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Abstract

:

In recent years, nanotechnology has become one of the emerging fields of nanoparticle synthesis using biological processes. The use of mushroom extract is one of the most important methods for biological synthesis due to the presence of abundant biologically active compounds. In this study, Zinc Oxide nanoparticles (ZnO NPs) were synthesized using Daedalea sp. mushroom extract. The nanoparticles had an average size of 14.58 nm and irregular morphology, which shows its prominent character. Various analytical techniques including FTIR, X-ray diffraction, EDX, and UV-Vis spectrum showed a broad absorption between 350 and 380 nm, which indicates the synthesis of ZnO NPs. The characterized NPs were exploited for a wide range of biomedical applications including biocompatibility, antifungal, antileishmanial, and antibacterial studies. The ZnO nanoparticles showed a strong antibacterial effect against gram-positive (Klesbsilla pneumonia and Staphylococcus aureus) and gram-negative (Eschericia coli and Pseudomonas aeruginosa) bacteria. Furthermore, the ZnO nanoparticles also showed a high antifungal effect against Aspergillus niger fungus.
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1. Introduction


Nanoscience and nanotechnology are rising as new emerging and fast-growing fields of science with diverse areas of applications in the manufacturing of various materials at the level of the nanoscale Albrecht, 200 [1]. Because of their phenomenal properties and unique characteristics, nanoparticles (NPs) recently gained importance in various fields of science, i.e., energy sectors, healthcare fields, agriculture, environmental sciences, etc. [2]. Nanotechnology is mostly concerned with the preparation of nanoparticles of variable shape, size, chemical composition, and controlled dispersity as well as their potential use for human benefit. Nanoscience deals with the synthesis of small particles termed NPs. Nanotechnology is the study of biological activities at a nanosized scale at which their size is less than 100 nm [3]. The pattern of biological science and nanotechnology has created a new pathway for research activity in numerous biological fields. Bio-assisted or green nanoparticle synthesis methods make use of natural resources or biological systems to create metallic nanoparticles. Plant extracts, bacteria, viruses, fungi, actinomycetes, and yeasts are just a few of the natural sources used in nanoparticle green production.



To overcome biological challenges, nanobiotechnology allows us to create new smart materials from modified biological components. ZnO nanoparticles are environment-friendly, nontoxic, biocompatible, and easy to produce, making them ideal candidates for biological applications [4]. A zinc oxide nanoparticle is mainly concentrated because of its wide band gap and huge excitation energy when used in different devices such as solar cells, batteries, photodetectors, nanolasers varistors, and biosensors. Zinc is widely recognised as an essential trace element that can be found in all bodily tissues, including the brain, muscle, bone, and skin. Zinc participates in the body’s metabolism and performs critical roles in protein and nucleic acid synthesis, hematopoiesis, and neurogenesis, acting as a key component of many enzyme systems [5]. Because of the small particle size of nano-ZnO, zinc is more easily absorbed by the body. As a result, nano-ZnO is frequently utilised in food. Furthermore, the US Food and Drug Administration has classified ZnO as a “GRAS” (generally regarded as safe) chemical (FDA). ZnO NPs, which are relatively affordable and less toxic than other metal oxide NPs, have a wide range of medicinal uses, including anticancer, drug delivery, antimicrobial, diabetic treatment, anti-inflammation, wound healing, and bioimaging [6]. The toxicity of ZnO NPs and other metal oxide nanoparticles to mammalian cells and organs has been studied, and ZnO NPs have been found to cause more severe damage than other metal oxide nanoparticles in several circumstances. For example, [7] found that when neuro2A (mouse neuroblastoma, CCL131, ATCC) was exposed to ZnO nanoparticles at concentrations of 100 g/mL or higher, the cells became abnormally large and shrank. The ZnO nanoparticles reduced mitochondrial activity significantly at concentrations of 50 to 100 g/mL. In cells exposed to ZnO nanoparticles, lactate dehydrogenase leakage and apoptosis were also found [8].



