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Abstract

:

The high incidence of fungal resistance to antifungal drugs represents a global concern, contributing to high levels of morbidity and mortality, especially among immunocompromised patients. Moreover, conventional antifungal medications have poor therapeutic outcomes, as well as possible toxicities resulting from long-term administration. Accordingly, the aim of the present study was to investigate the antifungal effectiveness of biogenic zinc oxide nanoparticles (ZnO NPs) against multidrug-resistant candidal strains. Biogenic ZnO NPs were characterized using physicochemical methods, such as UV-vis spectroscopy, transmission electron microscopy (TEM), energy-dispersive X ray (EDX) spectroscopy, FTIR (Fourier transform infrared) spectroscopy and X-ray powder diffraction (XRD) analysis. UV spectral analysis revealed the formation of two absorption peaks at 367 and 506 nm, which preliminarily indicated the successful synthesis of ZnO NPs, whereas TEM analysis showed that ZnO NPs exhibited an average particle size of 22.84 nm. The EDX spectrum confirmed the successful synthesis of ZnO nanoparticles free of impurities. The FTIR spectrum of the biosynthesized ZnO NPs showed different absorption peaks at 3427.99, 1707.86, 1621.50, 1424.16, 1325.22, 1224.67, 1178.22, 1067.69, 861.22, 752.97 and 574.11 cm−1, corresponding to various functional groups. The average zeta potential value of the ZnO NPs was −7.45 mV. XRD analysis revealed the presence of six diffraction peaks at 2θ = 31.94, 34.66, 36.42, 56.42, 69.54 and 76.94°. The biogenic ZnO NPs (100 µg/disk) exhibited potent antifungal activity against C. albicans, C. glabrata and C. tropicalis strains, with suppressive zone diameters of 24.18 ± 0.32, 20.17 ± 0.56 and 26.35 ± 0.16 mm, respectively. The minimal inhibitory concentration (MIC) of ZnO NPs against C. tropicalis strain was found to be 10 μg/mL, whereas the minimal fungicidal concentration (MFC) was found to be 20 μg/mL. Moreover, ZnO NPs revealed a potential synergistic efficiency with fluconazole, nystatin and clotrimazole antifungal drugs against C. albicans strain, whereas terbinafine, nystatin and itraconazole antifungal drugs showed a potential synergism with ZnO NPs against C. glabrata as a multidrug-resistant strain. In conclusion, pomegranate peel extract mediated green synthesis of ZnO NPs with potential physicochemical features and antimicrobial activity. The biosynthesized ZnO NPs could be utilized for formulation of novel drug combinations to boost the antifungal efficiency of commonly used antifungal agents.
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1. Introduction


The high incidence of candidal infections results in increased morbidity and death in the human population, especially among severely immunocompromised individuals and those who have spent a lengthy amount of time in hospitals, causing serious nosocomial infections [1]. These infections range from superficial infections that are easily treated to invasive, life-threatening infections that. Overuse of broad-spectrum antibiotics has exacerbated the situation by resulting in the growth of less sensitive Candida strains, particularly non-albicans strains [2]. Despite significant advances in diagnostic and therapeutic techniques, these infections remain a serious problem in intensive care units around the world [3]. Candida albicans is the most prevalent candidal pathogen causing bloodstream infections [4]. Moreover, C. albicans is a highly adaptable microbe that can acquire resistance to antifungals after extended exposure [5]. Candida glabrata is considered the second etiological agent of invasive and mucosal candidiasis, and it was reported as a multidrug-resistant candidal strain [6].



Nanotechnology is a rapidly developing field that deals with the synthesis and characterization of novel nanoscale materials with diameters in the range of 1–100 nm, which have been used in various applications, including biomedical science, health care, food and feed, chemical industries, cosmetics, drug and gene delivery, energy science and electronics [7].



