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A B S T R A C T   

In recent decades, the biosynthesis of nanoparticles using biological agents, such as plant extracts, 
has grown in popularity due to their environmental and economic benefits. Therefore, this study 
investigated into utilizing ethanol crude extract sourced from mangosteen peel for the synthesis of 
zinc oxide nanoparticles (ZnO NPs) and assessing their efficacy against the rice blight pathogen 
(Xanthomonas oryzae pv. oryzae) through antibacterial evaluations. Additionally, the effects of the 
synthesized ZnO NPs on rice plant growth was investigated. The X-ray diffraction analysis 
revealed the production of wurtzite ZnO NPs under specific synthesis conditions, exhibiting a 
crystallite size of 38.71 nm (or 387.122 Å) without any contamination. Analysis of the ultra
violet–visible optical absorption spectrum indicated a characteristic absorption peak at 363 nm, 
suggesting a calculated band gap energy of 2.88 eV for the ZnO NPs. Furthermore, Fourier 
transform infrared spectroscopy analysis confirmed the presence of active compounds functional 
groups from mangosteen peel in the synthesized ZnO NPs. These biosynthesized ZnO NPs 
demonstrated significant inhibition of X. oryzae pv. oryzae growth, exhibiting an in vitro 50 % 
inhibitory concentration (IC50) value of 1.895 mg/mL and a minimum inhibitory concentration 
(MIC) value of 4 mg/mL. The ZnO NPs treatments at two-fold IC50 values significantly enhanced 
root length, dry biomass, and chlorophyll a content in rice plants. Consequently, the results 
demonstrated the potential application of biosynthesized ZnO NPs from mangosteen peel extract 
in green agriculture, as an alternative to excessive antibiotic use, for combating bacterial plant 
diseases, and for enhancing plant growth.   
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1. Introduction 

Zinc oxide (ZnO NPs) stands out as one of the extensively employed nanomaterials, finding applications across a diverse range of 
industrial products such as paints, sunscreens, cosmetics and fabrics, anti-reflection coatings, solar cells, sensors, piezoelectric devices, 
and in drug delivery [1]. Additionally, ZnO NPs have strong antibacterial properties that can be applied to agriculture [2] and they 
could increase agricultural productivity under stress conditions [3]. 

In recent times, the utilization of bio-waste materials for the eco-friendly synthesis of ZnO NPs has garnered significant attention, 
owing to its feasibility, environmentally friendly, cost effectiveness, and potential to increase waste value [4,5]. According to reports, 
bio-waste contains a variety of secondary metabolites, such as phenolic acids, alkaloids, flavonoids, and terpenoids [6,7]. These 
compounds possess the capability to facilitate the generation of ZnO NPs via a redox process, acting as both reducing or capping agents 
and aiding in the stabilization of ZnO NPs formation [8]. 

Mangosteen (Garcinia mangostana L.) peel extract is rich in phenolic compounds, such as protocatechuic acid [9] and tannins, 
flavonoids, xanthones or α-mangostin, and anthocyanins [10]. In Southeast Asia, traditional medicine has utilized mangosteen peel 
extract to treat skin infections, wounds, diarrhea, and inflammation because mangosteen peel extract has demonstrated antioxidant, 
antibacterial, and anti-inflammation properties [11]. Lately, the utilization of mangosteen peel extract has extended to the biosyn
thesis of various nanoparticles, including titanium dioxide [12] and nanoparticles of silver and gold [13]. 

The primary cause of the blight rice disease is Xanthomonas oryzae pv. oryzae. It multiplies in the epitheme, then moves and actively 
multiplies in the xylem, giving symptoms of the blight disease on rice leaves. It spreads through incisions or hydathodes [14]. Various 
disease management approaches have been used in the past to prevent the disease and reduce yield losses. The application of 
streptomycin, one of the first discovered aminoglycoside antibiotics, along with other bactericides, remains a crucial method for 
disease control in many Asian countries. However, the emergence of pathogenic mutants resulting from the use of antibiotics, 
including streptomycin, poses a significant obstacle [15]. Therefore, alternative techniques are required, such as nanotechnology, to 
manage this serious disease. 

