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Abstract

:

Green synthesis of zinc oxide nanoparticles (ZnO NPs) has recently gained considerable interest because it is simple, environmentally friendly, and cost-effective. This study therefore aimed to synthesize ZnO NPs by utilizing bioactive compounds derived from waste materials, mangosteen peels, and water hyacinth crude extracts and investigated their antibacterial and anticancer activities. As a result, X-ray diffraction analysis confirmed the presence of ZnO NPs without impurities. An ultraviolet–visible absorption spectrum showed a specific absorbance peak around 365 nm with an average electronic band gap of 2.79 eV and 2.88 eV for ZnO NPs from mangosteen peels and a water hyacinth extract, respectively. An SEM analysis displayed both spherical shapes of ZnO NPs from the mangosteen peel extract (dimension of 154.41 × 172.89 nm) and the water hyacinth extract (dimension of 142.16 × 160.30 nm). Fourier transform infrared spectroscopy further validated the occurrence of bioactive molecules on the produced ZnO NPs. By performing an antibacterial activity assay, these green synthesized ZnO NPs significantly inhibited the growth of Xanthomonas oryzae pv. oryzae, Xanthomonas axonopodis pv. citri, and Ralstonia solanacearum. Moreover, they demonstrated potent anti-skin cancer activity in vitro. Consequently, this study demonstrated the possibility of using green-synthesized ZnO NPs in the development of antibacterial or anticancer agents. Furthermore, this research raised the prospect of increasing the value of agricultural waste.
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1. Introduction


Zinc oxide nanoparticles (ZnO NPs) are widely used metal oxides due to their dominant properties including photocatalytic properties [1], antimicrobial activity [2,3,4], anti-inflammatory response [5], anti-cancer activity [6], thermal stability [7], and biocompatibility [8]. Hence, ZnO NPs are applied in a variety of industries, such as agriculture, food processing, cosmetics, medicine, and textiles [9,10,11].



Chemical and physical approaches are the most common ways to synthesize ZnO NPs [12]. The term “green synthesis” has recently gained popularity due to its simplicity, environmental friendliness, and economic effectiveness. Green synthesis utilizes phytochemicals present in plants, microbes, and fruit peel waste for the bioreduction of metal ions to their corresponding nanoparticles [13,14], which have a variety of particle sizes and shapes [15]. Previous research has shown that using higher concentrations of banana peel extracts resulted in a higher purity of green-produced ZnO NPs with less zinc hydroxide production [16], implying that the phytochemicals present in the extracts act as metal capping agents and/or reducing agents [17]. Subsequently, plant extracts have been proposed to play a role in three different phases of synthesis: (i) reducing agents for the bioreduction of metal ions or metal salts; (ii) the nanoparticle growth phase; and (iii) stabilizing agents for nanoparticles’ final shapes [18,19]. Examples of fruit or vegetable peel extracts that have previously been reported to synthesize ZnO NPs are banana peels [16], citrus peels (orange, lemon, and grape) [20], drumstick peels [21], and onion peels [22].



Mangosteen (Garcinia mangostana L.) peels contain abundant amounts of many phytochemicals such as xanthones, flavonoids, tannins, and anthocyanins [23] and have been demonstrated in vitro to possess antioxidant, anti-inflammatory, antiallergy, antibacterial, and anticancer activities [24,25]. Notably, phytochemicals such as phenolic compounds, terpenoids, alkaloids, vitamins, amino acids, proteins, and glycosides have been used as reducing, capping, and stabilizing agents in nanoparticle formation in a green synthesis method [26,27,28]. Furthermore, bioactive compounds such as alkaloids, terpenoids, steroids, glycosides, phenols, and flavonoids have also been discovered in water hyacinth (Eichhornia crassipes) [29], which is the world’s worst invasive aquatic weed [30].