There are several types of nanoparticles, including inorganic, organic and carbon-based nanomaterials [8]. Inorganic nanoparticles include metal and metal-oxide-based nanomaterials that can be synthesized using constructive or destructive methods [9]. The most common metals used in the synthesis of nanomaterials are iron (Fe), zinc (Zn), silver (Ag), aluminum (Al), cadmium (Cd), copper (Cu), cobalt (Co), gold (Au) and lead (Pb) [10]. Metal oxide nanoparticles are used to improve the characteristics of metal nanomaterials. The fundamental goal of metal oxide nanoparticle development is to enhance the reactivity and efficacy of nanoparticles [11]. In this regard, iron oxide (Fe2O3), zinc oxide (ZnO), aluminum oxide (Al2O3), cerium oxide (CeO2), magnetite (Fe3O4), silicon dioxide (SiO2) and titanium oxide (TiO2) are the most commonly fabricated metal oxides [12]. Zinc oxide nanoparticles have recently attracted considerable attention due to their potential use in a wide range of applications, including environmental cleanup, antioxidant activity, biosensors, targeted drug delivery, and agronomic and medicinal applications [13,14,15]. Microwave-aided synthesis, ultrasonic-assisted synthesis and biological synthesis methods have all been reported as potential ecofriendly techniques for ZnONP synthesis [16]. The use of biological approaches, such as the use of plant extracts or microbes for green production of ZnONPs, has been found to have various advantages over chemical synthesis methods [17]. Green techniques for ZnONP synthesis have several advantages over chemical procedures, including lower toxicity of nanoparticles generated using green methods compared to those synthesized utilizing physicochemical methods [18]. Surface modification of the biosynthesized zinc oxide nanoparticles by the biomolecules utilized in the synthesis process is another advantage of green techniques, acting as a capping and stabilizing agent of the nanomaterials, making them more appropriate and biocompatible in living systems [19]. The main advantages of green synthesis approaches utilizing plant extracts are feasibility, cost effectiveness, ecofriendliness, safety, biocompatibility, high productivity and the considerable variety of ZnO-NPs morphologies depending on the plant extract used, as well as the use of widely available plants for their synthesis [20]. The presence of high amounts of phytochemical compounds in plant extracts has been linked to their potential efficacy in the synthesis of ZnO NPs [21]. Different phytochemical compounds, such as tannins, terpenoids, phenolic compounds, methylxanthines, saponins and alkaloids, were reported as excellent zinc precursor reducers [22]. A mechanistic pathway was reported in several previous studies based on the phytochemical components of the utilized plant extract for the successful syntheis of ZnO NPs [23,24]. These studies demonstrated that plant extracts reduce zinc (II) ions to metallic zinc rather than forming a co-ordinated complex. In [25], after the zinc precursor was completely reduced, a reaction occurred between metallic zinc and dissolved oxygen in the solution, resulting in the production of ZnO nanoparticles. Several previous studies reported the remarkable antimycotic and antibacterial activity of green-synthesized ZnO nanoparticles against different microbial pathogens [26,27,28,29,30]. In this context, aqueous stem extract of Rutagraveolen mediated green synthesis of zinc oxide nanoparticles with potential antioxidant and antimicrobial activities [31]. Furthermore, Passiflora caerulea fresh leaf extract facilitated green synthesis of ZnO nanoparticles with remarkable antimicrobial bioactivity against pathogenic microbes causing urinary tract infection [32].



Punica granatum L. (pomegranate) fruit belongs to the Punicaceae family and is eminent based on its phytochemical constituents of phenolic acids, tannins and flavonoids, which have significant nutritional properties [33]. Pomegranate-pericarp aqueous extract functionalized green synthesis of ZnO nanoparticles with potential antibacterial potency against Bacillus licheniformis, Bacillus cereus and Escherichia coli strains [34]. Furthermore, the antibacterial effectiveness of ZnO NPs synthesized using pomegranate extracts was reported against several bacterial pathogens, such as Klebsiella pneumoniae, Staphylococcus aureus, Salmonella typhi, Bacillus cereus, Pseudomonas aeruginosa, Streptococcus pneumoniae and Aeromonas hydrophila [35]. In addition, pomegranate peel and coffee ground aqueous extracts are potential reducing agents for green synthesis of ZnONPs, with remarkable antibaterial potency against P. aeruginosa, S. aureus, K. pneumoniae and Enterobacter aerogenes strains [36]. Due to the high prevalence of candidal resistance to routinely used antifungal medicines, new antifungal combinations are needed for effective antifungal therapy and to boost the antifungal activity of common antifungal drugs. Previous reports of ZnO NPs synthesis using Punica granatum aqueous extracts focused on the antibacterial efficiency of these nanomaterials against bacteria; pathogens, but no reports have considered their anticandidal efficacy. Furthermore, few studies have investigated the synergistic action of biosynthesized ZnO nanoparticles with routinely used antifungal drugs against multidrug-resistant strains, such as Candida glabrata pathogen. Accordingly, the aim of the present study was to investigate the biosynthesis of ZnO nanoparticles using Punica granatum aqueous peel extract, characterize these nanomaterials using various physicochemical techniques and evaluate their antifungal effectiveness against multidrug-resistant fungal pathogens. The synergistic antifungal efficiency of these nanomaterials in combination with standard antifungal agents, such as fluconazole, itraconazole, clotrimazole, terbinafine and nystatin, was also investigated.




2. Materials and Methods


2.1. Preparation of Pomegranate Peel Extract


Pomegranate fruits were purchased from a local market in Riyadh, Saudi Arabia. The pomegranate peels were rinsed twice with tap water before being washed with distilled water. After complete drying, the pomegranate peels were pulverized into a homogeneous powder using a mechanical mortar. Fifty grams of the powdered plant materials was submerged in 500 mL flasks containing 200 mL of deionized water and heated over a hot plate for at 50 °C for 30 min. The flasks were then incubated at 25 °C for 24 h under magnetic stirring; then, the extracts were filtered using Whatman grade 1 filter paper. The plant extracts were stored in a refrigerator at 4 °C for further use [37].




2.2. Synthesis of Zinc Oxide Nanoparticles


Zinc nitrate hexahydrate (Zn (NO3)2 .6H2O) of reagent grade (98%) was purchased from Sigma-Aldrich, Poole, Dorset, U.K. A total of 0.01 M zinc nitrate hexahydrate (Zn (NO3)2 .6H2O) solution was used for green synthesis of zinc oxide nanoparticles using the prepared aqueous pomegranate peel extract. Briefly, 5 mL of plant extract was added to 95 mL of zinc nitrate solution (0.01 M) in 250 mL flasks. The flasks were incubated over a magnetic stirrer (150 rpm) at 70 °C for 1 h. Change of color and formation of bioreduced precipitates indicated the formation of zinc oxide nanoparticles. The reduced precipitates were collected by centrifugation at 10,000rpm for 10 min. After centrifugation, supernatants were discarded, and the formed precipitates were washed thrice with distilled water to remove impurities [38,39].




