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KEYWORDS ZnO nanoparticles (ZnONPs) was compared. ZnO nanoparticles (ZnONPs)
crystallized in a hexagonal wurtzite structure with grain sizes ranging from 45 to

ZnONPs, 61 nm. Fungal species had a significant effect on the surface plasmon resonance
Green synthesis, (SPR) peak observed at 302 nm. ZnONPs were obtained in different morphologies
Fungi, such as nanodiscs, nanospheres, nanorchins and nanonuts, and it was determined
Antimicrobial that fungal species had a significant effect on these structures. The antibacterial

activity of ZnONPs against Candida albicans, Streptococcus mutans,
FESEM. Pseudomonas aeruginosa, Eosinophilic pneumonia and Staphylococcus aureus
was investigated. The effect of these nanoparticle shapes on antibacterial activity
was evaluated. ZnONPs were found to have a significant antimicrobial effect
especially on Candida albicans and Streptococcus mutans. ZnONPs produced only
with Aspergillus niger fungus were found to have a strong antimicrobial effect
especially on Staphylococcus aureus. Based on these results, the biosynthesis of
ZnO nanoparticles (ZnONPs) using Penicillium citrinum, Fusarium solani,
Aspergillus flavus and Aspergillus niger fungal species is proposed for the
production of ZnONPs as a biomaterial with remarkable antibacterial properties
and various morphologies.

1. INTRODUCTION

In recent years, numerous studies have been conducted on the production and characterization
of nanomaterials to discover intriguing aspects of nanotechnology. In particular, the distinctive
physical characteristics of metallic nanoparticles (MNPs) or metal oxide nanoparticles
(MONPs) have garnered attention. In response to environmental concerns associated with
traditional chemical methods for producing these nanoparticles, biogenic synthesis has emerged
as a viable alternative. Green synthesis is a clean, non-toxic, and cost-effective method that
utilizes plants and microorganisms to synthesize nanoparticles (NPs) (Abdelhakim et al., 2020).

Due to their good conductivity, chemical stability, catalytic properties, photonic and optical
properties, ZnO is among the most extensively researched metal oxide nanoparticles (MONPS)
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(Ahmad et al., 2020). A review of the literature reveals that ZnO nanoparticles (ZnONPs) are
predominantly synthesized using plant-based methods in the green synthesis process (Alavi &
Nokhodchi et al., 2021; Bhardwaj et al., 2017; Bhuyan et al., 2015; Brady et al., 2023; Chauhan
et al., 2015; Chaurasia et al., 2010; Cooper et al., 1955). However, in the green synthesis
approach, various microorganisms, including fungi, bacteria, and algae, can also be utilized
alongside plants for the production of ZnO nanoparticles (ZnONPs). Among these, fungi play
a particularly significant role by utilizing microbial cells, enzymes, proteins, and other
biomolecules to drive the synthesis of ZnO nanoparticles. In this process, ZnONPs can be
obtained in the desired size and shape by optimizing the reaction conditions during microbial
synthesis. The production method used determines the morphology and size of nanoparticles.
ZnONPs can exhibit a diverse range of morphologies, including nanoflowers, nanowires,
nanorods, nanopellets, nanosprings, nanoplates, nanorings, nanocombs, nanohelix, nanosheets,
nanospheres, and nanourchins, which differ in size and shape from other nano-metal oxides
(Rajivetal., 20132). In contrast to expensive and environmentally harmful chemical or physical
methods, fungal-mediated synthesis offers cleaner, environmentally friendly, non-toxic, and
biocompatible alternative. In the recent years, various fungal species have been used to produce
chemical-free and non-toxic ZnO nanoparticles, particularly in biomaterial applications. Fungi
can produce metal oxide nanoparticles with minimal energy, thus making them increasingly
become prominent in the production of ZnO nanoparticles in recent years. Fungi, offer
significant advantages over other microorganisms due to their high metal tolerance, metal
absorption capabilities, wide pH-temperature range, rapid accumulation, and cost-
effectiveness. ZnONPs synthesized via fungi have stable, biocompatible, and antibacterial
properties. ZnNONPs exhibit broad-spectrum antibacterial and antifungal activities. They are
particularly promising for combating fungal infections, including those caused by multi-drug-
resistant fungal strains. These nanoparticles can serve as an alternative approach to deal with
the growing threat of drug-resistant fungal infections (Pesika et al., 2003). Therefore, they are
widely utilized in various industries including, biomedicine, environmental cleaning, food
preservation, agriculture, textile, and pharmaceutical distribution. Especially, the biological
applications of nanoparticles are influenced by several factors, as size, shape, surface properties,
chemical composition, solubility, and dispersion (Patterson et al., 1939).