Several reports have demonstrated potential agricultural applications of biosynthesized ZnO NPs. For example, green synthesized 
ZnO NPs from Citrus medica peel extract showed antimicrobial activity against plant pathogenic organisms including Streptomyces 
sannanesis, Bacillus subtilis, Pseudomonas aeruginosa, Salmonella enterica, Candida albicans and Aspergillus niger [16]. Moreover, the 
synthesized ZnO NPs could potentially be a nanofertilizer and biosimulant for plants [17]. Using a water extract of mangosteen peel, 
ZnO NPs were successfully synthesized and demonstrated effective antibacterial properties against plant pathogenic diseases such as 
Xanthomonas oryzae pv. oryzae, Xanthomonas axonopodis pv. citri (causing citrus canker disease), and Ralstonia solanacearum (associ
ated with bacterial wilt disease) [18]. 

Although ethanol extraction was reported as the preferred solvent for extracting antioxidant compounds from mangosteen peel 
[19], there has been no prior publication on the green synthesis of ZnO NPs using mangosteen peel ethanol extract. Additionally, the 
choice of solvent is considered a key factor in synthesizing ZnO NPs through a solution-based method, as its polar characteristic 
significantly impact the nucleation and growth of ZnO NPs, determining their shape and size [20,21]. Therefore, the current study 
focuses on synthesizing ZnO NPs using mangosteen peel ethanol extract. The physical properties of these ZnO NPs were subsequently 
investigated using techniques including X-ray diffraction (XRD), ultraviolet–visible (UV–Vis) spectroscopy, scanning electron mi
croscopy (SEM), and Fourier transform infrared (FT-IR) spectroscopy. Furthermore, the antibacterial efficacy of the synthesized ZnO 
NPs against X. oryzae pv. oryzae was evaluated. Furthermore, the impact of the synthesized ZnO NPs on rice growth was examined by 
analyzing parameters such as plant height, root length, and photosynthetic pigments. 

2. Materials and methods 

2.1. Crude ethanol extract from mangosteen peel 

Mangosteen peels were collected in May from residences in the district of Phayao, Phayao province, Northern Thailand. The 
collected samples underwent drying and grinding into powder. Subsequently, 2 g of the powder were extracted in 500 mL of 80 % 
ethanol for 30 min followed by cloth filtration. The resultant extract was then immediately used for biosynthesis of the ZnO NPs. 

2.2. Green synthesis of ZnO NPs from ethanol extract of mangosteen peels 

A 2 M solution of zinc acetate (Zn(CH3COO)2 (Ajax Finechem, Australia) was prepared in deionized water by stirring for 20 min at 
room temperature. Then, 100 mL of crude extract at 4 mg/mL and 100 mL of the 2 M zinc acetate were separately introduced into 
burettes and added dropwise into a beaker at room temperature. The combined solution was continuously stirred for 1 h. Following 
this, 2 M NaOH (J.T. Baker, Malaysia) was incrementally added dropwise until a pH of 12 was achieved. The mixture underwent 
further agitation for 1 h and was then subjected to centrifugation for 30 min at 7880 × g and 4 ◦C (Biofuge Stratos, Sorvall, Germany). 
The obtained particles were subsequently dried at 80 ◦C [5] until completely dry. 

2.3. Identification of ZnO NPs using X-ray diffraction 

CuKα radiation with a wavelength (λ) of 1.541 Å, as described in Ref. [5], was employed for the analysis. The lattice parameters and 
crystallite sizes were determined based on Rietveld refinement using the MAUD software [22]. 
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2.4. Analysis of ultraviolet–visible spectra 

The UV–Vis spectra between 300 and 600 nm of the ZnO NPs dispersed in deionized water were analyzed using a UV-1800 
spectrophotometer (SHIMADZU, Japan) in the photoluminescence mode. Then, the optical band gap of the particles was calculated 
using the Tauc plot method [23]. 

2.5. Scanning electron microscopy analysis 

In accordance with the protocols described in Ref. [24]. The morphological characteristics of the synthesized ZnO NPs were 
investigated using a field emission scanning electron microscope (FEI, Quanta 450, OR, USA). Then, the particle sizes were averagely 
determined from 100 particles using the ImageJ software [25]. 

2.6. Analysis using Fourier transform infrared 

The identification of functional group present in the synthesized ZnO NPs was conducted using an FT-IR spectrometer (Bruker, MA, 
USA). The biosynthesized ZnO NPs and the powder of mangosteen peel extract were scanned using the potassium bromide (KBr) 
method in the 400–4000 cm− 1 infrared region with a 4 cm− 1 resolution. 