The goal of this study was to utilize a green synthesis approach to synthesize ZnO NPs from crude extracts of mangosteen peels and water hyacinth. Subsequently, antibacterial activity against plant pathogen diseases including Xanthomonas oryzae pv. oryzae (rice bacterial blight pathogen), Xanthomonas axonopodis pv. citri (citrus canker disease), and Ralstonia solanacearum (bacterial wilt disease) and anticancer activity against epidermoid cancer cells (A431) of newly synthesized ZnO NPs were investigated.




2. Materials and Methods


2.1. Preparation of Crude Extracts


In May, mangosteen peels were collected from households in Phayao District, Phayao province, Northern Thailand. Freshwater hyacinth was collected from the canal in Bann Na District, Nakhon Nayok, Thailand. All samples were shed dried and ground into powder. Next, 2 g of ground mangosteen peels were extracted in 500 mL of deionized water at room temperature for 30 min. Then, a crude extract was prepared as described in [6]. For water hyacinth extraction, the preparation was performed as described in [31]. After filtration, the crude extracts were refrigerated at 4 °C until next use.




2.2. Green Synthesis of ZnO NPs


For the synthesis of ZnO NPs from mangosteen peels, 50 mL of 2 M zinc acetate solution (Zn(CH3COO)2, LOBA chemie, Maharashtra, India) was prepared in deionized water for 20 min at room temperature with continual stirring. After that, each burette was filled with 100 mL of the crude extract and 100 mL of the precursor, which were then dropped into a beaker dropwise. The mixed solution was kept stirring for 1 h at room temperature. The mixture was then mixed dropwise with 2 M of NaOH (KEMAUS, Sydney, Australia) until it reached pH 12 and further agitated for 1 h. The mixture was further centrifuged for 30 min at 8000× g at 4 °C. The precipitates were filtered and dried overnight at 80 °C. For the green synthesis of ZnO NPs using water hyacinth, the procedure was performed as described in [31].




2.3. X-ray Diffraction (XRD) Analysis


The diffraction pattern was analyzed using an X-ray diffractometer (Bruker D8 Advance, MA, USA) with CuKα radiation and wavelength (λ) = 1.541 Å. The diffraction intensity was measured in the 2θ ranging between 20° and 80°. After that, the phases of the ZnO wurtzite were compared using JCPDS number 00036-1451 [32]. Then, Rietveld refinement was used to determine the lattice parameters and crystalline sizes using MAUD software (Trento, Italy) [33,34,35].




2.4. Ultraviolet-Visible (UV-Vis) Spectroscopy


In the photoluminescence mode of a UV-1800 spectrophotometer (SHIMADZU, Kyoto, Japan), the dispersed ZnO NPs in deionized water were investigated for absorption spectra between 300 and 600 nm. The optical band gap of the generated ZnO NPs was then calculated using the Tauc plot [36].




2.5. Scanning Electron Microscopy (SEM)


The ZnO NPs were prepared using a Mini Sputter Coater (SC7620, Quorum Technologies Ltd., Kent, UK), and their morphology was analyzed using FEI Quanta 450 (OR, USA) as described in [6]. ImageJ program [37] was also used to determine the particle sizes.




2.6. Fourier Transform Infrared (FT-IR) Analysis


To investigate the functional group of the synthesized ZnO NPs, FT-IR analysis was performed using an FT-IR spectrometer (Bruker, MA, USA). The samples were operated using a potassium bromide (KBr) approach with an infrared region of 400 to 4000 cm−1 and a 4 cm−1 resolution. The covalent bonds between the zinc metal and oxygen atoms (Zn-O) were observed in a range between 400 to 600 cm−1.