2.3. UV-Vis Spectroscopy


The biogenic ZnO NPs were initially dispersed in distilled H2O, and then the optical diffuse reflectance was measured in a wavelength range of 200–800 nm using a UV–VIS-NIR spectrophotometer (UV-1601, Shimadzu, Kyoto, Japan).




2.4. Transmission Electron Microscopy (TEM) Analysis


The biogenic ZnO NPs were rinsed three times with deionized water. Before testing, the samples were placed on a carbon-coated copper grid, detached and finally dried before examination. The examination was conducted using a transmission electron microscope (JEOL, JEM1011, Tokyo, Japan) at the Electron Microscope Unit of the College of Science at King Saud University. TEM was used to investigate the morphological features through generation of high-resolution two-dimensional images at a voltage of 100 kV. A particle size distribution histogram was plotted to detect the average particle size of the biosynthesized ZnO NPs.




2.5. Energy-Dispersive X-ray (EDX) Analysis


Elemental mapping of the biosynthesized ZnO NPs was performed using a scanning electron microscope (SEM) equipped with an energy-dispersive X-ray (EDX) analyzer (JEOL, JSM-6380 LA, Tokyo, Japan).




2.6. FTIR (Fourier Transform Infrared) Analysis


Fourier transform infrared spectroscopy (Shimadzu, Kyoto, IR Affinity 1, Japan) was used for determination of the functional groups of the synthesized ZnO nanoparticles. Depending on the infrared absorption frequency, the functional groups bound to the nanoparticle surface were detected in the range of 400–4000 cm−1. The samples were prepared by dispersing the zinc oxide nanomaterials in a dry KBr matrix and compacting the disc to form a transparent sample. A KBr pellet was used as control, [40].




2.7. X-ray Powder Diffraction (XRD) Analysis


A Shimadzu XRD model 6000 diffractometer (Shimadzu, Columbia, MD, USA) equipped with a graphite monochromator was used to analyze X-ray powder diffraction (XRD) patterns with Cu-K radiation. The XRD pattern was measured on a film of biosynthesized ZnO NPs using step-scanning software with a resolution of 0.02 per step and an acquisition time of 5 s per step at 2 theta. The crystalline phases were identified according to ICDD (International Center for Diffraction Data) standards.




2.8. Screening of Antifungal Activity of the Biosynthesized ZnO Nanomaterials


Three candidal strains, namely, C. albicans (ATCC 29213), C. tropicalis (ATCC 33592) and C. glabrata (ATCC 25922), were assayed for their susceptibility to the biosynthesized ZnO NPs. The antifungal efficiency of the biosynthesized ZnO NPs was screened using a standard disk diffusion method against the concerned candidal pathogens [41]. The candidal suspension was prepared using 0.9% NaCl solution, and the microbial turbidity was adjusted using 0.5 McFarland standard. Mueller–Hinton agar (MHA) medium supplemented with 0.5 µg/mL methylene blue and 2% glucose was prepared and poured into sterile Petri dishes. Finally, the prepared microbial suspension was streaked over the poured MHA plates using sterile swabs. The dried ZnO nanoparticles were suspended in methanol solvent; then, sterile filter paper disks (8 mm in diameter) were impregnated with the dissolved ZnO nanomaterials to attain final concentrations of 50 and 100 µg/disk. Terbinafine disks (30 µg/disk) as standard antifungal agents were used as positive controls, whereas negative controls were filter paper disks impregnated with methanol solvent only. The suppressive zones were measured using a vernier caliper after the plates were incubated at 35 °C for 24 h. Minimum inhibitory concentration (MIC) was determined using a broth microdilution assay, as recommended in CLSI document M27-Ed4, to detect the lowest concentration of ZnO NPs exhibiting anticandidal efficiency [42]. The minimum fungicidal concentration (MFC) was determined by streaking inoculums from MIC wells into freshly prepared MHA plates and checking for fungal growth. The lowest concentration of ZnO NPs resulted in no bacterial growth and was registered as MFC [43].




2.9. Detection of Synergistic Activity of the Biosynthesized ZnO NPs with Antifungal Drugs


The synergistic efficiency of the biogenic ZnO NPs in combination with commonly used antifungal agents against the tested fungal pathogens was detected using the standard disk diffusion method [41,44,45,46]. Sterile filter paper disks were impregnated with 10 µg, 25 µg, 20 µg, 30 µg and 10 µg of itraconazole, fluconazole, nystatin, terbinafine and clotrimazole as standard antifungal agents, respectively, whereas another group of filter paper disks was loaded with the same concentrations of antifungal drugs plus the MIC of the biogenic ZnONPs. In addition, filter paper disks impregnated with methanol solvent only were used as negative controls. Finally, filter paper disks loaded with ZnO NPs (10 µg/disk) were prepared to compare the anticandidal effectiveness with that of other groups. Seeded MHA plates were prepared as mentioned above, and the loaded filter paper disks were placed over the seeded plates. The plates were incubated at 25 °C for 24 h after being preserved for 2 h in a refrigerator to allow for ZnO NPs diffusion. Finally, the plates were checked for the formation of inhibition zones, and the zone diameters were measured using a vernier caliper. Synergistic efficiency was determined by the equation     B − A  A   × 100, where A and B are the inhibition zone diameters for antifungal and antifungal + ZnO NPs, respectively [47].




