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Abstract  

 In this study focused on the antifungal activity of Zinc oxide nanoparticles (ZnO NPs) and ZnO/gamma chitosan 

nanocomposites (ZnO/-Chi NCs) against Phytophthora palmivora, a disease-causing fungus that affects para rubber 

trees. The phase purity, crystallite size, morphology, chemical composition, and optical absorption properties of the 

synthesized materials were examined using various techniques. The X-ray diffraction (XRD) analysis revealed 

characteristic diffraction peaks corresponding to the crystal planes of the hexagonal wurtzite structure of ZnO NPs, which 

have the particle size of 31 nm. Moreover, they have confirmed the composite of both ZnO NPs and -chitosan. The FTIR 

spectroscopy was recorded the successful interaction between ZnO NPs (31 nm) and γ-chitosan (γ-Chi), which chitosan 

exposed to gamma radiation at sterilizing dosages of 40 kGy. The SEM and TEM images observed clusters of rod-shaped 

particulates for the ZnO/-chitosan NCs; according to the EDS profile, they confirmed the synthesis of ZnO/-chitosan 

NCs which found that nitrogen composition in the structure. UV-vis absorption spectra revealed a shift in the optical 

absorption toward lower wavelengths for the ZnO/-Chi NCs (355 nm) than for the ZnO NPs (365 nm). Upon assessing 

the antifungal activity, the results showed that ZnO/-Chi NCs were effective against P. palmivora, with an inhibition 

percentage of 90%. The SEM images showed that the damage to the fungal cell membrane caused by ZnO/-Chi NCs 

treatment significantly altered the outer shape of P. palmivora. These findings indicated that -chitosan and ZnO NPs 

may complement each other, exhibiting synergistic effects.  

 

Keywords: ZnO/gamma chitosan nanocomposites, Zinc oxide nanoparticles, Characterization, Phytophthora palmivora, 

Antifungal activity, Para rubber tree, Disease  

 

Introduction 

 The para rubber tree (Hevea brasiliensis Muell. 

Arg) is a crop of significant commercial value in 

Thailand. Natural rubber, a vital raw resource for 

polymers used in various items worldwide, can be 

produced by para rubber trees. Thailand continues to be 

the world's top producer and exporter of natural rubber 

as of 2025, accounting for about 36% of the total. It is 

anticipated that Thailand will produce about 4.93 

million tons. Moreover, for comparison, the value of 
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rubber and rubber-related items exported in early 2024 

was close to $19.2 billion USD 1. These trees thrive in 

wet tropical lowlands (at elevation below 400 m) that 

are encircled by lush tropical rainforests 2. In terms of 

income, Southeast Asian farmers are also interested in 

rubber plantations 3. Pathogens can easily damage 

rubber tree seedlings during the nursery stage of growth. 

Specifically, fungal diseases, which thrive in humid, 

tropical environments, play a key role in slowing 

plantation growth, leading to economic loss. Leaf fall 

disease, attributed to fungus of the genus 

Neopestalotiopsis and fungal-like organisms in the 

genus Phytophthora, is among the most widespread 

fungal afflictions in para rubber trees 4,5. P.  

palmivora is a destructive oomycete pathogen that 

affects rubber trees and seedlings, causing leaf fall and 

black stripe diseases, which can strongly affect plant 

growth during their development period 6-8. Current 

disease management for para rubber trees using 

chemical fungicides can inhibit P. palmivora; however, 

while they are more effective, they also pose risks to 

beneficial soil microorganisms, the environment, and 

human health. Moreover, there is a growing concern 

about resistance development to disease 9. The 

advancements in inorganic nanoparticle and chitosan 

research suggest the potential for the integration of 

enhanced antimicrobial agents, which might help reduce 

or even stop the application of fungicides detrimental to 

environmental and human health 10.  

 In recent years, researchers have developed 

antimicrobial agents made of natural or synthetic 

materials that are affordable and eco-friendly. 

Specifically, inorganic nanoparticles have generated 

much interest because of their potent and broad-

spectrum antimicrobial properties 11. The inorganic 

nanoparticles (NPs) silver, copper, CuO, TiO2, 

Mg(OH)2, and ZnO have strong antimicrobial activity. 