The studies [9,10] used protabello mushroom extract for the synthesis of gold nanoparticles, and their characterization based on SEM indicated spherical, hexagonal, and triangular structures. An XRD study also identified a crystalline structure in the mycosynthesized nanoparticles, and FTIR showed a broad peak at 3358 cm−1, indicating an (OH) group in sugar. The characterization and antimicrobial activity of ZnO nanoparticles from Xylaria acuta have been compared against gram-positive and gram-negative bacteria, and their antifungal activity has been compared against plant pathogens. These myogenic ZnO nanoparticles are hexagonal in shape and size ranging from 34 to 55 nm. They show significant activity against anti-cancer at 1 um concentration.



Myconanotechnology is a new science for the synthesis of nanoparticles that uses fungi such as Fusarium oxysporum, Colletotrichum sp., Trichothecium sp., Trichoderma asperellum [11], T. viride [12], Phanerochaete chrysosporium [13], F. solani [14], F. semitectum [15], A. fumigatus [16], Coriolus versicolor [17], Aspergillus niger [18], Phoma glomerata, and Penicillium brevicompactum [19]. The fungus species were chosen for their tolerance and ability to bioaccumulate metals [20]. Mycomaterials include distilled materials such as enzymes/proteins, polysaccharides, and protein complexes, or crude extracts such as fruiting body extracts, fungal mycelia extracts, and free cell filtrate. In this study, we firstly used Daedalea sp. mushroom to synthesize ZnO nanoparticles to describe their characterization and antimicrobial activity. The SEM results indicated a spherical shape, the XRD results indicated a crystalline nature, and the EDX results indicated the relative percentage of zinc and oxygen. The mycosynthesized ZnO NPs showed good results against the pathogenic fungus Aspergillus and MTT. These nanoparticles are non-homolactic for human RBCs. Overall, our results also show that Daedalea Mushroom can be used to synthesize ZnO NPs. These nanoparticles are spherical in structure and nontoxic in nature for humans. The ZnO nanoparticles have a large surface area to volume ratio so they can strongly bind to the cell surface of a fungus, directly enter the cell, and damage the cell wall of the fungus, due to their small size [21].




2. Materials and Methods


In the present study, zinc oxide NPs were synthesized using mycosynthesis and green procedures. The precure salt used for the synthesis of zinc nanoparticles was zinc acetate dehydrated Zn (CH3COO)2 2H2O with a purity of 99% (Sigma-Aldrich MERCK, Karachi, Pakistan). The mushroom extract was used as a reducing agent for the green and mycosynthesis of zinc oxide nanoparticles.



2.1. Collection of Mushroom Material


The mushroom sample was collected from QAU, Islamabad Pakistan in August 2020, and the sample was identified using a morphological tool.




2.2. Morphological Identification


The collected fungus was identified up to the generic level as Daedalea sp. using available morphological keys for polypores [22].




2.3. Mycosynthesis of ZnO NPs from Daedalea sp.


For the synthesis of zinc oxide nanoparticles, 10 g of the mushroom sample was added to 100 mL of distilled water and then 100 mL of an aqueous mushroom extract was slowly mixed into 100 mL of a zinc solution. For the preparation of the zinc solution, an appropriate molar mass of zinc acetate dihydrate (183.48 g/mol multiplied by 1000 = 0.183 × 100 = 18.348 × 0.1 = 1.834 gm of zinc salt) was added into 100 mL of distilled water to prepare the salt solution of zinc oxide nanoparticles. These salt solutions were added to 100 mL of the mushroom extract. These solutions were kept on a hot plate for 6 h at a temperature of 100 °C with a magnetic stirrer set at 250 rpm. The colour of the zinc oxide solution remained. The pH of zinc oxide was 1.9. Centrifugation was completed at 15,000 rpm for 15 min. After centrifugation, the supernatant was discarded. After washing, the nanoparticles were transferred into a petri dish and dried on a hot plate at 300 °C. The dry particles were ground into a fine powder and stored at room temperature for further chemical and physical characterization.




2.4. Characterization of Zinc Oxide Nanoparticles from Daedalea sp.


2.4.1. UV-Vis Spectrophotometry Analysis


The optical properties of the mycosynthesized ZnO NPs were determined using a Perkin-Elmer lambda spectrophotometer. The reflectance spectra of the prepared samples were obtained at room temperature at a range of wavelengths between 360 and 380 nm.




2.4.2. XRD Analysis


The crystalline structure of the ZnO NPs was confirmed using X-ray Diffraction (XRD) analysis in the 2θ range of 10°–70°. The analysis used a PAN analytical Emprean Diffractometer with Cu Kα radiation (λ = 1.5406Å) and Bragg-Brentano θ–θ configuration.