Although, in recent years, there have been some studies that explored the production of zinc
oxide nanoparticles (ZnONPs) using fungi, these studies remain relatively limited (Dhillon et
al., 2012; Venkatesh et al., 2013; Vettumperumal et al., 2016; Wang et al., 2017; Yavuz &
Yilmaz, 2021). Abdelhakim et al. synthesized ZnONPs using Alternaria tenuissima fungus and
investigated their light scattering, zeta potentials, antimicrobial, anticancer, antioxidant, and
photocatalytic activities (Guilger-Casagrande, M., & de Lima, 2019). Chauhan et al. conducted
a study on the synthesis of ZnONPs using Pichia fermentans JA2 fungus and their structural,
surface, optical, and antibacterial effects (Gupta et al., 2024). Vlad et al. investigated the
behaviors of a group of ZnO molecules. In this study, polyurethanes were examined, and a
widespread presence of Aspergillus brasiliensis was observed. The biological activity was
evaluated, and numerous films were created to defend against the attack of Sabouraud-Agar
fungi in a nutrient medium. The fungus growth was monitored visually. The study revealed that
polyurethane membranes, which have been modified with zinc nanoparticles, possess unique
antibacterial and antifungal characteristics, making them essential in medical and biological
applications (Gulnay et al., 2021).

Rajan et al. utilized Aspergillus fumigatus JCF for the synthesis of zinc oxide (ZnO),
resulting in the formation of white agglomerates composed of zinc oxide nanoparticles. The
antimicrobial efficacy of these nanoparticles against Gram-positive and Gram-negative bacteria
including Klebsiella pneumoniae, Escherichia coli, and Pseudomonas aeruginosa was
investigated. The findings of the study demonstrated the efficacy of zinc oxide in effectively
combating these harmful microorganisms (Jain et al., 2023). Mohamed et al. synthesized
ZnONPs using two recently isolated strains of fungi, Fusarium keratoplasticum (A1-3) and
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Aspergillus niger (G3-1). Variations in the size, shape, and structure of the biosynthetic
ZnONPs were assessed. This study examines the impact of microbial biostimulation using
composite ZNONPs and investigates the structural properties of green composite ZnONPs. The
properties, antimicrobial activities, and cytotoxic properties of various biosynthesized NPs
were analyzed (Jain et al., 2014). Ahmad et al. synthesized ZnO from three types of fungi: D.
seriata, B. dothidea and A. mali. ZnONPs functioned as inhibitors in addressing fungal diseases
in apple orchards. The results suggest that zinc oxide nanoparticles can significantly contribute
to combatting fungal pests and improve the protection of plants (Kalpana et al., 2018). Garrett
et al. produced ceramic ZnO nanoparticles using three different filamentous fungi: Aspergillus
sp., Penicillium sp., and Paecilomyces variotti). They used different zinc sources during the
production process. Particle sizes ranged from 1 nm to 1000 nm. They synthesized zinc oxide
nanoparticles (ZnO) exhibiting conical, cubic, and spherical morphologies (Kalpana et al.,
2022). However, there still remain numerous unexplored aspects regarding the green synthesis
of ZnONPs using fungi.

In studies of this nature, the antifungal efficacy is influenced by the size and morphology of
the antifungal agent. The morphology of ZnO nanoparticles can be regulated by selecting
appropriate synthesis methods. The existing literature indicates a substantial number of studies
that focused on the production of ZnONPs utilizing plant extracts; however, research involving
fungi for ZnONP synthesis remains relatively limited. Various fungal species, including
Psathyrella candolleana, Pichia kudriavzevii, Aspergillus aereus, Fusarium solani, and
Alternaria alternate, have been investigated for their potential in the production of zinc oxide
nanoparticles (ZnONPs) (Rajiv et al., 2013; Sarkar et al., 2014; Senthilkumar & Sivakumar,
2014; Singh & Singh, 2019; Soosen et al., 2009; Tauc & Menth, 1972; Urbach, 1953; Vlad et
al., 2012).

The aim of our study is to determine the effect of fungi on the structural, morphological,
elemental, antibacterial and optical properties of ZnO nanoparticles, with particular focus on
the role of fungal species and metal precursors in the production of ZnO NPs. ZnO nanoparticles
are produced by fungi through the interaction between fungal exudates and metal ions of ZnO.
Fungi reduce metal ions to NPs by producing extracellular reducing enzymes that interact with
metal ions. Moreover, during this synthesis process, nanoparticles are coated with biomolecules
produced by the fungus, increasing the stability and biological activity of the NP (Yoldas &
Partlow, 1985; Zeghoud et al., 2022). Metal nanoparticles can be produced from several fungal
species such as Fusarium sp., Aspergillus sp., Verticillium sp. and Penicillium sp.
(Vettumperumal et al., 2016; Wang et al., 2017; Yavuz & Yilmaz, 2017; Yoldas & Partlow,
1985; Zeghoud et al., 2022). However, the factors that affect this process, such as physical,
chemical, and biochemical parameters, remain inadequately understood.

