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Abstract

:

Zinc oxide nanoparticles (ZnO NPs) are widely used in biomedical applications due to their antimicrobial and antioxidant properties. The objective of the present study was to determine the antifungal activity of ZnO NPs against the yeast Saccharomyces cerevisiae. The turbidity test results showed a significant (p < 0.05) dose-dependent growth inhibitory effect of ZnO NPs on S. cerevisiae as the growth inhibition increased from 7.04 ± 0.64 to 70.30 ± 3.19% as the concentration of ZnO NPs increased from 5 to 150 μg/mL. The scanning microscopy images evidenced the morphological alterations such as regional invagination, pitting, cracks, wrinkles, and cell wall rupture in the yeast cells treated with ZnO NPs. In addition, the FTIR spectrum revealed the possible involvement of hydroxyl, alkene, amides, carbonyl, and phosphate groups from polysaccharides, polypeptides, phospholipids, and ergosterol of the yeast cells wall for binding of ZnO NPs on the cell surface. The present study has demonstrated the antifungal activity of ZnO NPs on S. cerevisiae through growth inhibition and the morphological damages resulting from the treatment of ZnO NPs.
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1. Introduction


Contagious diseases caused by fungi pose serious health threat to humans, and the incidence of fungal infections have been rising, despite the substantial progress achieved in the treatment and management of fungal infections [1]. Invasive fungal infections bring significant burden to healthcare systems with high morbidity and mortality rates, especially among immunocompromised patients, such as patients with Acquired Immune Deficiency Syndrome (AIDS), organ transplantation, or cancer patients with chemotherapy. The currently available major antifungal agents have limitations in terms of clinical efficacy and efficiency, resistance mechanisms, and toxicity of the compounds due to the similarities between the fungi and human cells. Hence, it is of utmost importance to explore an alternative agent which not only fights against fungal infections but also prevents drug resistance [2,3,4].



Nanoscience and technology have played a vital role in the development of multiple fields ranging from engineering to biomedicine. Specifically, nanomaterials have been broadly applied in numerous industries due to their unique size- and shape-dependent physical, chemical, and biological properties [5,6,7,8]. Moreover, numerous metallic nanoparticles are widely believed to have antimicrobial properties against bacteria and fungi and also now used as surface coating materials in many medical devices to control the spread of infectious agents [9,10,11]. The usage of inorganic nanomaterials has attracted a considerable interest, owing primarily to their consistent antimicrobial activity on pathogenic microorganisms, which has been demonstrated to be effective even at low concentrations [12,13]. It is an emerging strategy to utilize the evolving nanoparticles as a base for successful treatment of infectious diseases by overcoming the antimicrobial resistance. Metal oxide nanoparticles, such as zinc oxide, silver, and titanium nanoparticles, have been proven to have microbicidal properties through the excess production of reactive oxygen species and damaging the microbial membrane, making them favorable to be used as an efficient antimicrobial agent [14,15].



Recent reports indicate that zinc oxide nanoparticles (ZnO NPs) are considered as a next-generation nano-antimicrobial agent against human pathogenic multi-drug-resistant bacteria and fungi [16]. Much more focus and work are required urgently for the novel approaches to identify effective new antimicrobial agents, both selective and broad spectrum, to sustainably combat antimicrobial resistance [17,18]. ZnO NPs have been studied and utilized in several biomedical applications, such as anti-aging, bio-imaging, drug delivery, and antimicrobial agent, to treat various skin infections [19,20,21]. According to previous research, ZnO NPs have significant antifungal activities against Botrytis cinerea and Penicillium expansum, and the inhibitory effects increased as ZnO NPs concentrations increased [22]. These nanoparticles also have a large surface area to volume proportion and show unique physicochemical properties, such as porosity, crystallinity, particle size, and morphology, which are highly accounted for the biomedical applications. In addition, the scientific toxicity studies indicate that the ZnO NP is a preferable option as an antimicrobial agent because it has low toxicity and is compatible with humans while toxic to microorganisms [23].