2.4.3. SEM and EDX


The morphology and elemental composition of the mycosynthesized ZnO NPs were determined using a scanning electron microscope (SEM, NovaSEM450 operated at 20 Kv) with energy dispersive X-ray (EDX) spectroscopy (IT100LA).




2.4.4. FTIR Analysis


Different chemical bonds present in the biosynthesized ZnO NPs were identified using Fourier-transform infra-red (FTIR) analysis within the 400–4000 cm−1 range.





2.5. Biological Application


2.5.1. Antifungal Activity of Zinc Oxide NPs


A comparison of the antifungal activity of the mycosynthesized iron and zinc nanoparticles against aspergillus was performed using the well-diffusion method. Different concentrations of zinc and iron 24 nanoparticles (0.25, 0.50, 0.75 mL) were made to check the antifungal activity. Each concentration was added to PDA media separately, and three replicates of each concentration were made. The isolated fungus was excised into about 2–4 nm inoculum discs and placed in the centre of the PDA media plates accurately in sterilized conditions. Different concentrations of nanoparticle treatments were administered to the fungus on separate PDA media plates, and the plates without nanoparticle treatment served as the positive control. These PDA media plates were kept in an incubator for one week at 26 ± 27 °C, after which the fungi showed different growth inhibition at different concentrations of nanoparticles. In all Petri plates, the growth inhibition was estimated using the following formula:


Growth inhibition% = (C−T)/C × 100












2.5.2. Antibacterial Activity


The antibacterial activity of the ZnO NPs was tested against four strains of bacteria using the disc diffusion method. The bacteria included two gram-positive bacterial strains (Klesbsilla pneumonia and Staphylococcus aureus) and two gram-negative bacterial strains (Eschericia coli and Pseudomonas aeruginosa). In this method, 4 mg/mL of the ZnO NPs sample was prepared in 1 ml of DMSO. Then, a sterile paper disk impregnated with a solution of the compounds was kept on the surface of the agar plates that were inoculated with the pathogen bacteria. These plates were incubated for 24 h at 37 °C, after which the size of the inhibitory zones around the discs was measured.




2.5.3. Biocompatibility


The hemolytic activity assay of the RBCs–NPs interaction was conducted to evaluate the toxic nature of mycosynthesized ZnO NPs using freshly obtained human blood. A total of 1 cc of blood was collected from volunteers having no other health issues. To prevent coagulation, blood was collected in an EDTA tube (Khalil et al., 2017). The blood was centrifuged at 15,000 rpm for 5 min to obtain fresh RBCs and separate plasma. RBCs were obtained in a pellet after repeating the centrifugation 2–3 times. Later, 9.8 mL of PBS (phosphate buffer saline) was added to 200 µL of freshly obtained pellet erythrocytes. Then, mixing was completed using proper shaking of the solution in PBS. The NP samples at four different concentrations, 20 µL, 40 µL, 60 µL, and 80 µL, were added to the suspended erythrocytes in a 1.5 mL Eppendorf tube. The mixture was then incubated at 35 °C for 1 h. Then, centrifugation of the incubated sample was carried out at 10,000 rpm for 10 min. The supernatant was obtained, of which 100 µL was poured into 96 well plates. The absorbance of the obtained supernatant was measured at 541 nm using a spectrophotometer. Triton X-10 was used as a positive control and DMSO as a negative control. The calculation of the percent hemolytic activity of RBCs by NPs was evaluated using the following percentage formula:


% Hemolysis = {(sample abs−neg. control abs)/positive control abs−negative control abs)} × 100












2.5.4. Anti-Leishmanial Activity


Leishmania tropica, a well-known leishmanial parasite, was tested against the samples for leishmnaicidal activity (KWH23). Both the promastigote (flagellar) and amastigote (aflagellate) forms were subjected to the assay. Both the promastigotes and the amastigotes were freshly cultivated and kept overnight in an appropriate medium (MI99 with 10% FBS) for the experiment. At the time of the assay, 20 L of the test sample and 180 L of the refreshed culture were gently mixed in a separate 96-well plate. The plates were then incubated for 3 days at room temperature (25 °C), followed by a further 72 h of incubation at the same temperature. Amphotericin-B was used in the experiment as a positive control (PC), while DMSO was used as a negative control (NC). Following the initial incubation period, each well of the plate was filled with 20 L of MTT solution (4 mg/mL DW) and set aside at room temperature for a second incubation. At 540 nm, the plate’s absorbance was measured, and the following equation was used to calculate the percentage of inhibition:    %   Inhibition  =  [  1 −  {    Absample   Abcontrol    }   ]  × 100  .