In this study, we used the fungal species Penicillium citrinum, Fusarium solani, Aspergillus
flavus and Aspergillus Niger, which have previously been reported to have high reductase
activity and high yields in AgNP synthesis. The study also compared the effects of these fungal
species on the structural, morphological, elemental, antimicrobial and optical properties of
ZnONPs.

2. MATERIAL and METHODS
2.1. Obtaining Fungal Cultures

In this study, the biosynthesis method successfully yielded ZnONPs without the need for
hazardous chemical agents. ZnONPs were produced via the biosynthesis method using four
different fungal isolates Penicillium citrinum, Fusarium solani, Aspergillus flavus, and
Aspergillus niger. Each fungal strain was inoculated into 250 ml erlenmeyer flasks containing
160 ml of fungal broth medium and agitated at 25 °C, 125 rpm. Subsequently, the flasks were
placed in a water bath for incubation over a period of 7 days. After a 7-day incubation period,
the fungal strains were filtered through filter paper and subsequently washed three times with
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sterile distilled water to eliminate any residual media components. This process resulted in the
collection of the fungal biomass. Each of these fungal masses was placed in 250 ml Erlenmeyer
flasks containing 160 ml sterile distilled water. The flasks were then incubated in a shaking
water bath at a temperature of 125 rpm for 48 hours. Then, the cell-free filtrates were filtered
through filter paper, and the remaining filtrate was used to synthesize ZnONPs. Experimental
studies regarding the production of fungal cultures are presented in Figure 1, and the biomass
of the fungi used for establishing the fungal cultures can be found in Table 1.

Table 1. Fungal biomass used in obtaining fungal culture.

Fungal Culture Code Fungal Biomass (gr)
Penicillium citrinum (P.C) 8.05
Fusarium solani (F.S) 3.70
Aspergillus flavus (A.F) 5.09
Aspergillus niger (A.N) 5.52

Figure 1. Fungal culture production stages (a) P. citrinum (b) F. solani (c) A. flavus (d) A. niger.

2.2. Biosynthesis of ZnONPs Using Cell-Free Filtrate

For four distinct fungal isolates, namely P. citrinum, F. solani, A. flavus and A. niger, 2 mM
(6.92 g) zinc acetate [Zn(CH3CO3).] was added individually to 160 ml of cell-free filtrate and
left for 48 hours at 125 rpm and 25 °C. Subsequently, these solutions were incubated in a water
bath with vigorous shaking, yielding four different ZnONPs using cell-free filtrates obtained
from the four respective fungal isolates. Figure 2 displays the images of the cell-free filtrates
employed as the initial solution for the ZnONPs.

Figure 2. Cell-free filtrates obtained from fungal cultures (a) P. citrinum (b) F. solani (c) A. flavus (d)
A. niger.
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2.3. Obtaining ZNnONPs from ZnO Solutions Prepared in Different Fungal Isolates

ZnO nanoparticles (ZnONPs) were synthesized using ZnO solutions derived from different
fungal isolates. The solutions of ZnO prepared from the fungal isolates P. citrinum, F. solani,
A. flavus, A. niger were combined and stirred at 85 °C for 5 hours to gelate the solutions. The
method involved heating the gelled ZnO solutions at 400 °C for 10 minutes, yielding slightly
yellow- and off-white powder samples of ZnONPs.

2.4. Characterization of ZnONPs

The physical and antibacterial properties of the green synthesized ZnONPs were assessed
through range of characterization techniques. The UV-Vis spectra were scanned at wavelengths
of 200-800 nm using the SHIMADZU UV-1800 instrument and the data was collected through
using UV-Probe software program. The absorbance spectra of ZnONPs were analyzed using
the obtained spectra, and the nanoparticles' band gaps, radii, Urbach energies and steepness
parameters were determined. The X-ray diffraction (XRD) (Rigaku Ultima-1V) and field
emission scanning electron microscopy (FESEM) (Carl Zeiss-Sigma 300 VP) were applied to
investigate the structural, morphological and elemental properties of ZnONPs. Additionally,
the antibacterial activity of ZnONPs was assessed using the agar diffusion method.