ZnO nanoparticles are of special importance because 

they can be produced quickly and affordably. 

Additionally, ZnO is a nontoxic and biocompatible 

substance that can serve as an effective photocatalyst 

and an antimicrobial agent because it can effectively 

oxidize organic contaminants and organisms 12. ZnO 

exhibits potent antibacterial properties at neutral pH and 

biocidal effects on bacterial and fungal species at 

extremely low concentrations, indicating potential new 

uses in biomedicine, agriculture, and catalysis 13,14. 

To enhance ZnO for antibacterial activity, recent 

research has concentrated on modifying its 

characteristics through noble metal loading, transition 

metal doping, and semiconductor coupling 15,16. 

Chitosan is a deacetylated derivative of chitin, a 

copolymer that includes a collection of 

heteropolysaccharides made up of N-acetyl D-

glucosamine and b-1,4-linked D-glucosamine residues. 

The deacetylation degree (DD) of chitin is generally 

between 40% and 98%. It is a naturally occurring 

polysaccharide and a major structural element of 

crustacean shells, insect exoskeletons and fungal cell 

walls 17,18. Chitosan and its derivatives are employed 

as emulsifying, antimicrobial, antioxidant, stabilizing, 

and growth-promoting agents in a variety of chemical 

and related industries, including environmental 

protection, agriculture, biotechnology, pharma, food, 

cosmetics, and medicine, due to their biocompatible, 

biodegradable, and nontoxic polymer nature. As a result, 

chitosan has garnered significant attention as a 

functional biopolymer 19-21. The DD of chitosan, its 

molecular weight (Mw), and its solution pH 

significantly affect its functional and physicochemical 

characteristics. Low-Mw chitosan is more soluble than 

high-Mw chitosan and has growth-stimulating, 

antioxidant, and antibacterial properties 22. Chitosan 

is broken down by acidic and alkaline conditions. 

Despite their efficiency, these processes have 

drawbacks, including limited productivity and 

selectivity (acidic and alkaline), high processing costs 

(enzymatic), and the generation of toxic chemical 

wastes (acidic and alkaline) 23. Radiation, which 

converts polysaccharides to oligomers without the use 

of potent chemical reagents, is a useful alternative 

strategy to overcome these restrictions 24. In another 

study, gamma irradiation effectively broke down 

chitosan, cellulose, alginate, and starch by rupturing the 

glycosidic bond between the C1 and C4 sites of 

monomeric sugar residues, resulting in the production of 

matching oligomers 25. Gamma chitosan (-Chi) is a 

superior biomaterial characterized by increased water 

solubility and bioactivity. The irradiation procedure 

aims to induce structural alterations in chitosan, leading 

to an augmented surface area and improved functional 

groups that promote stronger binding interactions with 
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particles. It acquires an enhanced capacity to suppress 

fungus, augment plant immunity, and the 

environmentally friendly derivative provides a potent, 

non-toxic option for sophisticated agricultural 

applications 26. However, the effects of radiation on 

chitosan have not been fully described. Several 

techniques can be used to apply these oligomers to 

plants, such as foliar spraying, growth medium 

fortification, and root and shoot fortification. These 

applications can increase plant tolerance to biotic and 

abiotic stress and promote antibacterial activity 27. 

Because chitosan can chelate with metals, it can interact 

with various metal oxides, including ZnO, TiO2, Cu2O, 

and CdS. Consequently, a nanocomposite of chitosan 

radiation and metal oxides can be produced for use 

28,29. Moreover, chitosan/ZnO nanoparticle 

composite coatings have higher antimicrobial activity 

than chitosan [30]. 

 This study investigated the effects of ZnO NPs and 

ZnO/-Chi NCs and their properties. The major aims of 

this study were to (i) synthesize ZnO rod-shaped/-

chitosan nanocomposites; (ii) characterize ZnO rod-

shaped/-chitosan nanocomposites; and (iii) test 

antifungal activity in laboratory experiments using P. 

palmivora, a disease-causing fungus that affects para 

rubber trees. We specifically examined the impacts of 

ZnO nanoparticles (ZnO NPs) and ZnO/-chitosan 

nanocomposites (ZnO/γ-Chi NCs) with an emphasis on 

their structural and biological features in order to 

emphasize the novelty of the current study. This paper 

presents rod-shaped ZnO/γ-chitosan nanocomposites, a 

morphology and formulation that have not been 

thoroughly investigated for agricultural pathogen 

control, in contrast to earlier studies that mainly 

concentrate on spherical ZnO or traditional chitosan 

complexes. This comprehensive method offers fresh 

perspectives on the possible application of -chitosan 

composites based on zinc oxide nanoparticles as long-

term antifungal agents for crop protection. 