Fungal infections have emerged as a significant health issue associated to an increasing number of people who have immune system deficiencies. Saccharomyces cerevisiae is a unicellular fungus, which is related with infections ranging from vaginitis in healthy patients and cutaneous infections, to systemic bloodstream infections and infections of essential organs, such as lungs, esophagus, peritoneum, urinary tract, etc., in immunocompromised and critically ill patients. However, much less effort has been made to investigate the response of S. cerevisiae to antifungal treatment. Remarkably, the genetic tractability of S. cerevisiae has made it a model organism for the study of fundamental issues in fungal biology [24,25]. Hence, in this work, we investigated the effect of ZnO NPs on the growth and surface morphology of S. cerevisiae. The findings of the study might be helpful to incorporate and utilize ZnO NPs as an antifungal agent in treating the infections caused by S. cerevisiae.




2. Materials and Methods


2.1. Characterization of ZnO NPs


Chemically synthesized ZnO nanopowder (particle size < 100 nm) was acquired from Sigma-Aldrich. The surface morphology and average particle size were identified using Scanning Electron Microscope with Energy Dispersive X-ray (SEM-EDX) (JSM-6701F, JOEL, Tokyo, Japan) with a working distance of 4.7 mm and an acceleration voltage of 4 kV. The elemental composition of the ZnO nanopowder was confirmed by EDX spectrum. The X-ray diffractometer (XRD) (Lab X, SHIMADZU, XRD-6000, Tokyo, Japan), operated at an angle of 2θ with 40 V and 30 mA current, was applied to confirm the crystalline nature and crystalline size of the nanomaterial. Further, Fourier transform infrared (FTIR) spectroscopy (Perkin-Elmer Spectrum RX1, Waltham, MA, USA) was performed to confirm the chemical composition of ZnO NPs.




2.2. Preparation of ZnO NPs Suspension


The stock solution of ZnO NPs (300 μg/mL) was prepared in Sabouraud Dextrose Broth (SDB) and ultra-sonicated for 30 min at 37 kHz to obtain an even and homogenous solution. The stock was later diluted with SDB to get the various working concentrations.




2.3. Exposure of Yeast to ZnO NPs


The stock culture of S. cerevisiae (ATCC 9763) was obtained from the Faculty of Science, Universiti Tunku Abdul Rahman, and then sub cultured to the mid-log phase in SDB broth. The yeast suspension with OD of 0.1 at 600 nm during its mid-log phase at 5 h of sub-culture was exposed to different concentrations of ZnO NPs (5, 10, 25, 50, 100, and 150 μg/mL) and incubated for 24 h at room temperature. The yeast culture added with amphotericin B (50 µg/mL) acted as the positive control, while the yeast culture without ZnO NPs was the negative control.




2.4. Growth Inhibition Test


The turbidity method was used to ascertain the fungi-static reaction of ZnO NPs. The turbidity of yeast suspensions exposed with the six concentrations of ZnO NPs and the two controls were measured after incubation at room temperature (25 °C) for 24 h using a visibleectrophotometer (Libra S4, Dichromium, Biochrom, Cambridge, UK) at 600 nm. The optical density of each concentration of ZnO NPs suspension was deducted from the test reading to exclude interference from NPs. Meanwhile, SDB was taken as blank for each measurement. The final absorbance values were taken to analyze the impact of the six concentrations of ZnO NPs on the growth of the yeast. The percentage of inhibition of S. cerevisiae after ZnO NPs treatment was calculated by using Equation (1).


  Percentage   of   growth   inhibition =    OD   negative   control    −  OD   test     OD   negative   control    × 100 %  



(1)







* OD = the optical density at 600 nm.




2.5. Fourier Transform Infrared (FTIR) Spectroscopy


FTIR analysis was done to observe the involvement of surface functional groups of the yeast cell wall in facilitating the binding of ZnO NPs on the cell surface. A volume of 3 mL yeast cell suspension from treatment with 150 μg/mL of ZnO NPs was taken and centrifuged for 10 min at 6000× g after incubation for 24 h. The pellet was washed with 1× PBS. The process was repeated three times, and the pellet was freeze-dried to eliminate moisture. Then the pellet was subjected to FTIR analysis (Perkin-Elmer, Spectrum RX1, Waltham, MA, USA) at the range of 4000 to 400 cm−1 [21].