3. RESULTS
3.1. Structural Properties of ZNONPs

Figure 3 illustrates the XRD patterns of ZnONPs generated through green synthesis techniques
employing a range of fungal isolates. The patterns were utilized to determine the structural
characteristics of the ZnO nanoparticles (ZnONPs), including their phases, Miller indices, grain
sizes, and dislocation. As per Figure 3, all films exhibited a hexagonal wurtzite ZnO structure
(JCPDS: 04-005-4711), and none of the fungal isolates led to any structural alterations in the
nanoparticles. The synthesis of ZnO nanoparticles was successfully achieved using four
different selected isolates. The crystallization levels and half-peak widths of all ZnONPs are
nearly identical, except for those produced with the A. flavus fungal isolate. The crystallization
level of ZNONPs produced solely by the A. flavus isolate was found to be lower than that of
other ZnONPs, and the peak widths were larger. Some structural parameters of ZnONPs,
including diffraction angle (26), interplanar distance (d), Miller indices (hkl), full width at half
maximum (FWHM), grain size (G) and dislocation density (o) were determined. The grain size
and dislocation density of the ZnONPs were calculated using the Scherrer equation (Kumar et
al., 2022).

094

- pcosb (1)
1
o= E (2)

where A is wavelength, gis full width at half maximum, @is Bragg angle and D is grain size.
These values are given in Tables 2.

Bragg reflections found in the structures of ZnONPs; produced in P. citrinum isolate,
correspond to values of 31.7124°, 34.385°, and 36.205°. It was observed that there was
dominant growth in the (100), (002), and (101) planes. The grain sizes for these three
predominant orientations were calculated, and they were found to be 51.5 nm, 58.1 nm, and
51.6 nm. Additionally, it was observed that the dislocation density in the structured
nanoparticles had similar values to the grain size. Bragg reflections can be observed in ZnONPs
produced by the F. solani isolate at values of 31.725°, 34.384°, and 36.209°, indicating that the
(100), (002), and (101) planes exhibited dominant growth. The grain sizes of these three
dominant orientations were calculated to be 60.0 nm, 62.4 nm, and 60.6 nm. Bragg reflections
were observed in the structures of ZNONPs produced in A. niger isolates. The values for these
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reflections were 31.705°, 34.336° and 36.2191°. It was noted that there was dominant growth
in the (100), (002) and (101) planes. The grain sizes for these three dominant orientations were
calculated to be 60.0 nm, 61.6 nm and 61.0 nm, respectively. Bragg reflections in the structures
of ZnONPs produced in A. flavus isolates correspond to values of 31.782°, 34.417°, and
36.250°. It was observed that dominant growth occurred in the (100), (002), and (101) planes.
The grain sizes for these three dominant orientations were calculated to be 45.8 nm, 46.1 nm,
and 44.1 nm, respectively.
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Figure 3. The XRD pattern of ZnONPs.

When examining all films, it was discovered that the grain sizes in the dominant orientations
were consistent across each film. Notably, the utilization of the Aspergillus flavus isolate in the
production of ZnO nanoparticles resulted in the smallest grain size when employing these
methods. Furthermore, various unique peaks were identified in these ZnONPs at 10°-25°
diffraction angles, which were not present in the other films, indicating possible impurities.
Similar structures have also been observed in various studies in the literature on ZnO
nanoparticles that were prepared using different methods (Charmaine et al., 2022). The
ZnONPs produced by the P. citrinum isolate exhibited a dislocation density of 3.77, 2.96, and
3.76 line/nm?. The (100), (002), and (101) planes experience dominant growth. The dislocation
density of zinc oxide nanoparticles (ZnONPs) in F. solani isolates was determined to be 2.78,
2.57, and 2.72 line/nm? for growth in (100), (002), and (101) planes, respectively. Technical
term abbreviations were defined at their first occurrence in the text. Similarly, the dislocation
density of ZnONPs produced in A. niger isolates was found to be 2.78, 2.64, and 2.69 line/nm?
for dominant growth in (100), (002), and (101) planes. The dislocation density of zinc oxide
nanoparticles (ZnONPs) produced by A. flavus isolates corresponds to values of 4.71, 5.14, and
9.13 lines/nm2. Dominant growth was observed in the (100), (002), and (101) planes. All
nanoparticles were found to grow in the smallest grain size (002) orientation. Notably, only the
grain size and dislocation density values differ in the ZnONPs produced by the A. flavus isolate.
It was observed that the stress level in ZnONPs was the highest despite its smallest grain size
compared to other nanoparticles.
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Table 2. Some of the structural parameters of ZnONPs.