2.7. Antibacterial Activity Test


The antibacterial activity of the ZnO NPs was tested against Xanthomonas oryzae pv. oryzae (rice bacterial blight pathogen), Xanthomonas axonopodis pv. citri (citrus canker disease), and Ralstonia solanacearum (bacterial wilt disease). These bacterial strains were isolated, characterized, and identified by the Plant Protection Research and Development Office, Bangkok, Thailand. Bacteria cultures were prepared by inoculating the strains in Luria broth (LB) with shaking at 37 °C until the OD600 reached 0.6. Then, 500 µL of the cultures were treated with various concentrations of ZnO NPs ranging from 0–10 mg/mL and further incubated with shaking at 37 °C for 24 h. Next, the UV-Vis spectroscopic analysis was performed at 600 nm (SHIMADZU, Kyoto, Japan). The experiment was performed in two independent experiments with quadruplicate. The percentage of cell growth was determined as follows: Bacteria Growth (%) = [(AZnO NPs − ABlank)/(AControl − ABlank)] × 100], where AZnO NPs is the mean absorbance value for the culture treated with ZnO NPs, ABlank is the mean absorbance value for the ZnO NPs solution, and AControl is the mean absorbance for the culture only (without ZnO NPs treatment). Then, the half-maximal inhibitory concentration (IC50) values of the ZnO NPs against the bacterial growth were calculated using GraphPad QuickCalcs (GraphPad software Prism 9, CA, USA).




2.8. Cell Viability Assay, MTT Assay


Skin cancer cells (A431; ATCC® CRL1555TM) and an immortalized human keratinocyte cell line (HaCaT; CLS 300493) were seeded approximately 1.5 × 104 cells per well into 96 well-plates (Falcon® a Corning brand, USA) at 37 °C. After 24 h of incubation, the cells were treated with dispersed ZnO NPs in deionized water in different concentrations ranging from 7.8–1000 µg/mL and further incubated at 37 °C for 96 h. The cells were then incubated for 3 h with an MTT solution. To dissolve the formazan, 50 μL of dimethyl sulfoxide (Fisher Scientific, Hampton, NH, USA) was added. Next, the absorbance was measured at 570 nm using a microplate reader (Sunrise-Basic TECAN, Männedorf, Switzerland). The cell viability (%) was calculated as described in [38].




2.9. Statistical Analysis


The significant differences between the samples were compared by ANOVA Tukey’s multiple comparison (GraphPad Software Prism9, San Diego, CA, USA).





3. Results


3.1. Green Synthesis of ZnO NPs Using Mangosteen Peels and Water Hyacinth Crude Extracts


The green synthesis was carried out in four steps: the preparation of a water crude extract, the preparation of a precursor solution, a green synthesis reaction, and particle collection, as shown in Figure 1.



For the synthesis of ZnO NPs using mangosteen peel extract, the color of crude extract appeared in pale yellow. The reaction mixture of zinc acetate and the crude extract was purple-blueish in appearance. After pH adjustment, the precipitant was observed to be white in color, implying the formation of ZnO NPs. Likewise, the zinc acetate and crude extract reaction mixture was white in color after pH correction, despite the pale green color of the water hyacinth crude extract. The precipitant was also white, suggesting the presence of ZnO NPs (data not shown).



Notably, the particles obtained from the synthesis of the mangosteen (Garcinia mangostana L.) peel extract were designated as ZnO-Gm, whereas ZnO-Ec was obtained from the green synthesis of the water hyacinth (Eichhornia crassipes) extract.



3.1.1. The ZnO Wurtzite Structure Has Been Identified in All Synthesis Samples


Using XRD analysis, the XRD pattern confirmed that the synthesis process successfully synthesized the ZnO wurtzite structure from both the mangosteen peels and water hyacinth crude extracts without the impurity of other particles. The higher peak intensity obtained from ZnO-Ec indicates the better crystallinity of ZnO NPs (Figure 2).



Next, Rietveld refinement was used to calculate the lattice parameters and crystalline sizes of the synthesized ZnO NPs using MAUD software. ZnO-Gm and ZnO-Ec had lattice parameters of a = 3.2536 Å, c = 5.2155 Å, and a = 3.2545 Å, c = 5.2126 Å, respectively. ZnO-Gm (290.42 Å) showed slightly smaller estimated crystalline sizes than ZnO-Ec (318.99 Å). (Table 1).