3. Results and Discussion


3.1. XRD Study


The XRD study determined the crystallinity of the synthesized nanoparticles. The XRD spectrum of the mycosynthesized zinc oxide nanoparticles identified the structural properties. The crystals are regular arrays of atoms. The phase identification, purity, and crystallite size confirmed using the XRD patterns are shown in Figure 1. The ZnO NPs have a hexagonal crystalline structure and presented distinct diffraction in the spectra that were analogues to peak values of (100), (002), (101), (102), (110), (103), (200), (112), (201) and (202), respectively [23]. The acquired result is in good agreement with the standard JCPDS card no. 01-1136. The average crystalline size of the zinc oxide nanoparticles was 14.53 nm as determined from the XRD spectra using Debye Scherer’s formula:


D = k.λ/βcosθ



(1)




where D is average crystallite size, k is Debye Scherer’s constant (k = 0.94), λ is the wavelength of incident Cu kα₋radiation (0.154 nm), β is FWHM of the peak, and θ is the Bragg’s angle.




3.2. UV Analysis


The synthesis of the ZnO NPs was determined using spectral analysis with a UV-Vis spectrophotometer. The UV/Visible study was carried out to obtain information about the band gap of iron nanoparticles using the following method. The UV/Visible study was also carried out to obtain information about the optical properties of the synthesized iron oxide nanoparticles. The UV spectra were analyzed in a range of 200–800 nm. The ZnO nanoparticles mainly show absorption peaks at wavelengths of 370 nm, which indicate the formation of zinc oxide NPs. The UV visible spectra of zinc oxide nanoparticles showed various peaks in the range between 350 and 380 nm as shown in Figure 2 [24].




3.3. FTIR Study


The FTIR study was performed to determine the functional groups present in the mycosynthesized zinc oxide nanoparticles. The measurements were recorded in the spectral range of 400 cm−1 to 4000 cm−1, which showed various absorption bands. The mycosynthesized zinc oxide nanoparticles showed the phenolic OH group present in the IR spectrum and confirmed the possible mechanism for the formation of zinc oxide nanoparticles. The FTIR analysis showed various peaks which indicate that the characteristic functional groups exist in the synthesized zinc oxide NPs. The peak at 3266.22 cm−1 describes the strong O–H band of the alcohol. The absorption peaks at 1549.76 cm−1 and 1407 cm−1 represent the vibrational modes of the N–O strong bond of the nitro compound and the C–H medium band of the alkane compound, respectively. The peaks at 669.07 cm−1 are ascribed to the C–Br strong halo compound [25]. The complete spectra is shown in Figure 3.




3.4. EDX Analysis


The existence of the element zinc oxide can be identified using EDX analysis, which indicates the reduction of a zinc ion into a zinc element in the reaction mixture. The elemental composition analysis of zinc nanoparticles revealed the presence of Zn and O in the sample and confirmed the high purity of the synthesized zinc oxide nanoparticles. The relative percentage of zinc and oxygen in the mycosynthesized zinc nanoparticles (58.34% of zinc and 13.28% oxygen) individually are similar to theoretical expectations based on the stoichiometric mass present, and the percentage of other elements are shown in Figure 4 and Table 1 [26].




3.5. SEM Study


The SEM micrograph of the synthesized zinc oxide nanoparticles was used to study the surface morphology of the particles. The nanoparticles were agglomerated and aggerated, as can be seen in the SEM image, due to the presence of sticky wild mushroom extract over the surface of the ZnO NPs, which acts as a capping and stabilizing agent (Figure 5). The agglomeration can be removed using the addition of surfactant, but this will lead to a loss of the potential characteristics of nanoparticles. In our study, the SEM images obtained of the mycosynthesized zinc oxide nanoparticles were nearly irregular in shape, which is aligned with the results of previously published literature [27].