20 d Miller indices FWHM D dx10*
©) (A) (hkl) (©) (nm)  (Line/nm?)
31.724 2.818 (100) 0.167 515 3.77
34.385 2,605 (002) 0.149 58.1 2.96
36.205 2.479 (101) 0.169 51.6 3.76
47.480 1.913 (102) 0.174 52.1 3.68
Pz_zgr'?'nzsr;] 56.512 1.627 (110) 0.198 47.6 4.41
62.780 1.478 (103) 0.194 50.2 3.97
66.274 1.409 (200) 0.213 46.6 4.60
67.851 1.380 (112) 0.218 45.7 4.79
68.958 1.360 (201) 0.231 43.6 5.26
72.481 1.302 (004) 0.198 51.9 3.71
76.844 1.239 (202) 0.276 38.4 6.78
31.725 2.818 (100) 0.143 60.0 2.78
34.384 2.606 (002) 0.139 62.4 257
36.209 2.478 (101) 0.144 60.6 2.72
47.497 1.912 (102) 0.145 62.4 257
56.543 1.626 (110) 0.159 59.0 2.87
ZnONPs- 62.831 1.477 (103) 0.163 59.6 2.82
F.solani 66.351 1.407 (200) 0.170 58.3 2.94
67.925 1.388 (112) 0.178 56.0 3.19
69.065 1.358 (201) 0.182 55.3 3.27
72.521 1.302 (004) 0.241 42.8 5.46
76.954 1.238 (202) 0.252 42.1 5.64
31.705 2.819 (100) 0.143 60.0 2.78
34.336 2.607 (002) 0.140 61.6 2.64
36.191 2.479 (101) 0.141 61.0 2.69
47.481 1.913 (102) 0.145 64.1 2.27
56.526 1.626 (110) 0.156 60.1 2.77
Z/S?]'i\:;i' 62798 1478 (103) 0.153 63.3 2.50
' 66.306 1.408 (200) 0.164 60.5 2.73
67.882 1.379 (112) 0.169 59.2 2.85
69.014 1.359 (201) 0.174 57.9 2.98
72.507 1.302 (004) 0.163 63.1 251
76.889 1.238 (202) 0.182 58.3 2.94
31.782 2.841 (100) 0.189 45.8 471
34.417 2,603 (002) 0.188 46.1 5.14
36.250 2.476 (101) 0.198 44.1 9.13
47.508 1.912 (102) 0.274 33.1 8.35
56.550 1.626 (110) 0.273 34.6 7.42
ZA'T%SVPUSS' 62.829 1.477 (103) 0.265 36.7 5.81
66.367 1.407 (200) 0.240 415 7.63
67.911 1.379 (112) 0.277 36.2 8.81
69.070 1.358 (201) 0.299 33.7 2.99
72.500 1.302 (004) 0.560 18.3 1.38
76.903 1.238 (202) 0.390 26.9 471

Additionally, these nanoparticles were found to exhibit the smallest grain size growth (101).
The average grain size values of the major orientations of ZnONPs, generated through fungal
isolates obtained from F. solani, A. niger, and A. flavus, were established as 53.7 nm, 61 nm,
61.9 nm, and 45.3 nm, respectively. The ZnONPs generated by the P. citrinum, F. niger isolates,
which share similar structural characteristics; the smallest mean grain size belongs to the
ZnONPs produced by P. citrinum. The mean grain sizes of the ZnONPs generated by the F.
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solani and A. niger isolates are comparable. Nonetheless, the mean grain size of the ZnONPs
generated by the A. Flavus isolate was the tiniest. The dislocation density values in the dominant
orientations of the ZnONPs produced by fungal isolates from A. flavus were calculated to be
3.49 lines/nmz?, 2.69 lines/nm?, 2.70 lines/nm?, and 6.32 lines/nm?, respectively. Among the
ZnONPs produced in P. citrinum, F. solani, and A. niger isolates with, similar structural
properties, and the ZnONPs produced in F. solani and A. niger isolates exhibited the lowest
average dislocation density values. The average dislocation density values for ZnONPs
produced by F. solani and A. niger isolates were found to be similar. Nevertheless, the ZnONPs
produced by the A. flavus isolate exhibited the highest average dislocation density.

3.2. Optical Properties of ZNONPs

UV-Vis spectroscopy was utilized to establish the response of ZnONPs to visible light
alongside various optical parameters, including band gap, porosity, Urbach energy and
refractive index. Absorbance and transmittance spectra for all materials were recorded in the
range of 200-900 nm. The absorbance spectra for ZNONPs are exhibited in Figure 4. In general,
the absorbance properties for ZnONPs made utilizing different fungal cultures exhibit notable
similarities.