3.1.2. UV–Visible Absorption Spectra and Optical Band Gap of Newly Synthesized ZnO Particles


Both ZnO-Gm and ZnO-Ec revealed absorption spectra in the UV region at 365 nm. The ZnO-Gm and ZnO-Ec samples have average energy band gaps of 2.79 eV and 2.88 eV, respectively (Figure 3).




3.1.3. Morphology and Size of Newly Synthesized ZnO NPs


To determine the morphology and sizes of ZnO-Gm and ZnO-Ec, SEM analysis was performed. Despite the use of different types of crude extracts in the synthesis, SEM images demonstrated round, almost spherical shapes of the synthesized ZnO particles, (Figure 4). The ZnO-Gm particles were 154.41 × 172.89 nm in size, while the ZnO-Ec particles were slightly smaller, averaging 142.16 × 160.30 nm (Figure 4).




3.1.4. FTIR Analysis of Synthesized ZnO NPs


Next, FTIR was then used to identify the functional groups involved in the formation of the ZnO NPs. As a result, the spectral peaks between 700 and 500 cm−1 indicated the formation of ZnO NPs in both ZnO-Gm and ZnO-Ec. Furthermore, the broad peak at around 3500 cm−1 implied the stretching vibration of O—H stretching. Both ZnO-Gm and ZnO-Ec also presented peaks in the region around 1500 cm−1, suggesting carbonyl stretching (C—O) (Figure 5).





3.2. Synthesized ZnO NPs Drastically Inhibited Growth of Plant Pathogenic Bacteria


From Figure 6, the results showed that both ZnO-Gm and ZnO-Ec particles significantly inhibited all the tested plant pathogenic bacteria. Furthermore, ZnO-Gm demonstrated almost 2-fold greater antibacterial activity than ZnO-Ec, with IC50 values of 1.887 mg/mL, 1.802 mg/mL, and 1.800 mg/mL, against X. oryzae pv. oryzae, R. solanacearum, and X. axonopodis pv. citri, respectively (Figure 6D). In addition, the IC50 values of ZnO-Gm for X. oryzae pv. oryzae, R. solanacearum, and X. axonopodis pv. citri were 3.970 mg/mL, 3.835 mg/mL, and 3.385 mg/mL, respectively (Figure 6D). The inhibitory effects were caused by the synthesized ZnO NPs, not the mangosteen peel extract or water hyacinth extract, because the extract at the same concentration as the ZnO NPs showed no antibacterial activity (data not shown).




3.3. Synthesized ZnO NPs Possessed Anticancer Activity against Skin Cancer Cells


To investigate anti-skin cancer activity, a non-melanoma skin cancer cell (A431) [39] and an intermediate cancerous skin carcinoma cell, HaCaT [40], were treated with different concentrations of either ZnO-Gm and ZnO-Ec ranging from 0–1000 µg/mL. The experiments also included a normal cell, Vero, and the effects of crude extracts, mangosteen peel and water hyacinth. As a result, both ZnO-Gm and ZnO-Ec dramatically reduced cell viability in a dose-dependent manner, with greater inhibitory effects against A431 and HaCaT cells than Vero cells (Figure 7 and Figure 8). In contrast, the mangosteen peel extract and water hyacinth extract showed no inhibitory effects on any cells at the concentrations tested (Figure 7 and Figure 8). The IC50 values of ZnO-Gm were 28 µg/mL, 39 µg/mL, and 145.6 µg/mL for HaCaT, A431, and Vero cells, respectively (Figure 7).



On the other hand, the IC50 values of ZnO-Ec were 79.5 µg/mL, 10.12 µg/mL, and 162 µg/mL (Figure 8).