 

Materials and methods 

 Co-precipitate method for ZnO nanoparticles    

 To synthesize the ZnO nanoparticles, the zinc 

acetate dihydrate Zn(CH3COO)2·2H2O was dissolved 

in 40 mL of distilled water. The mixture was sonicated 

for 10 min until it became fully transparent. The pH was 

then adjusted with 1 M NaOH until it reached pH 10. 

The solution was continuously stirred for 30 min before 

being heated in an oil bath for 3 h at 50 °C until a white 

precipitate formed. The sediment was then filtered and 

washed several times with distilled water until the pH 

was neutral. After the sediment was obtained, it was 

dried for 8 h at 80 °C until completely dry. The dried 

sediment was ground in a mortar for use in the 

experiment. 

 

 Preparation of ZnO/-chitosan nanocomposites 

 We obtained -chitosan from the Thailand 

Institute of Nuclear Technology (Public Organization) 

Ongkharak, Nakhon Nayok, Thailand. Chitosan 

subjected to gamma radiation at sterilization dosages of 

40 kGy. The -chitosan had a molecular weight of 190 

kDA and a 95% degree of deacetylation (DD). Briefly, 

the synthesized ZnO nanoparticles (1 g) were first 

dissolved in 100 mL of 1% (v/v) acetic acid to prepare 

ZnO/-Chi NCs. This solution was supplemented with 

750 mg of -chitosan. After the mixture was sonicated 

for 20 min, 1 M NaOH (Sigma Aldrich, USA) was 

added dropwise until the pH reached 10. The solution 

was heated for 3 h in a water bath at 65 °C. Finally, the 

precipitate was filtered, washed several times with 

distilled water, and dried for 6 h in an oven at 50 °C. 

 

 Characterization of ZnO NPs and ZnO/- 

chitosan nanocomposites  

 UV-vis absorption spectra were recorded in the 

wavelength range of 300 - 700 nm using a 

spectrophotometer (Mecasys, Republic of Korea). The 

FTIR analysis was performed using the (Perkin-Elmer; 

Bruker Tensor 27, Germany) in the 4,000 to 500 cm–1 

region to confirm the presence of functional groups of 

ZnO/-Chi NCs. The XRD analysis were conducted 

using a Philips PW-1710 diffractometer with CuK 

radiation (= 1.5406) (Philips X’PERT MPD, 

Netherlands). SEM analysis was performed at a 10 kV 

accelerating voltage using (Hitachi S-4800, Japan). 

TEM was performed at a 300 kV operating voltage to 

using the Technai (G2 F30 S-Twin, FEI, USA). EDS 

attached with SEM was performed to determine the 

elemental composition (JEOL JSM-700F-EDS, USA).  
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 Antifungal assays 

 P. palmivora was obtained from Department of 

Biology, Faculty of Science and Technology, Nakhon Si 

Thammarat Rajabhat University, Nakhon Si 

Thammarat, Thailand, in cooperation with the Songkhla 

Rubber Research Center, Songkhla, Thailand. The 

synthesized ZnO NPs and ZnO/-Chi NCs were mixed 

with potato dextrose agar (PDA) and poured into Petri 

dishes to obtain final concentrations of 0.05, 0.10, and 

0.15 mg/mL. 

 The effects of 3 concentrations (0.05, 0.10 and 

0.15 mg/mL) of the synthesized ZnO NPs and ZnO/-

Chi NCs on P. palmivora growth were determined. 

Discs (4 mm) of fungal mycelia from the growing edges 

of a 5-day-old culture of P. palmivora were placed on 

PDA plates and incubated for 10 days at room 

temperature. The growth diameters (mm) were 

measured and are presented as the percentage of 

inhibition [31]. Each treatment was replicated using 3 

plates, and the experiment was performed 3 times. 