2.7. Antibacterial activity assay 

The pure isolate of X. oryzae pv. oryzae (the pathogen causing rice bacterial blight), Ralstonia solanacearum (causing bacterial wilt) 
and Xanthomonas axonopodis pv. citri (associated with citrus canker) were obtained from the Plant Protection Research and Devel
opment Office, Bangkok, Thailand. Staphylococcus aureus (ATCC 29213) and methicillin-resistant S. aureus (MRSA) (ATCC BAA-1690) 
were purchased from The American Type Culture Collection (ATCC). Subsequently, all bacteria were cultured in Luria broth (1 % (w/ 
v) peptone (HiMedia Laboratories Pvt.Ltd., India), 0.5 % (w/v) yeast extract (HiMedia Laboratories Pvt.Ltd., India) and 1 % (w/v) 
NaCl (JT Backer®, U.S.A.), maintained under constant shaking at 110 rpm at 37 ◦C (ES 20, Biosan, Latvia) until reaching an OD600 of 
0.6. Following this, the antibacterial activity assay using ZnO NPs at concentration ranging from 0 to 10 mg/mL was conducted and 
analyzed as described in Ref. [18]. Moreover, the minimum inhibitory concentration (MIC) was also reported. 

2.8. Plant materials and treatments 

The Oryza sativa L. cv. KDML 105 rice seeds were sterilized by incubation at 60 ◦C for 3 days, followed by soaking for 1 day in 
deionized water to ensure uniformity of seedling growth. Then, all the rice seeds were placed on moist filter paper for 4 days to allow 
germination before transferring them to the pots. The plants were kept in a greenhouse with natural sunlight and watered once a day 
for 2 weeks. The treatments involved various concentrations of ZnO NPs (0, 0.95, 1.90, 3.80 mg/mL) being sprayed daily to the rice 
leaves for 7 days and the plant height, root length, and dry biomass were measured at the end of each experimental treatment. 

2.9. Photosynthetic pigments analysis 

The photosynthetic pigments of the rice plants aged 28 days were analyzed. Approximately 100 mg of the leaves were cut and 
immediately placed in liquid nitrogen. Then, the leaves were homogenized using a tissue homogenizer (Mixer mills 400, Retsch, 
Germany). The samples were incubated in 15 mL of 80 % (v/v) buffered acetone (80 mL of acetone mixed with 20 mL of 2.5 mM 
phosphate buffer, pH 7.8) at 4 ◦C for 24 h with continuous shaking [26]. Subsequently, the absorbance levels of chlorophyll a, 

Fig. 1. XRD pattern of synthesized ZnO NPs from mangosteen ethanol extract.  
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chlorophyll b, total chlorophyll, and carotenoids were measured at 470, 645 and 663 nm using previously described equations [27,28]. 

2.10. Statistical evaluation 

Differences among the samples were assessed for significance utilizing ANOVA and Tukey’s multiple comparison test (GraphPad 
Software Prism9, San Diego, CA, USA). Statistical significance was considered at the p < 0.05 level. 

3. Results and discussions 

3.1. Characterization of synthesized ZnO NPs structure using XRD analysis 

After incubation, the white powder weighing 17.83 g was obtained. The structures of the synthesized particles were analyzed using 
XRD with the hexagonal wurtzite index (JCPDS card No. 00036–1451) [29]. From Fig. 1, the XRD profiles confirmed the generation of 
wurtzite ZnO NPs without impurity. In addition, the appearance of sharp diffraction peaks with high signal-to-noise ratios suggested 
good crystallinity of the synthesized particles [30]. These synthesized ZnO NPs were designated as ZnO-Gm-E. The calculated average 
crystallite size was 387.122 Å (lattice parameter a = 3.2540 Å, c = 5.2149 Å). Thus, the crystallite size of ZnO-Gm-E was slightly bigger 
than that of the green synthesized ZnO NPs from mangosteen peel water extract (Crystallite size = 290.42 Å: lattice parameter a =
3.2545 Å, c = 5.2126 Å) reported by Jaithon et al. (2022). In contrast, effects of different solvents in synthesis of ZnO NPs using a 
chemical synthesis resulted in significant differences in size and morphology of the particles [20]. Taken all together, these combined 
results suggested that when the bioactive mangosteen peel compounds were presented in both strong and moderate polar solvents, 
they could serve as one or more of reducing, metal capping, or stabilizing agents. As a result, calcination is not required for the stable 
formation of biosynthesized ZnO NPs [31]. However, in several instances of biosynthesized ZnO NPs, calcination was performed to 
completely remove organic residues or other impurities from the surface of the particles [32]. It was found that longer calcination 
times increased the crystallite size of biosynthesized ZnO NPs [33]. 