2.10. Statistical Analysis


The anticandidal activity data of the biogenic ZnO NPs were statistically analyzed using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) with one-way analysis of variance and Tukey’s test. The data are presented as mean of triplicates ± standard error. A particle size distribution histogram and XRD pattern were plotted using OriginPro 2018.





3. Results and Discussion


3.1. Synthesis of Zinc Oxide Nanoparticles


Figure 1A depicts Punica granatum aqueous peel extract, whereas Figure 1B depicts the colorless zinc nitrate solution. Synthesis of ZnO NPs was preliminarily confirmed by visual observation of dark-yellow precipitate, as seen in Figure 1C. Pomegranate peel extract was previously reported to be rich in phytochemical components, which act as reducing and stabilizing agents for the successful synthesis of zinc oxide nanoparticles [12]. In this regard, the main phytochemical ingredients of pomegranate peel extract were found to be punicalagin, gallic acid, ellagic acid, caffeic acid, cinnamic acid, p-coumaric acid and chlorogenic acid, as demonstrated in previous reports [17,48]. The mechanism of zinc oxide nanoparticle formation was reported in a prior study, where it was shown that the phytochemical compounds denoted their electrons and contributed to the stabilization of positively charged Zn2+ ions; then, thermal annealing was performed for the conversion of Zn2+ complex ions to ZnO nanoparticles [49].




3.2. UV-Vis Spectral Analysis


UV-vis spectra of the synthesized zinc oxide nanoparticles indicated the presence of two distinctive adsorption peaks at 367 and 506 nm. The biosynthesis of ZnO nanoparticles using a green synthesis approach was demonstrated by the characteristic peaks identified at 367 and 506 nm, which indicated the surface plasmon resonance of the biogenic ZnO NPs (Figure 2). Our findings are consistent with those of a previous study, which showed the formation of ZnO nanoparticles at wavelengths of 366 and 509 nm [50]. Another study reported that surface plasmon vibrations of biogenic ZnO nanoparticles synthesized using aqueous Punica granatum leaf extract caused an absorbance peak at 382 nm, demonstrating the reduction of zinc nitrate hexahydrate into ZnO NPs [51]. The band gap energy of the synthesized ZnO nanoparticles was estimated using Tauc’s plot method [52] and estimated to be 3.4 eV, as seen in Figure 3 [53]. Our findings are in accordance with those of Ramesh et al. (2015), who reported that the indirect band gap energy of biogenic ZnO synthesized using Solanum nigrum leaf extract was 3.4 eV [54]. The optical band gap energy of the formulated ZnO NPs in another previous study was estimated using the Tauc plot method, obtaining a value of 3.39 eV [55]. Tauc plots indicated that the band gap energy of zinc oxide nanoparticles (ZnO NPs) and nanosheets (ZnO NSs) were 3.42 eV and 3.23 eV, respectively [56]. Another study confirmed the green sonochemical synthesis of ZnO nanoparticles with a band gap energy of 3.4 eV, which was estimated using the Tauc plot method [57].




3.3. Transmission Electron Microscope (TEM) Analysis


Transmission electron microscope (TEM) analysis was performed to determine the morphology and size of the biosynthesized ZnO nanoparticles [37]. TEM micrographs indicated the formation of ZnO nanoparticles ranging in size from 10 to 50 nm, with varied shapes, such as spheres, quasi-spheres, triangles and hexagons, as seen in Figure 4. The particles size distribution indicated that the average particle size diameter of the synthesized ZnO nanoparticles was 22.84 ± 1.12 nm (Figure 5). Our results are in agreement with those of Sukri et al. (2019), who confirmed the green synthesis of ZnO nanoparticles utilizing pomegranate peel extracts with spherical and hexagonal shapes with an average particle size diameter of 32.98 nm [49]. Moreover, TEM micrographs showed the core-shell structure of the biosynthesized ZnO nanoparticles, owing to the immobilization of the biomolecules of pomegranate peel extract on the nanoparticle surface during the synthesis process [58].




3.4. EDX Analysis


Energy-dispersive X-ray (EDX) analysis was performed for the elemental mapping of the green biosynthesized ZnO nanoparticles. The analysis revealed the presence of oxygen and zinc, with corresponding mass percentages of 7.44 and 30.40%, respectively (Figure 6), confirming the formation of zinc oxide nanoparticles. The carbon peak can be attributed to carbon tape used during measurement, as well as the carbon adsorbed on the surface during sample exposure to the ambient atmosphere [59]. The EDX spectrum confirmed the successful synthesis of ZnO nanoparticles free of impurities. The spectrum also revealed the presence of strong peaks at 0.5, 1.1, 8.6 and 9.5 keV, which were assigned to O Kα, Zn Lα, Zn Kα and Zn Kβ, respectively; our findings are in agreement with those reported in a prior study [60].