3.6. Biological Application


3.6.1. Antifungal Activity


The antifungal assay was conducted according to the procedure that was adopted for zinc oxide. Briefly, a pathogenic fungus, Aspergillus niger, was collected from the Molecular Plant Pathology laboratory, department of plant science Quaid-i-Azam university Islamabad, and the antifungal assay was performed using the agar well diffusion method with some variation. The autoclaved PDA media with zinc oxide nanoparticles at different concentrations of NPs (1 mg/mL, 0.75 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.1 mg/mL) solution was poured into the Petri dishes. After the PDA media solidified, the fungus was injected. The ability of zinc oxide nanoparticle treatment was estimated at time intervals of 6 days using measurements of the diameter of fungal growth. All tests were performed in triplicate, and the values were expressed in cm. The growth of the fungus was measured at different concentrations of zinc oxide nanoparticles (Figure 6). At 0.25 mg/mL concentration, the fungus growth was 88%. At 0.5 mg/mL concentration, the growth inhibition of the fungus was 70%. At 0.75 mg/mL concentration, the fungus growth inhibition was 75%. This result showed that the higher nanoparticle concentration of 0.75 mg has a high growth inhibition of 75%. The lower concentration (0.25 mg/mL) has minimum growth inhibition 88% as shown in Table 2 [28].




3.6.2. Antibacterial Activity


The antibacterial activity of the mycosynthesized ZnO NPs made using the mushroom extract of Daedalea was tested against four strains of bacteria, i.e., S. aeururs, P. aeureginosa, E. coli, and Klesbsilla pneumonia. The mycosynthesized ZnO NPs showed a positive result against all strains of bacteria. The bactericidal effect of the mycosynthesized ZnO NPs was found to be higher against gram-negative than against gram-positive bacteria due to the structural differences between them. The mycosynthesized ZnO NPs synthesized from Daedalea sp. revealed an efficient zone of inhibition for P. aureginosa (7 mm), E. coli (10 mm), S. aureus (7 mm), and K. pneumonia (7 mm) as shown in Table 2. Similar results were reported in the literature [29]. The antibacterial activity of ZnO NPs was found to be higher when compared to others due to the disruptive effect of NPs on microbial membranes by radical formation, i.e., oxides or hydroxyl radicals, which destroy bacterial membranes. In addition, the high surface area of NPs enables them to enter bacteria via pores in the plasma membranes by proteins. Furthermore, the high surface area enhances more contact or friction with bacterial cells, which causes more compounds and extracts to enter the cells of microbes. Finally, the release of H2O2 from the surface of the ZnO NPs was reported as destructive against microbes. The formation and release of H2O2 are dependent on which surface the ZnO NPs are found. H2O2 penetrates the cells of microorganisms resulting in death [30]. The whole antibacterial is shown in the Figure 7 and Table 3.




3.6.3. Biocompatibility


To evaluate the safe nature and the toxicity of NPs, their interaction with human blood was carried out using biosynthesized ZnO NPs. Based on the results, it is clear that NPs are nontoxic to normal cells. The hemolytic activity of NPs was determined and compared to the values according to the standard of the “American society for testing and materials designation”. Based on these standards, any type of NPs or other material having ≥5% hemolysis is considered hemolytic, others having 2–5% are mild hemolytic, and others having ≤2% are considered safe and non-hemolytic [30]. The hemolysis activity of NPs was measured upon the rupturing of RBCs and release of hemoglobin to the medium when treated with the NPs (4 mg/mL). The results show that the ZnO NPs are mildly hemolytic and can be used for various biological applications. These findings and results are comparable with previous studies [31]. The percentage hemolysis is showen in the Table 4.




3.6.4. Antileishmanial Activity


In the antileishmanial activity analysis, the mycosynthesized ZnO NPs were evaluated against Leishmaniasis, an infectious disease primarily brought on by the parasite Leishmania. While the infection has been endemic in 100 countries, leishmaniasis has an annual incidence rate of 1.5 to 2 million worldwide. Sand flies carry the intracellular leishmania parasite to people’s bodies. Phlebotomus and Lutzomyia, which bite, spread the illness. This disease is highly likely to be spread uncontrollably due to inappropriate vectors. The cytotoxic effects of the formulations of mycosynthically synthesized Zn ONPs were tested between 50 and 400 g/mL on both amastigote and L. tropica promastigote cultures. As can be seen, cytotoxicity at different doses was found to be effective against the promastigote and amastigote forms of the parasite, with favourable mortality rates of 77% 1.4 and 74% 1.6 at 400 g/mL. Additionally, significant LC 50 values of 220 g/mL for promastigote (Phlebotomus and Lutzomyia) bites and 270 g/mL for amastigote were reported for both patristic forms [32]. The Antileishmanial Activity is shown in the Table 5.