In particular, ZnONPs generated in P. citrinum and A. niger gave rise to analogous
absorbance spectra. The band edges of all ZnONPs were observed to be smooth, with a sharp
increase at approximately 340 nm. ZnONPs produced in F. solani showed an increase in
absorbance values in the visible region. Conversely, the absorbance values of other materials
in this region were notably low. For all NPs, absorbance values showed a sharp increase upon
transmission of wavelengths below approximately 350 nm. At around 300 nm, the absorption
values of all nanoparticles reached their peak. It was discovered that ZnONPs that were
synthesized using F. solani and A. flavus had the highest absorption values in this region. The
inflection points in the absorbance spectra were initially identified, and are depicted in Figure
5. These peaks, which represent the highest points on the absorbance spectrum may be
correlated with surface plasmon resonance (SPR), which is a unique feature of metal
nanoparticles (Moormann & Bachand, 2021).

4
— P, clrnum I —it P. citrinum|
F. solani 295 o 302 o F. solani
A. flavus N A favus
—A_ niger 3 W o — L L
-~ — ,,//
3 S /
& 8 /
8 g )
2 3 /
o a N\~
< <
! |
0 L 0
250 300 350 400 450 500 550 600 650 700 250 260 270 280 290 300 310 320 330 340 350
Wavelength (nm) Wavelength (nm)
Figure 4. Absorbance spectra of biosynthesized Figure 5. Inflection points in the absorption
ZnONPs. spectra of ZnONPs.

A shift in the short wavelengths was observed for only one fungal species. This alteration in
the absorbance edge may have stemmed from the quantum size effect (Pariona et al., 2020).
Particle size was calculated using the effective mass model to characterize the nanoparticle size
(r, radius) as it is dependent upon the peak absorbance wavelength (I,) (Nehru et al., 2023):
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1/2
[wiﬂ—zs.zwlz ~(0.3049)
p
r (nm) = 2483.2 (3)
o, 63829

ZnONPs exhibit a peak absorbance of 295 nm and 302 nm, as shown in Figure 8. During the
development of equation (3), it was established that me = 0.26 mo, my = 0.59 mo, where mo
represents the free electron mass, ¢ equals 8.5, and the bulk Eq is 3.3 eV (Mahamuni et al.,
2023). Table 3 indicates the sizes of the ZnONPs. A red-shift in the absorbance peak
wavelength occurs as the fungal solution varies, attributed to the reduction in quantum
confinement resulting from an increase in rising particle size. It was discovered that the
absorbance peak of ZnONPs created in the solution of A. flavus had shifted to a longer, redder
wavelength. Additionally, the particle size was observed to be larger in size. Figure 6 illustrates
the transmittance spectra of ZnONPs. The visible region demonstrates high transmittance for
all ZnONPs, whereas only those produced in the F. solani medium exhibit low transmittance
values. This indicates that ZnONPs generated in F. solani medium are applicable for absorbing
properties, and that those derived in P. citrinum, A. flavus, and A. niger environments are fit for
high transmittance applications.

100

80

2

8 60

=4

ko]

€

é 40

= — P. citrinum

20 F. solani

A. flavus
A. niger

0
300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 6. Transmittance spectra of ZnONPs.

Band gap values are crucial optical parameters for technological applications in
nanomaterials. Figure 7 presents the a/nv?-hv graphs for ZnONPs and Table 3 displays the band
gap (Eg) values derived from these graphs. Based on the results of the analysis of the graphs, it
was found that the band gap values of ZnONPs were relatively consistent, measuring at 3.83
eV. The band gap values of ZnO nanoparticles (ZNONPs) produced exclusively in F. solani
medium are lower than those of other materials. It is evident that the fungal biosynthesis
approach has an impact on the band gap values of ZnONPs. The production method yields
ZnONPs with enhanced values and a broader band gap. The optical band gap values were
calculated using the following equation (Malaikozhundan et al., 2017):

(ahv) =A(hv —Eg) " 4)

where A is a constant determined by the refractive index of the material, Egrepresents the optical
band gap, and Av is the photon energy. The absorption spectra of ZnONPs were used to calculate
the average particle size.
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Figure 7. ehv*-hvgraphics of ZnONPs.