2.6. SEM-EDX Analysis


The harvested yeast cells pellet was washed with 1× PBS for 3 times by centrifuging at 6000× g for 10 min. The cells were then fixed with 2.5% glutaraldehyde in PBS overnight. The samples were washed with 1× PBS three times and then with distilled water. Further, the dehydration was done with increasing concentrations of ethanol, at 50%, 75%, and 95%, and the final step of the dehydration process was repeated three times with 100% absolute alcohol, followed by critical point drying and sputter coating. The pre-treated cells were then examined with scanning electron microscopy (JEOL JSM 6710F, Tokyo, Japan) [21].




2.7. Statistical Analysis


All the tests were conducted in triplicates, and the data are presented as mean ± standard deviation. The data were processed by using one-way analysis of variance (ANOVA, IBMM SPSS) to analyze the variance triggered by ZnO NPs towards the yeast.





3. Results and Discussion


3.1. Characterization of ZnO NPs


The SEM analysis was used to view the surface morphology and average particle size of ZnO NPs. The SEM image showed sphere-shaped NPs with rods, as shown in Figure 1A. The average size of the particles was measured to be 49.85 nm, with a range of 31.4 to 66.3 nm. The EDX analysis verified the element composition of ZnO NPs. Based on the peaks shown in Figure 1B, the zinc and oxygen molecules were confirmed to be present in the ZnO nanopowder studied.



The XRD spectrum shown in Figure 2 revealed that the ZnO NPs are in a hexagonal wurtzite crystalline structure according to ICDD-PDF-4-2018-01-070-8070 [26]. The average crystalline size of ZnO NPs was calculated to be 37.29 nm by Debye Scherrer’s formula. Further, the FTIR spectrum displayed in Figure 3 illustrates the peaks at 3425, 1628, and 524 cm−1. The peak near 3400 and 3600 cm−1 is ascribed to O-H vibration on the surface of ZnO nanoparticles, the peak near 1634 cm−1 corresponds to Zn-O stretching, and the peak at 400–800 cm−1 represents stretching of ZnO nanoparticles [27,28].




3.2. Growth Inhibition Test


The exposure of yeast cells to the different concentrations of ZnO NPs was performed to report the antifungal effect of ZnO NPs on S. cerevisiae. The present study results showed that the treatment of ZnO NPs on S. cerevisiae resulted in a significant (p < 0.05) growth reduction at 24 h with the reported values of 7.04 ± 0.64, 18.85 ± 1.92, 33.38 ± 1.35, 40.38 ± 1.81, 61.13 ± 4.89, and 70.30 ± 3.19% for 5, 10, 25, 50, 100, and 150 μg/mL ZnO NPs, respectively (Figure 4). A growth reduction of 88.65 ± 1.49% was reported in positive control treated with amphotericin B (50 µg/mL).



The gradual decrease in the growth of yeast cells was observed as the concentration of nanoparticles increased, as shown in Figure 4, indicating a dose-dependent growth inhibition of S. cerevisiae. A study from Nasrollahi et al. [29], which studied the antifungal activity of silver nanoparticles (Ag NPs) on Candida albicans and S. cerevisiae, reported 50% fungal inhibition when treated with 0.5 and 4 mg/mL of Ag NPs, respectively, at 35 °C for 24 h. Moreover, Khan et al. [30] reported that the maximum zone of inhibition of C. albicans when exposed to 0.5 mg/mL of ZnO NPs for 48 h at 37 °C was 20 mm through the disc-diffusion method. The minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of ZnO NPs on C. albicans at 35 °C for 48 h were 128 and 256 μg/mL respectively [31]. The MIC of ZnO NPs against Alternaria alternata, Aspergiluus niger, Botrytis cinerea, Fusarium oxysporum, and Peniciilium expansum at 28 °C for 72 h was 64, 16, 128, 64, and 128 μg/mL, respectively [32]. Likewise, in this present study, the ZnO NPs showed dose-dependent growth inhibition of S. cerevisiae, as the concentration of ZnO NPs increased from 5 to 150 μg/mL, the growth of inhibition rate also increased from 7.04 ± 0.64 to 70.30 ± 3.19%.