3.5. Fourier Transform Infrared Spectroscopy (FTIR) Analysis


FTIR analysis was carried out to detect different functional groups contributing to reduction, capping and stabilization of the biosynthesized ZnO nanoparticles [39]. Different absorption peaks of the biosynthesized ZnO NPs were detected at 3427.99, 1707.86, 1621.50, 1424.16, 1325.22, 1224.67, 1178.22, 1067.69, 861.22, 752.97 and 574.11 cm−1, as seen in Figure 7. The broad absorption band at 3427.99 cm−1 assigned to O-H stretching of free hydroxyl groups could be assigned to the polyphenolic compounds of pomegranate peel extract [35]. Morinda Citrifolia leaf extract mediated green synthesis of selenium nanoparticles, with an absorption band at 3427.99 cm−1 corresponding to the O-H stretching of phenolic compounds of the extract [61]. Another study confirmed the green synthesis of silver nanoparticles utilizing aqueous leaf extract of Aegle marmelos, with the formation of an absorption band at 3339 cm−1 which can be assigned to O-H stretching of phenolic compounds [62]. Furthermore, the absorption peak at 1707.86 cm−1 indicated the C=O stretching of ketones and carboxylic acids, whereas the peak detected at 1621.50 cm−1 revealed the C=C stretching of alkenes. On the other hand, the peaks observed at 1424.16 and 1325.22 cm−1 demonstrated O-H bending of carboxylic acids and phenolic compounds. The two other successive absorption peaks detected at 1224.67 and 1178.22 cm−1 were assigned to C-N stretching of amine functional groups (Table 1). Moreover, the absorption band observed at 1067.69 cm−1 corresponded to C-O stretching of alcohols, whereas the weak absorption band at 861.22 cm−1 was assigned to C-H bending of aromatic compounds. The absorption bands observed at 752.97 and 574.11 cm−1 were assigned to C-Cl and C-Br stretching of alkyl halides, respectively. Overall, the detection of different functional groups within the biogenic ZnO nanoparticles, such as phenols, ketones, carboxylic acids, alkenes, amines, alcohols and aromatic compounds, may have participated in the reduction of Zn2+ and also served as capping and stabilizing agents of the biogenic ZnONPs.




3.6. X-ray Diffraction (XRD) Analysis


X-ray diffraction (XRD) analysis showed the presence of six diffraction peaks with 2θ values of 31.94°, 34.66°, 36.42°, 56.42°, 69.54° and 76.94° (Figure 8) corresponding to crystal planes of (100), (002), (101), (110), (112) and (202), respectively, according to the Joint Committee on Powder Diffraction Studies Standards (JCPDS card numbers 008, 82–1042 and 5–0664) [63,64,65]. In the XRD pattern, the presence of planes (100), (002), (101), (110), (112) and (202) affirmed the formation of a pure wurtzite structure in the ZnO NPs [66]. Similar findings were reported by Ifeanyichukwu et al. (2020) who reported that biogenic ZnO nanoparticles synthesized using pomegranate flower extract revealed seven diffraction peaks at 2θ values of 36.25°, 47.54°, 56.62°, 62.76°, 68.00°, 69.10° and 72.43°, corresponding to lattice planes of (100), (002), (101), (102), (110), (103), (200), (112), (201) and (202), respectively [30]. The narrow and sharp peaks of the XRD pattern affirmed the fine crystalline structure of the biosynthesized zinc oxide nanoparticles [67].




3.7. Zeta Potential Analysis of the Biogenic ZnONPs


Dynamic light scattering (DLS) and zeta potential analysis of the biogenic ZnO NPs were performed to determine the average particle size and charge of the biosynthesized ZnO NPs [68]. The average particle size, as calculated by DLS, was found to be 46.22 nm, which is higher than that detected by TEM analysis, owing to the polydisperse nature of the synthesized nanoparticles, as indicated by the polydispersity index value of 0.611 (Figure 9A). The accumulation of extra hydrate layers on the nanoparticle surface resulted in the detection larger biogenic ZnO nanoparticles than those detected by TEM analysis [69].



Zeta potential analysis was performed to detect the surface charge of biosynthesized ZnO NPs [70]. The average zeta potential value of the biosynthesized ZnO nanoparticles was found to be −7.45 mV (Figure 9B). This result confirmed that the capping biomolecules present on the biosynthesized ZnO NPs were mostly consisted of negatively charged groups [71]. The detected negative charge of the biogenic ZnO NPs revealed the electrostatic repulsion between the synthesized nanoparticles [72].