Optical transitions between a material's valence and conduction bands, defect states,
conduction mechanisms, and disproportionate charge-induced defects depend on the material's
bandgap. The identification of these changes and defects in the structure is achieved through
detecting the Urbach tails that are formed in the band structure. The energy associated with
these Imperfect Urbach tails in the band structure is known as the Urbach energy. Therefore, it
is a significant parameter in identifying alterations in the band structure of materials. The
Urbach energy was determined by computing the inverse of the gradient of Ina-hv plots, using
the following equation (Meruvu et al., 2011):
a = agexpnVE/Eu (5)

where ag is a constant and E, represents the Urbach energy, which is the width of the tails of
localized states in the material's band gap. /na-hv graphs are presented in Figure 8. Another
significant parameter that illustrates changes in the band structure is the steepness factor. This
parameter is a perpendicularity parameter that indicates the material's band broadening.
Additionally, this parameter determines the electron-phonon interaction's potency. Both of
these critical parameters can be calculated using the following equations (Moghaddam et al.,

2015; Moghaddam et al., 2017):
— (6)

Eu
where o is the steepness parameter, ks is the Boltzmann constant, and T is the absolute
temperature. The electron-phonon interaction strength (Eep) depends on the steepness
parameter and can be determined using the formula 2/3s. Also, the refractive index of ZnO-NP
was calculated through the use of the Ravindra relation (Mohamed et al., 2019). This
relationship is linked to the material's band gap of the material, and the equation is provided

below:
n = 4.084 — 0.62E, (7

where Eq represents the optical band gap energy calculated from the Tauc plot, and n signifies
the refractive index. Furthermore, Figure 9 presents the variations in the optical bandgap-
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Urbach energy and optical bandgap values. The porosity values of ZnONPs have been assessed
using Equation (8), a quantitative analysis of porosity based on refractive index (Molina et al.,
2020):

n?-1

2
n2-1

Porosity (%) = [1 - ] %X 100 (8)

where n is the refractive index of ZnONPs and nq is the refractive index value of pore-free ZnO
according to literature. Table 3 presents the calculated values of refractive index and porosity.
The results demonstrate that ZnONPs exhibit refractive index values ranging from 1.70 to 1.72
and porosity values of 34.5 % to 35.9 %.

Table 3. The some optical parameters of ZnONPs.
Peak Steepness  Refractive

Particle E Eu : Porosity
absorbance v parameter index 0
ZnONPs peak R(m) (eV) (meV) (ox10%) ) (%)
P. citrinum 302 1.672 3.83 572 6.58 1.7094 35.9
F. solani 302 1.672 3.81 541 6.96 1.7218 34.5
A. flavus 295 1.581 3.84 566 6.65 1.7032 36.6
A. niger 302 1.672 3.83 571 6.60 1.7094 35.9
i 580
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Figure 8. Ina-hv graphs of ZnONPs. Figure 9. Variation of optical band gap with Urbach
energy of ZnONPs.

3.3. Morphological Properties of ZnONPs

Morphological properties of ZnONPs produced in fungal isolates of P. citrinum, A. niger, F.
solani, and A. flavus were investigated using scanning electron microscopy at 500 x and 3 kx
magnifications. FESEM images and the EDX images and elemental analysis findings of
ZnONPs are shown in Figure 10 and 11 for P. citrinum, A. niger, F. solani, and A. flavus
isolates, respectively. When the morphological structures of ZnONPs were examined, it was
observed that they all exhibited tightly packed formations, each developing its own distinct
morphology. At high magnification (300 kx), the distinct morphologies of all nanoparticles
become evident. Nonetheless, upon closer inspection, it was deduced that the morphologies of
ZnONPs generated in P. citrinum and A. niger isolates were corresponding to each other. In
Figure 10(a) and 10(c), ZnONPs display a morphology resembling that of cauliflower. Figure
10 reveals that ZnO nanoparticles synthesized by the P. citrinum isolate formed larger
aggregates, while those produced by the A. niger isolate formed smaller clusters. It was
observed that both isolates were capable of producing ZnONPs with a cone-shaped
morphology.
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Figure 10. FESEM images of ZnONPs.
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In addition, the production of nanoparticles in A. niger isolation permits for cone-shaped
expansion in larger dimensions (Figure 10(c)). Figures 10(b) and 10(d) exhibit the
morphologies of ZnNONPs created in the F. solani and A. flavus isolates, respectively. It has
been observed that the production of ZnONPs in these isolates resulted in nanoparticles with
dissimilar morphologies compared to other isolates. In Figure10(d), ZnONPs created from the
F. solani isolate displayed greater porosity than nanoparticles produced from other isolates.
However, these nanoparticles exhibit a densely packed structure with a void in the center.
FESEM images of ZnONPs produced in A. flavus isolates are presented in Figure 10(d). It was
observed that the ZnONPs had distinct morphologies. A compact, uniform, and foliaceous growth
was witnessed for ZnONPs produced in this isolate.