 

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100 − [(
𝑅2

𝑟2
) × 100] 

 

where, R is radial to the fungal colonies for the control, 

and r is radial to the fungal colonies for the treatment. 

 

 The morphological changes in P. palmivora after 

treatment with ZnO NPs and ZnO/-Chi NCs were 

investigated via SEM.  

 

 Statistical analyses 

 All data pertaining to the antifungal activity test 

was presented as means ± SD for triplicates. Statistical 

investigation utilized an unpaired 2-tailed t-test to 

determine the significant difference between the 

treatment of ZnO NPs and ZnO/-Chi NCs on the 

growth of P. palmivora. Significant differences were 

established at p < 0.05. 

 

Results and discussion 

 Characterization of ZnO/-Chi NCs 

       The UV-vis absorption spectra of the ZnO NPs 

and ZnO/-Chi NCs (Figure 1) exhibited similar 

absorption profiles with minor differences in their 

absorption maxima. Owing to the lack of conjugated 

double bonds in the chitosan molecule [32]. The ZnO 

NPs have intrinsic band-gap absorption as a result of 

electrons moving from the valence band to the 

conduction band (O2p to Zn3d) showed a maximum 

absorption at 365 nm, which was attributed to the 

intrinsic band-gap absorption of the ZnO NPs [33]. 

However, because of the interaction with -chitosan, the 

absorption has shifted to 355 nm for the ZnO/-Chi NCs. 

 

 

Figure 1 UV-vis absorption spectrum of ZnO NPs and ZnO/-Chi NCs. 

 

 The FTIR spectra of γ-chitosan (γ-Chi), ZnO NPs 

and ZnO/γ-Chi NCs are presented in Figure 2. The γ-

chitosan spectrum shows a broad band at 3,495 cm⁻¹ 

attributed to overlapping O–H and N–H stretching 

vibrations, along with a peak at 2,876 cm⁻¹ 

corresponding to C–H stretching. The absorption band 

at 1,555 cm⁻¹ is assigned to the amide II vibration arising 

from N–H bending and C–H stretching, while the peak 
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at 1,408 cm⁻¹ is associated with CH3 bending or C–H 

stretching. The band observed at 1,021 cm⁻¹ corresponds 

to C–O stretching vibrations characteristic of the 

polysaccharide backbone [34]. The FTIR spectrum of 

ZnO NPs exhibits a characteristic Zn–O stretching 

vibration at 367 cm⁻¹. In the ZnO/γ-Chi NCs, noticeable 

peak shifts and intensity changes were observed, 

indicating interactions between ZnO NPs and γ-

chitosan. The shift of the O–H/ N–H stretching band to 

3,440 cm⁻¹ and the appearance of a new band at 355 

cm⁻¹, attributed to O–Zn–O stretching, confirm 

coordination between ZnO and the hydroxyl and amine 

groups of chitosan [35]. These results verify the 

successful incorporation of ZnO NPs into the γ-chitosan 

matrix. 

 

 

Figure 2 FTIR band spectrum of synthesized ZnO NPs, -chitosan (−Chi) and ZnO/-Chi NCs.  

 

 The XRD patterns of γ-chitosan, ZnO NPs, and 

ZnO/γ-Chi NCs are shown in Figure 3. γ-chitosan 

exhibits 2 characteristic diffraction peaks at 2 = 10° 

and 20°, which correspond to the semi-crystalline nature 

and fingerprint structure of chitosan. The XRD pattern 

of ZnO NPs displays distinct diffraction peaks at 2 

values of 31.74°, 34.40°, 36.23°, 47.51°, 56.55°, 62.82°, 

66.32°, 67.89, 69.03 and 76.89, which can be indexed 

to the (1 0 0), (0 0 2), (1 0 1),  (1 0 2), (1 1 0), (1 0 3), (1 

1 2), (2 0 1), and (2 0 2) planes of the hexagonal wurtzite 

structure of ZnO (JCPDS data card no. 36–1451) [36–

38]. The average crystallite size of ZnO NPs was 

calculated using the Debye Scherrer equation [39], 

 

D =
K

cos
  

 

where, D is the average particle size (nm), λ is the 

wavelength of X-ray used (1.54060 Å), K is the constant 

(0.9), β is the full line width at the half-maximum 

elevation of the main intensity peak, and θ is the Bragg’s 

angle.  