3.3. Surface Interaction of ZnO NPs on the Yeast Cell Wall


FTIR analysis was used to inspect the related functional groups involved in the interaction of ZnO NPs onto the surface of S. cerevisiae, as shown in Table 1. The FTIR spectrum of ZnO NPs treated S. cerevisiae (Figure 5) illustrated the likely involvement of hydroxyl group (3422 cm−1), alkene (2928, 2374, and 2345 cm−1), amide I (1648 cm−1), carbonyl, and alkene (1402 cm−1) and phosphate groups (1051 cm−1) of the yeast cell wall in the binding of ZnO NPs to yeast surface, respectively.



The area between 3435 and 3422 cm−1 was mainly assigned to O-H and N-H groups stretching of proteins, polysaccharides, particularly chitin [33,34]. According to studies from Kiwi and Nadtochenko [35] and Fang et al. [36], the permeability of the lipids on the cell wall could be affected when the nanoparticles attached to the –CH groups on the cell membrane, which will be shown in the peak range from 3100 to 2800 cm−1. This peak region is also important to indicate the adverse effect of the nanoparticles on the cell wall [37,38]. Hence, the newly formed peaks in the ZnO NPs treated samples at 2928 cm−1 may possibly be associated with the involvement of C-H groups of lipids in binding of NPs, the lipid might be ergosterol. There were also other two peaks, 2374 and 2345 cm−1 resulting from the asymmetric C–H stretching of hydrocarbon [39].



According to studies by Burgula et al. [40] and Eckhardt et al. [41], when the ions are discharged from the nanoparticles, they will start to target the organic compounds such as amino acids, and this will lead to an alteration in the conformation of the protein. This alteration happened when the peak shifted from 1639 to 1648 cm−1, which resulted from the stretching vibration of C=O groups by intramolecular native β-pleated sheet structures [42]. The increase in absorptions of β-pleated was possibly due to the denaturation of the secondary structure to its primary conformation [34]. Naumann [33] suggested that the region of protein amide I bands frequently overlaps with nucleic acid, and any changes in hydrogen bonds in the secondary structure will affect the vibration in amide I region, which is important to determine the secondary conformation of protein [43]. The peaks observed in the region 1398 and 1402 cm−1 were contributed by C=O stretching uniformly of COO- in polypeptides [44]. On top of that, the peak number shown within this region may be dominated by the alkene vibration of the trimethylamine group in phosphatidylcholine [45]. Besides, Casal and Mantsch [46] reported that the wagging vibrations in lipids and β(1–3) glucans would lead to the shifting of peak within this region.



The peaks at 1081 and 1051 cm−1 are typically corresponded to polysaccharides, specifically glucans and mannans, which are mostly found on the cell wall of the yeast [47]. This was possibly due to the absorption of carbohydrates and insignificant contribution from phosphate groups in phospholipids covered in the spectral area between 1200 cm−1 and 900 cm−1 [47]. In addition, Jiang et al. [48] reported that when bacteria are treated with metal oxide nanoparticles, the C-O bond in carbohydrates will be weakened due to the increment in the absorption energy as a result of the bonding formation between hydrogen with oxides and the subsequent radicals generated during the oxidation will change the configuration of polysaccharides [41], which, in turn, may compromise the membrane integrity and lead to cell death. Overall, the FTIR spectrum of S. cerevisiae treated with ZnO NPs demonstrated the possible involvement of different functional groups, such as hydroxyl, amides, alkene, and phosphate from phospholipids, polypeptides, polysaccharides, and ergosterol, in binding of ZnO NPs on the cell surface which might have brought the loss of membrane integrity and death of yeast cells.




3.4. Scanning Electron Microscopy


The SEM was used to visualize the morphological changes in S. cerevisiae after exposure to ZnO NPs for 24 h. In the yeast suspensions without any treatment, as shown in Figure 6A, the yeast cells appeared in ovoid shape with slight elongation and intact cell membrane. The treatment of ZnO NPs on yeast cells caused several morphological alterations on the cell surface. Based on Figure 6B, the yeast cell treated with 100 μg/mL of ZnO NPs after 24 h showed rupture of the cell membrane. Besides, there were several invaginations and pitting observed on the cell surface (Figure 6C). Similar results were found in a study by Kieliszek et al. [49] where C. albicans showed shrinkage and fragmented vacuoles in the cells when they were exposed to 20 mg/L of selenium nanoparticles at 24 h.