3.8. Screening of Anticandidal Efficiency of the Biosynthesized ZnO Nanoparticles


A disc diffusion assay was conducted to assess the antifungal efficiency of the biosynthesized ZnO nanoparticles against the concerned candidal strains [73]. The biogenic ZnO nanoparticles exhibited antifungal efficiency at a concentration of 50µg/disc against C. glabrata, C. albicans and C. tropicalis, with inhibitory zone diameters of 18.68 ± 0.37, 21.36 ± 0.19 and 23.12 ± 0.21 mm, respectively (Table 2). Candida tropicalis exhibited the highest susceptibility to the biosynthesized ZnO NPs, whereas C. glabrata revealed the lowest susceptibility, with inhibitory zones of 26.35 ± 0.16 and 20.17 ± 0.56 mm, respectively, at a ZnO NP concentration of 100 µg/disc. The antifungal efficiency of the biogenic ZnO NPs (100 µg/disc) against C. glabrata was twofold higher than that of the control. A prior study demonstrated the antifungal efficacy of biogenic ZnO NPs (1 mg/mL) synthesized using aqueous leaf extract of Girardinia diversifolia against C. albicans with an inhibitory zone diameter of 20.23  ±  0.65 mm [74]. Overall, the antifungal effectiveness of the biogenic ZnO NPs was significantly higher than that reported in a previous study, where the used concentration was 1 mg/mL, which is 20-fold higher than that used in the current study (50 µg/L), with inhibition zone diameters of 20.23 ± 0.65 and 21.36 ± 0.19 mm against C. albicans strain



The minimum inhibitory concentration (MIC) of ZnO NPs was tested against C. tropicalis, which was found to have the highest susceptibility to the biosynthesized nanoparticles. The MIC of the biogenic ZnO NPs against C. tropicalis strain was found to be 10 µg/mL, whereas the minimum fungicidal concentration (MFC) was found to be 20 µg/mL. These findings were significantly higher than those reported in a previous study, which reported that the aqueous extract of the aerial parts of Prosopis farcta mediated green synthesis of ZnO nanoparticles, with MIC and MFC values of 128 and 256 µg/mL, respectively [75]. Taken together, the MIC results affirmed the potent antifungal efficiency of the biogenic ZnO NPs against different candidal strains compared to previous studies.




3.9. Synergistic Antifungal Efficiency of the Biogenic ZnO Nanoparticles with Common Antifungal Agents


The antifungal activity of common antifungal agents, such as fluconazole, itraconazole, clotrimazole, terbinafine and nystatin, against different tested strains was evaluated using the disk diffusion method. Furthermore, the synergistic activity of the biosynthesized ZnO nanomaterials with antifungal agents was investigated.



Candidal infections are commonly treated with such azole antifungal drugs as fluconazole, itraconazole and clotrimazole [76]. The antifungal activity of azoles against Candida strains is mediated by the disruption of lanosterol 14-α-sterol demethylase, which is involved in the biosynthesis of ergosterol [77]. Inhibition of lanosterol 14-α-sterol demethylases results in disruption of candidal growth by disturbing the fungal cell membrane [78].



Antifungal susceptibility testing revealed the resistance of C. glabrata to itraconazole, nystatin and terbinafine antifungal agents, whereas C. albicans exhibited resistance to fluconazole (Figure 10). Similar findings were reported in a prior study, which revealed that isolated clinical strains of C. albicans and C. glabrata were resistant to fluconazole and itraconazole, respectively [79]. Furthermore, Lakshmy et al. (2016) demonstrated fluconazole resistance in 6% of isolated C. albicans strains [80]. In this regard, the candidal resistance to azoles involves the expression of multidrug efflux pumps in the fungal cell wall and alteration of the ERG11 gene encoding for lanosterol 14-α-sterol demethylase [81].



Nystatin is considered one of the most commonly used antifungal drugs, and it is classified as a polyene [82]. The suggested mechanism of antifungal action of nystatin was reported to be the pore-forming action by which nystatin interacts with ergosterol to form ion-leaking pores in the candidal membrane [83]. Both C. glabrata and C. tropicalis demonstrated resistance to nystatin antifungal agent. Esfahani et al. (2019) reported the resistance of C. albicans, C. glabrata, C. kefyr, C. stellatoidea and C. krusei strains to nystatin and fluconazole antifungal agents [84]. The resistance mechanism of Candida sp. to nystatin was assigned to a decreased binding affinity between nystatin and sterols [85].



Terbinafine belongs to the allylamine class of antifungals, and it undergoes fungicidal action through inhibition of squalene epoxidase (Erg1p) in the ergosterol biosynthesis pathway, resulting in increased membrane permeability and initiation of fungal cell death [86]. Only C. glabrata was resistant to terbinafine antifungal, whereas Candida albicans and Candida tropicalis were found to be terbinafine sensitive. Fatahinia et al. (2020) reported that 80% of isolated C. glabrata strains were resistant to terbinafine antifungal drugs [87]. The resistance of candidal strains to terbinafine has been linked to a single missense mutation in the squalene epoxidase gene, resulting in amino acid substitutions [88]. Due to the detected resistance of Candida strains, the synergistic effectiveness of biogenic ZnO nanoparticles was evaluated in order to boost the antifungal efficiency of the tested antifungal medications. In this regard, the synergistic activity of the biosynthesized ZnO nanoparticles at MIC (10 µg/mL), in combination with common antifungal agents against different candidal strains, was evaluated using a disk diffusion method. The biogenic ZnO NPs revealed a potential synergistic efficiency with fluconazole, nystatin and clotrimazole antifungal drugs against C. albicans strains, with relative synergistic percentages of 92.15, 49.64 and 33.29%, respectively. Furthermore, a potential synergistic action was detected between the biogenic ZnO nanoparticles and terbinafine, nystatin and itraconazole antifungal drugs against the multidrug-resistant strain C. glabrata, demonstrating relative synergism percentages of 81.63, 56.40 and 49.95%, respectively (Figure 11). In addition, a significant synergistic antifungal efficiency was detected between ZnO NPs and nystatin, with a relative synergism percentage of 150.38%. Moderate synergistic activities were detected between ZnO NPs and terbinafine against C. albicans, whereas a weak synergistic activity was detected between ZnO NPs and itraconazole against C. tropicalis, with relative synergism percentages of 14.50 and 5.66%, respectively. On the other hand, antagonistic action was detected between the biosynthesized ZnO NPs and both terbinafine and clotrimazole against C. tropicalis (Table 3). Overall, the potential synergistic efficiency of the biogenic ZnO NPs with different antifungal agents against the tested candidal pathogens highlights the potential of utilizing these nanomaterials in formulations of novel antifungal agents against multidrug-resistant candidal pathogens.