 

 The size of the particles was estimated to be 

approximately 31 nm for nanoparticles synthesized via 

the co-precipitation method. In the ZnO/γ-Chi NCs, 

diffraction peaks corresponding to both ZnO NPs and γ-

chitosan were observed, confirming the formation of the 

nanocomposite. The retention of ZnO diffraction peaks 

indicates that crystalline structure of ZnO remained 

intact after incorporation into the γ-chitosan matrix. 

Minor peak broadening and intensity variations suggest 

physical interaction or surface bonding between ZnO 

NPs and chitosan chains. 
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Figure 3 XRD pattern of -chitosan (−Chi), ZnO NPs, and ZnO/-Chi NCs. 

 

 The SEM and EDS spectra of the ZnO NPs and 

ZnO/-Chi NCs are shown in Figure 4. The SEM 

images revealed that the ZnO NPs were rod-shaped 

particles with well-defined borders (Figure 4(A)). The 

EDS profile of the ZnO NPs (Figure 4(C)) was 

dominated by Zn and oxygen (O), indicating that the 

produced product contained no additional elemental 

contaminants. The carbon (C) peak in the EDS profile 

occurred due to the carbon tape that was used to load the 

samples. The SEM image of ZnO/-Chi NCs (Figure 

4(B)) revealed a cluster-like morphology generated by 

the aggregation of different-sized particles. The EDS 

profile (Figure 4(D)) further confirmed the synthesis of 

ZnO/-Chi NCs, with -chitosan contributing along with 

ZnO. Nitrogen (N) was present probably due to the 

amine (-NH2) group of -chitosan, along with Zn and O. 

Due to the interaction of ZnO with -chitosan, a 

morphological study revealed that adding -chitosan 

induced a slight alteration in morphology [40]. This 

assumption is also supported by TEM analyses. Indeed, 

the observed fringes in the TEM image shown in Figure 

5 correspond to a d-spacing of 0.02605 nm, which is 

equal to the theoretical ZnO (0 0 2) distances [41]. 

 

 

Figure 4 SEM image of (A) ZnO NPs, (B) ZnO/-Chi NCs and EDS data of (C) ZnO NPs (D) ZnO/-Chi NCs. 
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Figure 5 TEM image of ZnO/-Chi NCs. 

 

 Antifungal activity of the synthesized ZnO/-

Chi NCs 

         The growth of P. palmivora on media containing 

different concentrations of ZnO NPs and ZnO/-Chi 

NCs is shown in Figure 6. The mycelial growth of P. 