In the present study, when the concentration of ZnO NPs increased to 150 μg/mL of ZnO NPs, the yeast cell showed wrinkles, as seen in Figure 6D, and deformity on the cells, as shown in Figure 6E at 24 h. Similarly, S. cerevisiae was reported to show wrinkles when it was subjected to environmental stress [50]. Further, a study by Radhakrishnan et al. [51] evidenced that the C. albicans treated with 40 μg/mL of Ag NPs demonstrated wrinkle, bumpy and irregular external cell membrane, and these were believed to be responsible for the destruction of the external cell structure and plasma membrane. Besides, our earlier studies on bacteria S. pyogenes and P. aeruginosa reported similar morphological damages when treated with ZnO NPs at 24 h, as demonstrated in the present study [52,53]. For the cytotoxicity effects of ZnO NPs on fungi, researchers have proposed several possible mechanisms, as shown in Figure 7. These mechanisms included the accumulation of ROS on the surface of fungi [54,55], release of Zn2+ ions [56,57], interaction and accumulation of ZnO NPs on the cell surface of fungi [58], distortion and interference of physiological processes which render the normal function of the cell membrane [57,59] and the morphological changes of the cell, which can lead to cell death [59,60].





4. Conclusions


The present study demonstrated the dose-dependent growth inhibitory activity of ZnO NPs on S. cerevisiae. The treatment ZnO NPs caused significant growth inhibition of S. cerevisiae from 5 μg/mL of ZnO NPs at 24 h. In addition, the treatment of ZnO NPs resulted in the deformity and rupture of cell membrane, which could have possibly led to cell death. Further, the hydroxyl group, alkene, amides, carbonyl, and phosphate groups from the phospholipids, polysaccharides, polypeptides, and ergosterol of the yeast cell wall were identified to be responsible for binding of ZnO NPs on the cell surface. The present investigation might be helpful to explore the application of ZnO NPs as an effective antifungal agent in treating infections caused by S. cerevisiae.
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Figure 1. Surface morphology and elemental composition of ZnO NPs; SEM (A) and EDX spectrum (B). 
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Figure 2. XRD analysis of ZnO NPs. 
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Figure 3. FTIR Spectrum of ZnO NPs. 
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Figure 4. The percentage of growth inhibition on S. cerevisiae after treatment with six distinct concentrations of ZnO NPs for 24 h at 25 °C in SDB. The values plotted in the graph are in mean ± standard deviation. * Demonstrates the significant difference between control and yeast suspension treated with ZnO NPs at p < 0.05. 
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Figure 5. FTIR spectrum of S. cerevisiae treated with 150 μg/mL ZnO NPs. Black line denotes the negative control, while blue line denotes the sample treated with 150 μg/mL ZnO NPs. 
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Figure 6. SEM images of S. cerevisiae without ZnO NPs treatment (negative control) (A), treated with 100 μg/ mL of ZnO NPs showing rupture of cell membrane (B) and regional invagination and pitting of yeast cell surface (C), treated with 150 μg/ mL of ZnO NPs showing cell wrinkle (D), and cracks and deformity on the cells (E) at 24 h. 
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Figure 7. The possible antifungal mechanisms of NPs, including the generation of ROS, rupture of the cell membrane, DNA damage, and enzyme inhibition. 
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Table 1. Possible involvement of functional groups in the surface binding of ZnO NPs on the yeast cell surface.
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	Absorption (cm−1)
	Molecular Motion
	Functional Group
	Biomolecules





	3435 → 3422
	O-H with N-H stretching modes
	Alcohol, secondary amide
	Proteins, Polysaccharides, Chitin



	2928
	C-H groups
	Ergosterol
	Lipids



	2374, 2345
	CH2 vibration
	Alkene group
	Hydrocarbon



	1639 → 1648
	C=O stretching,

N-H bending
	Amide I
	Polypeptides



	1398 → 1402
	C=O of COO− symmetric stretching vibrations in proteins, CH2 wagging vibrations in lipids, and β (1–3) glucans
	Carbonyl group, Alkene group
	Lipids, Proteins, Polysaccharides



	1081 → 1051
	C-O mainly by vibrations and absorptions of polysaccharides and phosphate groups
	Polysaccharides, phosphate group
	Polysaccharides, mainly glucans and mannans &

Phospholipids
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