The synergistic mode of action between the biogenic ZnO NPs and antifungal drugs, such as nystatin, fluconazole, terbinafine and itraconazole, could be attributed to the fact that antifungal agents and ZnO NPs have different cellular targets, resulting in a boost in antifungal efficiency [89]. Combination therapy aims to reduce toxicity by lowering the standard administrative doses of drugs and boosting the antifungal effectiveness of conventional antifungal drugs [90].



The interactions between the biosynthesized ZnO NPs and antifungal drugs are classified into three main types: synergism, indifferent and antagonism [91]. Synergism occurs when the combined action of both ZnO NPs and antifungal drugs is higher than the action of a single antifungal agent, indicating that both ZnO NPs and the antifungal drug are targeting different cellular components [92]. In this regard, the biosynthesized ZnO NPs revealed synergistic action with terbinafine, nystatin and itraconazole against C. glabrata as a multidrug-resistant fungal pathogen. Furthermore, synergistic antifungal activity was detected between the biosynthesized ZnO NPs and antifungal agents, such as fluconazole, nystatin and clotrimazole against C. albicans strain.



Combined antifungal action is deemed indifferent if there is no discernible difference between the treatments and antagonistic if the effect is smaller than that of a single treatment [93]. On the other hand, the combined action of the biogenic ZnO NPs and itraconazole antifungal drugs against C. tropicalis and C. albicans strains is considered indifferent, whereas synergistic antifungal activity was detected between ZnO NPs and itraconazole against C. glabrata. Antagonistic antifungal action was detected between ZnO NPs and both clotrimazole and terbinafine against C. tropicalis. Collectively, the synergistic antifungal activity between the biogenic ZnO NPs and the tested antifungal agents highlights the potential of bioformulation of novel antifungal combinations to reduce the risk of acquiring antifungal resistance and lowering the toxicity of single-drug therapy [89].



The mechanism of antifungal activity of the biogenic ZnO NPs was reported previously in the literature as entering the fungal cell by diffusion and endocytosis, then interfering with the mitochondria in the cytoplasm, promoting the release of reactive oxygen species and Zn2+ ions [94]. These released Zn2+ ions passed through the fungal membrane and interacted with cellular DNA, causing nuclear damage, such as permanent chromosomal damage, and, finally, induction of cell death [95]. Previous studies reported that the antimicrobial efficiency of ZnO nanoparticles could be assigned to the generation of reactive oxygen species (ROS) [96]. Reactive oxygen species, such as hydrogen peroxide (H2O2), superoxide (O2−) and hydroxyl radical (·OH), prompt oxidative stress damage, resulting in disruption of cellular membranes, cellular proteins, nucleic acids and, finally, the induction of fungal cell death [97].





4. Conclusions


Punica granatum aqueous extract mediated green synthesis of ZnO NPs of potential physicochemical characteristics. The biosynthesized ZnO NPs revealed potential physicochemical characteristics, with an average particle size of 22.84 nm and a band gap energy of 3.4 eV. Furthermore, the biosynthesized ZnO NPs exhibited potent anticandidal efficiency against the tested fungal pathogens. The biosynthesized ZnO nanoparticles exhibited a potential synergistic efficiency with nystatin, terbinafine and itraconazole antifungal drugs against the multidrug-resistant strain C. glabrata. In this regard, the biogenic ZnO NPs synthesized using pomegranate peel extract could be a potential source of effective antifungal combinations against multidrug-resistant strains. Collectively, these findings highlight the potential of utilizing these ZnO nanomaterials in formulations of novel antifungal combinations with commonly used antifungal drugs to boost the antifungal efficiency of these agents and reduce the possible toxicities resulting from single antifungal agent administration.
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Figure 1. Synthesis of zinc oxide nanoparticles utilizing Punica granatum peel extract. (A) pomegranate peel aqueous extract; (B) colorless zinc nitrate hexahydrate solution; (C): dark-yellow precipitate formation indicating synthesis of ZnO NPs. 
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Figure 2. UV-vis spectrum of zinc oxide nanoparticles synthesized using aqueous pomegranate extract (Peak 3: 506 nm; Peak 4: 367 nm). 






Figure 2. UV-vis spectrum of zinc oxide nanoparticles synthesized using aqueous pomegranate extract (Peak 3: 506 nm; Peak 4: 367 nm).