3.2. UV–vis analysis of ZnO-Gm-E 

Next, UV–Vis analysis was employed to determine the optical characteristics of the ZnO NPs. Other studies indicated that the λmax 
value of the ZnO NPs was in the range 300–400 nm [24,31,34]. In addition, the λmax values of ZnO NPs synthesized from water extract 
of mangosteen peel were reported as 365 nm [18] and 366 nm [35]. Likewise, the current study recorded a similar λmax value of 364 
nm for ZnO-Gm-E (Fig. 2). Furthermore, the calculated average energy band gap was 2.88 eV, which is equivalent to that of spherical 
ZnO NPs synthesized from a water extract of mangosteen peel (2.79 eV). Davis et al. (2019) indicated that the optical band gaps of ZnO 
NPs generated using a sol-gel method with different solvent systems were in the range 3.10–3.37 eV [36]. On the other hand, ZnO NPs 
synthesized from chemical co-precipitation approaches were in the range 3.10–3.26 eV, depending on the morphology of the ZnO NPs 
[37]. Notably, most of the biosynthesized ZnO NPs were reported to have smaller band gaps (<3.00 eV) than from other methods [18, 
38]. Given the narrower band gap, the prepared particles were classified as having strong photocatalytic activity because an electron 
could undergo excitation from the valence band to the conduction band. Several factors have been reported to affect the energy band 
gap, including oxygen deficiency, lattice strain, grain size, and surface roughness [39]. 

Fig. 2. UV–Vis spectrum of ZnO-Gm-E.  
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3.3. FTIR analysis of ZnO-Gm-E 

From Fig. 3, the spectral peaks in the range 700–500 cm− 1 of ZnO-Gm-E demonstrated the formation of the ZnO NPs. Furthermore, 
both the FTIR spectra of ZnO-Gm-E and mangosteen peel showed strong peaks in the region related to –OH vibration (~3500 cm− 1) 
and the stretching vibration of the carbonyl (C––O) around 1700–1400 cm− 1. These results supported other studies that found 
phytochemical constituents in extracts played important roles as the capping agents in the biosynthesis of nanoparticles [40,41]. 

3.4. Morphological characterization of ZnO-Gm-E using SEM analysis 

The morphology of the nanoparticles significantly impacts their physicochemical characteristics [42]. From the SEM analysis, the 
ZnO-Gm-E particles almost had a spherical appearance (Fig. 4A) with an average size of 321 ± 84 nm (Fig. 4B). Despite utilizing 
different solvents for extracting mangosteen peels, this study produced ZnO-NPs of similar shapes but slightly bigger than the ZnO-Gm 
particles from mangosteen peel water extract (dimensions of 154.41 × 172.89 nm) [18]. Some of the parameters in the synthetic 
conditions that have been shown to affect the particle morphology are plant extract concentration, reaction time, precursor con
centration, and calcination temperature [43]. 

3.5. Antibacterial activity of ZnO-Gm-E against rice bacterial blight pathogen 

X. oryzae pv. oryzae is responsible for a major rice disease known as rice bacterial blight disease in tropical Asian countries, as well 
as in Australia, Latin America, and Africa [44]. Infected rice species can undergo a minimum yield loss of 10 % and a maximum yield 
loss of 60 % during severe epidemics [45]. Although bactericides and antibacterial agents are frequently used to control the disease, 
they may be ineffective, have an adverse effect on non-target species, be harmful to the environment, or result in bactericide resistance 
[46]. Therefore, the ability of ZnO-Gm-E to inhibit the growth of X. oryzae pv. oryzae was evaluated. The results indicated that 
ZnO-Gm-E strongly inhibited viability against X. oryzae pv. oryzae with an IC50 value of 1.895 mg/mL and the MIC value at 4 mg/mL 
(Fig. 5). The results from other studies show that ZnO-Gm-E is markedly more potent than the isolated berberine from Mahonia fortunei 
(IC50 = 2.9008 mg/mL) [47] and fruit extract from Piper sarmentosum (IC50 = 24.69 mg/mL) [48]. In contrast, ZnO-Gm-E was weaker 
than the crude extract of Alternaria alternata ZHJG5 (IC50 29.5–74.1 μM) and resveratrol (IC50 11.67 ± 0.58 μg/mL) [49]. Notably, the 
antibacterial activity of ZnO NPs has been reported to depend on the size and shape of the particles, which may relate to their specific 
mode of actions. Nevertheless, four main mechanisms of antibacterial activities have been proposed, including (i) the production of 
reactive oxygen species (ROS) [50], (ii) the loss of cellular integrity due to ZnO NPs contact [51], (iii) ZnO NPs internalization [52] and 
(iv) the release of Zn2+ ions in aqueous solution [53]. 