palmivora was suppressed by media containing more 

ZnO/-Chi NCs than by media containing more ZnO 

NPs. These results indicated that the degree of inhibition 

depended on the concentration of -chitosan in the 

fungal growth medium. When comparing the results, 2 

commercial fungicides were assessed for their efficacy 

against the P. palmivora by the poisoned food 

technique. Among all the fungicides tested at 0.2% 

concentration, Dimethomorph 9% mixed with 

Mancozeb 60% WP and Fosetyl-AL 80 WP showed 

19.29% and 88.88% inhibition, respectively. ZnO/-Chi 

NCs can hence inhibit more effectively [42]. For Figure 

7, The greatest mycelial growth inhibition was found in 

the medium containing 0.15 mg/mL ZnO/-Chi NCs, 

with a maximum inhibition of about 90%, whereas in 

the medium containing 0.15 mg/mL ZnO NPs, 52% 

inhibition occurred after 10 days. The results of this 

study showed a high level of efficacy compared to 

previous research. The ZnO NPs exhibit antifungal 

activity against P. palmivora, the causal agent of durian 

stem and root rot. At a concentration of 2,000 µg/mL, 

the ZnO NPs inhibited the mycelial growth of isolates 

Phy001 and Phy002 by 56.6% and 53.6%, respectively, 

and reduced disease severity on durian leaves by 50.5% 

and 43.7%. These results confirm the ability of ZnO NPs 

to interfere with vegetative growth and pathogenicity of 

P. palmivora [43]. However, inhibition was incomplete, 

suggesting that ZnO NPs may require higher 

concentrations to provide effective control under natural 

conditions. When applied at 2,000 mg/mL, ZnO NPs 

suppressed mycelial growth of all fungal isolates tested, 

with inhibition ranging from 57.76% - 69.84%. This 

indicates a clear dose-dependent antifungal effect, 

consistent with previous findings that higher ZnO NPs 

concentrations enhance antifungal efficacy via 

increased release of Zn²⁺ ions and generation of reactive 

oxygen species (ROS), which damage cell membranes 

and organelles [44-46]. Previous studies on Fusarium 

oxysporum, Alternaria alternata, and Colletotrichum 

spp. have reported strong inhibition of mycelial growth 

and spore germination at comparable or lower 

concentrations of ZnO NPs [47,48]. Compared to these 

pathogens, P. palmivora appears relatively more 

tolerant, possibly due to its robust cell wall structure and 

effective ROS detoxification mechanisms.  
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Figure 6 Antifungal activity; effect of control (A), 3 concentrations (0.05, 0.10 and 0.15 mg/mL) of the ZnO NPs (B-D), 

and the synthesized ZnO/-Chi NCs (E-G) on the growth of P. palmivora after 10 days. 

 

 

Figure 7 Percentage inhibitory effects of three concentrations (0.05, 0.10 and 0.15 mg/mL) of the synthesized ZnO NPs 

and ZnO/-Chi NCs on the growth of P. palmivora after 10 days. The different letters used indicate significant differences 

(p ≤ 0.05) for the treatment of ZnO NPs and ZnO/-Chi NCs. Data represent the mean (± standard deviation, SD). 

 

 Morphological changes in P. palmivora treated 

with ZnO/-Chi NCs 

 The morphological changes in P. palmivora 

mycelia after treatment with ZnO NPs and ZnO/-Chi 

NCs were also evaluated via SEM analysis and 

compared to those of the control. The morphological 

changes in P. palmivora mycelia following treatment 

with ZnO NPs and ZnO/-Chi NCs are shown in Figure 

8. Changes in morphology between the treated and 

untreated (control) fungi were found in the SEM images. 

The control P. palmivora (Figure 8(A)) exhibited a 

characteristic filament-shaped cell state with a smooth 

membrane surface. After treatment with ZnO NPs and 

ZnO/-Chi NCs at a concentration of 0.15 mg/mL 

(Figures 8(B) and 8(C)), the cell membrane started to 

bulge and lose its smoothness, impairing the integrity of 

the cell membrane. When the cell membrane ruptured, 

the fungal shape changed considerably from filamentous 

to deformed. 

 The antimicrobial activity of ZnO NPs can be 

explained by several processes, including (i) the release 

of Zn2+ cations from the surface of the particles, (ii) 

direct interaction with microbial cells, (iii) penetration 

through the cell membrane, and (iv) the production of 

reactive oxygen species (ROS), including hydrogen 

peroxide (H2O2), superoxide anions (•O2
−), and 
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hydroxyl radicals (•OH), which harm the intracellular 

components and the cell membrane [49,50]. Although 

each of these elements plays a key role in the 

antimicrobial action of ZnO NPs, the precise mechanism 

needs to be elucidated. Owing to the large particle size 

and minimal Zn2+ ion dissolution under such conditions, 

the antifungal activity of ZnO NPs resulting from 

particle penetration and the release of Zn2+ ions may be 

ruled out. The direct interaction of the ZnO NPs or 

ZnO/-Chi NCs resulted in surface bulging, damage to 

the cell membrane, and damage to the cell structure, as 

shown by the SEM image (Figure 8). ZnO NPs produce 

active oxygen species (•O2) in gloomy environments 

and form ROS under light illumination [51]. Therefore, 

the antifungal activity observed may be due to any one 

of the aforementioned mechanisms acting alone or in 

combination. Additionally, because of an increase in 

coulombic attraction, the combination of ZnO with 

chitosan improved antifungal effectiveness. Owing to 

the presence of the NH2 group, chitosan is a cationic 

polymer and can bind to metal ions strongly with the 

help of positively charged NH2 groups [52,53]. 