4. Discussion


Using a green synthesis method, this study newly synthesized ZnO NPs from mangosteen peel and water hyacinth crude extracts, which were designated as ZnO-Gm and ZnO-Ec, respectively. The results implied that mangosteen peel and water hyacinth extracts contained bioactive compounds that served as reducing agents and capping agents that react with zinc acetate solution to form ZnO NPs. Phytochemicals found in mangosteen peels include xanthones, flavonoids, tannins, and anthocyanins [23], whereas water hyacinth contains alkaloids, terpenoids, steroids, glycosides, phenols, and flavonoids [29]. Both ZnO-Gm and ZnO-Ec displayed absorption maxima about 365 nm, which is consistent with previous results using Coccinia abyssinica [41], Cratoxylum formosum [6], and Coriandrum sativum [42,43], but differs from ZnO bulk, which occurs at around 373 nm [44,45]. Notably, ZnO NPs typically have a band gap of 3.37 eV [46], and thus synthesized ZnO-Gm and ZnO-Ec are narrow-band-gap ZnO NPs with 2.79 eV and 2.88 eV, respectively. This narrow band gap is likely due to the organic molecules of the extracts attached on the surface of ZnO NPs [47]. According to prior research, the plant species, concentration of extract, precursor concentration, duration of synthesis, pH condition, and calcination temperature are six key characteristics that can influence ZnO NPs morphology (see review [48]). Despite using distinct types of plant crude extracts, this study generated green ZnO NPs in spherical shapes with slightly different sizes from mangosteen peel extract and water hyacinth extract.



According to antibacterial activity assays, this study provided additional knowledge indicating that the green synthesized ZnO NPs from mangosteen peel and water hyacinth extracts effectively inhibited various plant pathogenic bacteria including Xanthomonas oryzae pv. oryzae (rice bacterial blight pathogen), Xanthomonas axonopodis pv. citri (citrus canker disease), and Ralstonia solanacearum (bacterial wilt disease). In comparison to previous studies, the IC50 of the generated ZnO NPs (1.80–3.97 mg/mL) demonstrated more potent suppression against X. oryzae pv. oryzae than the IC50 of methanol extracts of Piper sarmentosum fruit and leaves (8.41 mg/mL and 24.69 mg/mL, respectively) [49], but the IC50 of the produced ZnO NPs against X. oryzae pv. oryzae were less strong than IC50 of melittin (about 9–10 µM) [50] and IC50 of resveratrol (11.67 ± 0.58 µg/mL) [51]. The synthesized ZnO NPs, on the other hand, displayed lower IC50 against X. axonopodis pv. citri and R. solanacearum than streptomycin sulfate (6.94 µg/mL and 7.63 µg/mL, respectively) [52]. Our antibacterial activity assay was carried out in the dark inside an incubator, and thus there were no photocatalytic effects, which could lead to poorer bacterial growth suppression. We are currently evaluating the antibacterial properties of synthesized ZnO NPs against plant pathogens on crop fields to prove this hypothesis. Interestingly, despite their similar form and size, ZnO-Gm had more potent antibacterial activity than ZnO-Ec. We hypothesized that it was because ZnO-Gm presents more higher functional groups of phytochemicals on its surface than ZnO-Ec based on the FTIR and energy band gap analyses. Previous research has also proposed that the addition of phytochemicals on the surface of ZnO NPs could improve their anticancer efficacy [6]. Furthermore, Kalachyova et al. (2017) demonstrated that the bonded chemical functional groups were important for the light-induced antibacterial activities of surface-modified gold multibranched nanoparticles [53].



In contrast to chemotherapeutic drugs, ZnO NPs have been found to exhibit low toxicity, biodegradability, and therapeutic effects with a high degree of cancer selectivity [54,55]. This study showed that low doses of ZnO-Gm and ZnO-Ec (<80 µg/mL) significantly reduced cell viability by more than 50% inhibition against epidermoid carcinoma cells (A431) and very early-stage cells in skin tumorigenesis (HaCaT) without causing cytotoxicity in normal cells. Likewise, the green synthesis of ZnO NPs from rhizomes of Alpinia calcarata also inhibited the growth of A431 [56]. Furthermore, green ZnO NPs from a Cratoxylum formosum leaf extract were previously shown to drastically inhibit A431 by upregulating transcripts involved in the inflammatory response and downregulating transcripts that promote cell proliferation [6]. Even though ZnO NPs have shown significant promise in the treatment of skin cancer, further research and the in-depth understanding of cellular and molecular pathways, as well as clinical studies, will be required in the future for the development of cancer therapies.