In addition, ZnO-Gm-E could also inhibit other plant pathogenic bacteria and human pathogenic bacteria (Table 1). Nevertheless, 
further experiment is required to evaluate the antibacterial activity of ZnO-Gm-E in vivo. 

3.6. Effects of ZnO-GM-E on growth of rice plants 

Several studies have reported the effects of nanoparticles on plant growth and secondary metabolite production [54,55]. Zinc, an 
indispensable element necessary for plant growth and development, has been extensively studied [56,57]. In the current study, 
different concentrations of ZnO-Gm-E were sprayed on the plants for 7 days to investigate its capability regarding plant growth 
promotion. No significant differences in plant height (Figs. 6a and 7a) were observed between the controls and plants treated with 
ZnO-Gm-E. 

Nevertheless, at a concentration of 3.80 mg/mL, ZnO-Gm-E significantly enhanced both root length (Figs. 6b and 7c) and the dry 
biomass of the plants (Fig. 7b) in comparison to the deionized water treatment (control). These results suggested that ZnO-Gm-E did 
not negatively impact plant growth. 

The chlorophyll content is widely accepted as a good indicator of photosynthetic capacity and hence plant growth. In the current 
study, the accumulation of chlorophylls and carotenoids was investigated (Fig. 8). The results showed that ZnO-Gm-E application (at 
1.90 and 3.80 mg/mL) significantly (p < 0.05) increased the content of chlorophyll a (Fig. 8a), which is the major photosynthetic 
pigment. A similar result was found in olive trees [58]. The observed effects could be attributed to the potential influence of ZnO NPs 

Fig. 3. FTIR analysis of ZnO-Gm-E and mangosteen peel.  
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on stimulating the gene expression of enzymes involved in chlorophyll biosynthesis [59]. Previous studies also demonstrated that NPs 
can elevate the photosynthetic rate by expediting water photolysis and the electron transport chain [60]. Altogether, these findings 
highlight the potential of ZnO-Gm-E as a fertilizer to promote rice growth. 

ZnO NPs not only have the impact on plant growth under normal conditions, but they are also involved in plant stress tolerance 
mechanisms. Under chilling stress, supplementation with ZnO NPs positively impacted the plant height, root length, and dry biomass 
of rice plants compared to the controls [61]. Additionally, recent studies demonstrated that ZnO NPs are involved in drought [62] and 
arsenic stress tolerance [63]. Further studies are required to gain insight into the role of green synthesized ZnO-Gm-E on the stress 
tolerance mechanisms in rice and other plant species. 

Fig. 4. SEM analysis ZnO-Gm-E morphology (a) Morphology (b) Frequency of particle size.  

Fig. 5. Effect of ZnO Gm-E against viability of X. oryzae pv. oryzae. The IC50 was calculated and indicated. The data are represented in quadru
plicates of mean ± the standard error of mean from at least three independent experiments. 

Table 1 
The IC50 values of the ZnO-Gm-E against other pathogenic bacteria from this study.  

Pathogenic bacteria Disease IC50 of ZnO-GM-E (mg/mL) 

Plant pathogenic bacteria 

Ralstonia solanacearum Bacterial wilt disease 2.091 
Xanthomonas axonopodis pv. citri Citrus canker 2.122 
Human pathogenic bacteria 
Staphylococcus aureus Skin and soft tissue infections 5.209 
Methicillin-resistant S. aureus (MRSA) Skin and soft tissue infections 5.430  
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4. Conclusions 

The current study was the first to demonstrate that the bioactive compounds found in mangosteen peel ethanol extract function as 
capping, reducing, and/or stabilizing agents in the biosynthesis of ZnO NPs with zinc acetate. The synthesized ZnO NPs, designated 
ZnO-Gm-E, had a spherical shape and a crystallite size of 38.71 nm (or 387.122 Å), with an average energy band gap of 2.88 eV. The 
λmax value of ZnO-Gm-E was at 364 nm. Based on the antibacterial activity assay, ZnO-Gm-E strongly inhibited the growth of rice 
bacterial leaf blight in vitro with an IC50 value of 1.895 mg/mL and the MIC value at 4 mg/mL. Additionally, at twofold IC50 (~ MIC 
value), there was no toxicity regarding rice plant growth while there was a significant increase in photosynthetic pigment, chlorophyll 
a. Consequently, the results supported the potential use of fruit waste for the biosynthesis of ZnO NPs that could be utilized to sup
plement rice plants and to reduce infected rice disease due to bacteria. 
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