[image: Crystals 12 00774 g002]







[image: Crystals 12 00774 g003 550] 





Figure 3. Band gap energy of the biosynthesized ZnO nanoparticles using the Tauc plot method. 
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Figure 4. TEM micrographs of zinc oxide nanoparticles synthesized using pomegranate peel extract. 
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Figure 5. Particle size distribution of zinc oxide nanoparticles synthesized using aqueous pomegranate extract. 
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Figure 6. EDX analysis and SEM micrograph of the green synthesized zinc oxide nanoparticles. 
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Figure 7. FTIR spectrum of the biogenic ZnO NPs synthesized using pomegranate peel extract. 






Figure 7. FTIR spectrum of the biogenic ZnO NPs synthesized using pomegranate peel extract.



[image: Crystals 12 00774 g007]







[image: Crystals 12 00774 g008 550] 





Figure 8. XRD analysis of zinc oxide nanoparticles synthesized using aqueous pomegranate peel extract. 
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Figure 9. Zeta potential analysis of the biosynthesized ZnO nanoparticles; (A) for Size distribution pattern of the biogenic ZnO NPs; (B) for Zeta potential analysis of the biosynthesized ZnO NPs. 
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Figure 10. Synergistic antifungal efficiency of the biogenic ZnO NPs with common antifungal agents. 
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Figure 11. Synergistic percentages of green synthesized zinc oxide nanoparticles with different antifungal agents. 
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Table 1. Functional groups of the biogenic ZnO NPs synthesized using aqueous extract of pomegranate peel.
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	No.
	Absorption Peak (cm−1)
	Appearance
	Functional Group
	Molecular Motion





	1
	3427.99
	Strong, broad
	Phenols
	O-H stretching



	2
	1707.86
	Medium
	Ketones or carboxylic acids
	C=O stretching



	3
	1621.50
	Medium
	Alkenes
	C=C stretching



	4
	1424.16
	Medium
	Carboxylic acids
	O-H bending



	5
	1325.22
	Medium
	Phenols
	O-H bending



	6
	1224.67
	Medium
	Amines
	C-N stretching



	7
	1178.22
	Medium
	Amines
	C-N stretching



	8
	1067.69
	Medium
	Alcohols
	C-O stretching



	9
	861.22
	Weak
	Aromatic compounds
	C-H bending



	10
	752.97
	Weak
	Halo compounds
	C-Cl stretching



	11
	574.11
	Weak, broad
	Halo compounds
	C-Br stretching
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Table 2. Screening of antifungal efficiency of the biogenic ZnO NPs against the tested strains.
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Concentration (µg/Disk)

	
Inhibition Zone Diameter (mm)




	
C. albicans

	
C. glabrata

	
C. tropicalis






	
ZnO NPs (50 µg/disk)

	
21.36 ± 0.19

	
18.68 ± 0.37

	
23.12 ± 0.21




	
ZnO NPs (100 µg/disk)

	
24.18 ± 0.32

	
20.17 ± 0.56

	
26.35 ± 0.16




	
Terbinafine (30µg/disk)

	
27.98 ± 0.11

	
10.69 ± 0.14

	
33.81 ± 0.28




	
negative control

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00
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Table 3. Antifungal efficiency of the biogenic ZnO NPs compared to different antifungal agents.






Table 3. Antifungal efficiency of the biogenic ZnO NPs compared to different antifungal agents.





	
Concentrations (µg/Disk)

	
Inhibition Zone Diameter (mm)

	




	
Candida albicans

	
Candida glabrata

	
Candida tropicalis

	
S

	
I

	
R






	
CLO (10 µg)

	
16.34 ± 0.26 (I)

	
25.45 ± 0.34 (S)

	
32.45 ± 0.27 (S)

	
≥ 20

	
12–19

	
<11




	
CLO (10 µg) + ZnO NPs (10 µg)

	
21.78 ± 0.17

	
25.78 ± 0.13

	
31.56 ± 0.18

	




	
FLU (25 µg)

	
8.79 ± 0.12 (R)

	
24.34 ± 0.13 (S)

	
30.12 ± 0.25 (S)

	
≥ 22

	
15–21

	
<14




	
FLU (25 µg) + ZnO NPs (10 µg)

	
16.89 ± 0.29

	
24.57 ± 0.24

	
34.45 ± 0.31

	




	
ITZ (10 µg)

	
20.78 ± 0.42 (I)

	
12.23 ± 0.41 (R)

	
24.32 ± 0.14 (S)

	
≥ 23

	
14–22

	
<13




	
ITZ (10 µg) + ZnO NPs (10 µg)

	
21.43 ± 019

	
18.34 ± 0.17

	
25.78 ± 0.19

	




	
NST (25 µg)

	
15.67 ± 0.23 (S)

	
9.45 ± 0.24 (R)

	
9.01 ± 0.34 (R)

	
≥ 15

	
10–19

	
<10




	
NST (25 µg) + ZnO NPs (10 µg)

	
23.45 ± 0.11

	
14.78 ± 0.16

	
22.56 ± 0.67

	




	
TER (30 µg)

	
28.34 ± 0.31 (S)

	
10.89 ± 0.16 (R)

	
37.89 ± 0.36 (S)

	
≥ 20

	
12–19

	
<11




	
TER (30 µg) + ZnO NPs (10 µg)

	
32.45 ± 0.42

	
19.78 ± 0.12

	
37.12 ± 0.56
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