5. Conclusions


This study highlighted the green synthesis of ZnO NPs from mangosteen peel extract (ZnO-Gm) and water hyacinth extract (ZnO-Ec). The spherical forms of ZnO-Gm (dimensions of 154.41 × 172.89 nm) and ZnO-Ec (dimensions of 142.16 × 160.30 nm) were obtained without the presence of additional crystalline impurities. The energy band gaps of ZnO-Gm were 2.79 eV, whereas for ZnO-Ec, they were 2.88 eV. Both synthesized ZnO NPs showed a specific absorbance peak around 365 nm, and their surfaces had bioactive functional groups from the extracts. The green-synthesized ZnO NPs significantly inhibited the growth of pathogenic plant bacteria including Xanthomonas oryzae pv. oryzae, Xanthomonas axonopodis pv. citri, and Ralstonia solanacearum. Moreover, they possessed potent anti-skin-cancer activity in vitro.
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Figure 1. Schematic illustration of green synthesis using mangosteen peels and water hyacinth. 
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Figure 2. XRD analysis of synthesized ZnO particles prepared by mangosteen (G. mangostana) peel extract, ZnO-Gm; and whole water hyacinth (E. crassipes), ZnO-Ec. 
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Figure 3. UV-Vis spectra and energy band gap of green synthesized ZnO samples. ZnO-Gm nanoparticles produced from mangosteen peel crude extract whereas ZnO-Ec samples generated from water hyacinth crude extract. 
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Figure 4. SEM images of synthesized ZnO NPs. (A) ZnO-Gm (mangosteen peel extract) and (B) ZnO-Ec (water hyacinth). 
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Figure 5. FTIR analysis of green synthesized ZnO NPs. (A) ZnO-Gm generated from mangosteen peel extract; (B) ZnO-Ec produced from water hyacinth extract. 
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Figure 6. Synthesized ZnO NPs possessed antibacterial activity (A) Viability (%) of Xanthomonas oryzae pv. oryzae (rice bacterial blight pathogen), (B) Viability (%) of Xanthomonas axonopodis pv. citri (citrus canker disease), (C) Viability (%) of Ralstonia solanacearum (bacterial wilt disease), (D) IC50 values of ZnO-Gm and ZnO-Gc against tested bacteria in the study. The data are represented in quadruplicate of mean ± SD from at least three independent experiments. 
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Figure 7. Cytotoxicity effects of ZnO-Gm and mangosteen extract in vitro. (A) HaCaT, (B) A431, and (C) Vero. ND stands for not determined. IC50 values were shown as indicated. The data are represented in quadruplicate of mean ± SD from three independent experiments. The significant differences between the samples were shown as * p < 0.05, ** p < 0.01 (by ANOVA, Tukey’s test). 
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Figure 8. Cytotoxicity effects of ZnO-Ec and water hyacinth crude extract in vitro. (A) HaCaT, (B) A431, and (C) Vero. ND stands for not determined. IC50 values were shown as indicated. The results are presented as mean ± SD of quadruplicate data from three independent experiments. * p < 0.05, ** p < 0.01 (using ANOVA, Tukey’s test) were used to indicate significant differences between the samples. 
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Table 1. The lattice parameters and crystalline sizes for synthesized ZnO NPs determined from XRD data after Rietveld refinement.
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	ZnO NPs
	a (Å)
	c (Å)
	Crystalline Size (Å)





	ZnO-Gm
	3.2536
	5.2155
	290.42



	ZnO-Ec
	3.2545
	5.2126
	318.99
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