analysis using DLS studies. Additionally, mean size and particle concentration (number 486 

of particles/ml) were validated through NTA (Nano Sight NS300, Malvern Panalytical, UK). The 487 

interaction among functional groups in C-H NF was assessed via Fourier transform infrared 488 

spectroscopy (FTIR; Alpha, Bruker, Germany). Lyophilized nanoformulations with potassium 489 

bromide (KBr) were triturated (in 1:99 ratios) and spectra were collected in transmittance mode 490 

at 25ºC in the 3800-600 cm-1 region. SEM (scanning electron microscopy), and TEM 491 

(transmission electron microscope) analyses were conducted to examine the surface morphology 492 

and internal structure. For SEM (EVO MA10, Carl Zeiss Promenade, Jena, Germany), samples 493 

were dried using critical point drying (CPD, Emitech K850) and coated with gold-palladium via 494 

a sputter coating21. For TEM (HR-TEM, JEOL, JEM 2100F, USA), nanoformulations were 495 

diluted with deionized water, sonicated (2 cycles) with a probe sonicator, negatively stained with 496 

2% phosphotungstic acid (PTA) and dried at room temperature (25±2ºC) before observation22. 497 

EE, yield, and viscosity of C-H NF 498 

The EE of histidine in the nanoformulations was assessed using the ninhydrin test via the 499 

spectrophotometer method23,24. The yield of C-H NF was calculated based on the various 500 

concentrations of histidine (0.5, 1, 1.5, 2, 2.5, and 3%) used during the synthesis of the 501 

nanoformulation. EE was calculated by following equation24. 502 

EE = Free amount of histidine in suparnatantTotal amount of histidine × 100 503 



 

 

The viscosity was described by the Ostwald viscometer method25. Viscosities were calculated 504 

using the formula: 505 𝜂𝑠𝜂𝑤 =  𝜌𝑠𝜌𝑤  𝑡𝑠𝑡𝑤 506 

In-vitro seedling growth 507 

The seedling growth of Tomato variety ‘NBH 2453’ was investigated in a Petri plate using 508 

standard methods with minor adjustments26. Briefly, the seeds underwent a 1-hour treatment with 509 

various concentrations of C-H NF (0.001, 0.003, 0.006, 0.009, 0.012, 0.015, and 0.018% w/v), in 510 

addition to control (water), bulk-chitosan (0.01%; w/v) and histidine (0.01%; w/v) all dissolved 511 

in DI water. In this experiment, 15 days post-sowing, parameters such as seed germination 512 

percentage, shoot-root length, and seedling vigour index (SVI) were assessed. The seedling 513 

vigour index (SVI) was calculated using the formula described27. 514 

Seedling vigour index (SVI) = Germination % × (root length + shoot length) 515 

Plant growth, antioxidants and defense enzymes, ROS, and chlorophyll content 516 

Different concentrations of C-H NF were assessed through foliar spray in a pot experiment 517 

conducted under net house conditions. Tomato seeds were sown in earthen pots filled with 518 

standard potting soil sourced from the field. The synthesized nanoformulation (0.01, 0.03, 0.06, 519 

0.09, 0.12, 0.15, and 0.18% w/v), bulk chitosan (0.01%), histidine (0.01%), and control (water) 520 

underwent two foliar applications: the first 10 days after transplanting and the second just before 521 

flowering stage. Plant growth parameters viz. plant height, number of leaves per plant, number of 522 

branches per plant, leaf area, stem diameter, and root length were recorded at the time of 523 

physiological maturity. Antioxidant and defense enzymes like superoxide dismutase (SOD) (EC 524 

1.15.1.1), peroxidase (POD) (EC 1.11.1.7), catalase (CAT) (EC 1.11.1.6) and polyphenol 525 



 

 

peroxidase (PPO) (EC 1.10.3.1) were estimated 3 days after 2nd foliar application of various 526 

treatments28-30. The H2O2 and O2
-31,32, chlorophyll33, and nitrogen content34 were measured after 527 

3 days of 2nd foliar application. 528 

Statistical analysis 529 

Statistical analyses were performed with JMP software version 12 employing the Kramer HSD 530 

test at a significance level of p = 0.0535. All experiments were executed in triplicate, with each 531 

replication comprising a minimum of ten samples (for seedling experiments) and three samples 532 

(for pot experiments) selected randomly from the plant population. 533 
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