4. Conclusions


The wild mushroom Daedalea sp. can be used for the synthesis of zinc oxide nanoparticles. The aqueous extract of the wild mushroom containing carbohydrates, proteins, and phenolic compounds was responsible for the formation of the stabilizing and capping agent of particles. The FTIR analysis confirmed the functional group present in the zinc oxide nanoparticles at the peak range of 3266.22 cm−1. The sharper and stronger diffraction peak observed in the XRD analysis confirmed the crystallinity of the mycosynthesized zinc oxide nanoparticles. Mycosynthesize zinc oxide nanoparticles have a size range of 14.53 nm and were found to be irregular in shape, as confirmed using SEM analysis. The different functional groups of zinc oxide NPs, including O–H, N–O, C–H, and C–Br, make the synthesized zinc oxide nanoparticles an effective antimicrobial agent. Synthesized zinc oxide nanoparticles can be used for their effective antifungal activity.
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Figure 1. X-ray diffraction pattern of the ZnO nanoparticles. 
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Figure 2. UV pattern of the ZnO nanoparticles. 






Figure 2. UV pattern of the ZnO nanoparticles.



[image: Crystals 13 00171 g002]







[image: Crystals 13 00171 g003 550] 





Figure 3. FTIR analysis of the ZnO nanoparticles. 
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Figure 4. EDX spectrum of the zinc oxide nanoparticles. 
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Figure 5. (a) 2500 resolution (b) 5000 resolution and (c,d) are same resolution of Scanning electron microscopy image of the zinc oxide nanoparticles at various magnifications. 
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Figure 6. Antifungal activity of the zinc oxide nanoparticles against Aspergillus. 
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Figure 7. (a) P. aeuroginose (b) E. coli (c) S. aeururs (d) K. pneumonia Antibacterial activity of the zinc oxide nanoparticles. 
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Table 1. Elemental composition of ZnO nanoparticles after EDX analysis.
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	Element
	Weight%
	Atomic%





	C k
	24.30
	52.68



	O K
	13.28
	21.62



	P K

Cu K
	18

2.28
	1.51

0.94



	Zn k
	58.34
	23.24
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Table 2. Antifungal activity of the zinc oxide nanoparticles.
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	Concentration
	Control
	% Inhibition





	0.1 mg
	9 cm
	22%



	0.25 mg
	9 cm
	88%



	0.5 mg
	9 cm
	70%



	0.75 mg
	9 cm
	75%



	1.0 mg
	9 cm
	68%
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Table 3. Antibacterial Activity of The Mycosynthesized Zinc Oxide Nanoparticles.
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	Pathogenic Bacteria
	ZnO NPs 4 mg/mL
	Positive Control





	E. coli
	10 ± 0.34
	20 ± 0.39



	P. aeuroginose
	7 ± 0.40
	15 ± 0.35



	S. aeururs
	7 ± 0.35
	8 ± 0.37



	K. pneumonia
	7 ± 0.42
	20 ± 0.34
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Table 4. Percent Hemolysis of the ZnO NPs.
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	S. No
	Conc mg/mL
	% Hemolysis





	1
	400
	0.048 ± 2



	2
	200
	0.064 ± 4



	3
	100
	0.047 ± 6



	4
	50
	0.047 ± 8



	Control
	
	0.210
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Table 5. Percent mortality of amastigote and promastigote parasites, in vitro cholinesterase potential of the ZnO NPs.






Table 5. Percent mortality of amastigote and promastigote parasites, in vitro cholinesterase potential of the ZnO NPs.












	Con (ug/m)
	Promastigote

Inhibition
	Amastigote
	IC50

(ug/mL)
	IC50

(ug/mL)





	400
	60.21
	54.78
	270 Amas
	220 Prom



	200
	49.33
	44.0
	
	



	100
	37.33
	31.45
	
	



	50
	23.10
	18.19
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