Consequently, the positive charge is strengthened by the 

formation of ZnO/-Chi NCs, which increases the 

electrostatic contact with the negatively charged cell 

membrane. The significantly damaged cell structure of 

the fungi compared to that of the ZnO particle-treated 

cells revealed the extent of damage caused by an 

increase in the electrostatic interaction of ZnO/-Chi 

NCs. The cytotoxicity of ZnO nanoparticles and ZnO 

chitosan nanocomposites was assessed in HEp2 cells, 

revealing that ZnO chitosan nanocomposites exhibited 

lower cytotoxicity than ZnO, which had dose-dependent 

cytotoxicity. The material had no significant reduction 

in cell viability at low concentrations (< 6.25 µg/mL) 

but marked toxicity at higher concentrations (≥ 12.5 

µg/mL) [54]. The foliar application of ZnO NPs in rice 

plants demonstrated that the xylem and phloem are the 

organs responsible for the translocation and 

transformation of ZnO nanoparticles after uptake by rice 

leaves, thereby confirming the efficacy and safety of this 

application method [55]. 

 

 

Figure 8 SEM image of the antifungal activity of H2O (control) (A), ZnO NPs (B), and ZnO/-Chi NCs (C) against P. 

palmivora.  
 

 Mechanism of ZnO/-Chi NCs against P. 

palmivora 

 The schematic illustrates (Figure 9) the proposed 

mechanism by which the ZnO/-chitosan NCs inhibits 

the growth of P. palmivora, a fungal pathogen affecting 

plants. Firstly, -chitosan a derivative of chitosan, acts 

as a natural biopolymer containing abundant amino 

(−NH2) and hydroxy (−OH) groups that can strongly 

combine with ZnO NPs through hydrogen bonding and 

electrostatic interactions. This functionalization 

progresses the dispersion, surface stability, and 

biocompatibility of ZnO particles. Upon light 

irradiation, the ZnO semiconductor generated electron 

hole pair. The photoexcited electron in the conduction 

band react with molecular oxygen (O2) to form 

superoxide radicals (•O2
−), while holes in the valence 

band react with water molecules (H2O) or hydroxide 

ions (OH−) to produce hydroxyl radicals (•OH) [56,57]. 

These reactive oxygen species (ROS) collectively 

contribute to strong oxidative stress. The ROS generated 

by ZnO/-chitosan attack the fungal cell membrane, 

protein, and nucleic acids, leading to severe cellular 

damage and inhibition of P. palmivora growth. The 

synergistic effect of ZnO photocatalytic ROS generation 
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and the natural antimicrobial property of -chitosan 

improve the antifungal efficiency of the composite 

[58,59]. The formation of ROS in ZnO occurred with 

light illumination; however, ZnO nanoparticles (NPs) 

can also generate active oxygen species (•O2
−) in the 

absence of light, as demonstrated by electron spin 

resonance spectroscopy [60]. The nanoparticle-induced 

ROS have been shown to markedly diminish sporangial 

germination, impede zoospore motility, decrease 

mycelial growth, and obstruct the creation of infection 

structures, hence restricting host colonization. 

Moreover, reactive oxygen species (ROS) impair 

mitochondrial respiration, leading to energy depletion 

and ultimately cell death. The ZnO/-chitosan NCs 

provide a sustainable and eco-friendly approach to 

control plant pathogenic fungi [61].  

 

 

Figure 9 Schematic illustration of antifungal activity of ZnO/-chitosan NCs against P. palmivora. 

 

 

Conclusions 

 In this study, ZnO rods-shaped were created using 

a wet chemical method in which zinc acetate dihydrate 

was used as a precipitating agent and then combined 

with -chitosan to form ZnO/-Chi NCs. ZnO rod-

shaped and ZnO/-Chi NCs were investigated for their 

antifungal efficacy against P. palmivora (a model 

fungus) by assessing the percentage of inhibition and the 

degree of damage to the cell structure, as demonstrated 

by SEM images. The findings of this study showed that 

ZnO/-Chi NCs have greater antifungal effects on the 

tested fungus than ZnO NPs. According to our research, 

ZnO/γ-Chi NCs have the potential to replace current 

fungicides and be used as an efficient antifungal agent. 

In the future, foliar sprays of ZnO/γ-Chi NCs on para 

rubber tree leaves inhibited P. palmivora. Nevertheless, 

comprehensive long-term environmental and 

ecotoxicological studies are essential prior to large-scale 

agricultural application. 
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