Elemental analysis of ZnONPs synthesized by various fungal isolates was conducted using
a field-emission scanning electron microscope (FESEM) device. Figure 11 and Table 4 present
the EDX images and elemental analysis findings for ZnONPs obtained from P. citrinum, A.
niger, F. solani, and A. flavus isolates, respectively. The results indicate the presence of zinc
and oxygen atoms in the structure of ZnONPs, which is consistent with the XRD results. When
examining the atomic percentages of ZnONPs, it becomes apparent that the nanoparticles with
the highest stoichiometric value are those produced in A. flavus isolate. Therefore, the ZNONPs
produced in these isolates are of lower quality. The atomic percentages of O and Zn atoms in
these ZnONPs are very similar. Conversely, the atomic percentages of O and Zn in ZnONPs
produced in isolates of P. citrinum, A. niger, and F. solani are significantly different leading to
lower stoichiometric values. When examining the atomic ratios in the structure of ZnONPs, it
was observed that there was an excess of O and a deficiency of Zn in the nanoparticles produced
by P. citrinum and A. niger isolates. In contrast, the nanoparticles synthesized from the F. solani
isolate exhibited an excess of zinc and a deficiency of oxygen in their structure. This modified
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ratio of Zn and O in the structure is the primary reason for the alteration in the morphology of
ZnONPs. The cone-shaped morphological structure of Zn-rich ZnONPs is found to be impaired.
This indicates that various fungal isolates are effective in producing ZnONPs with varying
atomic percentages.

Table 4. EDX data of ZnONPs.

Atomic % Weight %
ZnONPs
Zn O Zn 0]
P. citrinum 18.13 81.87 47.51 52.49
F. solani 76.96 23.04 93.17 6.83
A. flavus 40.22 59.78 73.32 26.68
A. niger 23.26 76.74 55.33 44.67

4.4. Antibacterial Properties of ZnONPs

The antibacterial properties of ZnONPs synthesized by various fungal isolates using the
biosynthesis method were evaluated through the agar diffusion technique. Using the agar well
diffusion method, this study examines the antibacterial impact of ZnONPs on five types of
bacteria, namely Candida albicans, Streptococcus mutans ATCC 10449 s, Pseudomonas
aeruginosa ATCC 27853, Eosinophilic pneumonia NRLLB4420, and Staphylococcus aureus
ATCC 25923. The minimum inhibitor concentrations were determined by spreading the
selected microorganisms onto nutrient agar medium, introducing wells into the medium, and
planting sterile vials. The minimum inhibitor concentrations were determined by spreading the
selected microorganisms onto nutrient agar medium, introducing wells into the medium, and
planting sterile vials. 100 pL of the pertinent biosynthesis product was added to the wells and
incubated at 37 °C for 24 hours. Subsequently, the culture dishes were inspected after which
the resulting area dimensions were determined. The zone of inhibition (ZOI) was evaluated
using the following formula (Moormann & Bachand, 2021):

w =2 ©)
in which W represents the width of ZOI (mm), D indicates the diameter of the test specimen
(mm), and T refers to the total diameter of the said specimen. These computed figures and the
zone of inhibition are illustrated in Table 5 and Figure 13, correspondingly.

Figure 12(a) presents the examination of the antimicrobial properties of biosynthesized ZnO-
NP on various fungal isolates, including P. citrinum, F. solani, A. flavus and A. niger. It was
found that ZnONPs exhibited a significant antibacterial effect against Candida albicans
microorganisms. Moreover, their resistance to specified microorganism was observed. Notably,
the antibacterial effect varied among different fungal isolates against Candida albicans
microorganisms. The ZOI widths of ZnONPs for this microorganism ranged from 4.2 to 4.5
cm. The A. flavus fungal isolate produced ZnONPs with the highest antibacterial activity against
the Candida albicans microorganism. The smaller particle size of this particular ZnONPs, along
with its surface morphology, supports its superior antibacterial activity compared to other
ZnONPs. This is because the small size and protruding surface morphology of the particles
enable them to penetrate into the cell more effectively, thereby increasing antibacterial
resistance (Qianwei et al., 2022; Rajan et al., 2016). Figure 12(b) demonstrates the evaluation
of antimicrobial activity of biosynthesized ZnONPs against Eosinophilic pneumonia
microorganisms using fungal isolates of P. citrinum, F. solani, A. flavus and A. niger. The
findings suggest that ZnO-NP had limited antibacterial effects against Eosinophilic pneumonia
microorganisms and their high resistance against this substance was clear. While the ZnONPs
synthesized from the F. solani and A. flavus isolates exhibited different antibacterial effects on
the microorganisms responsible for Eosinophilic pneumonia, the other ZnONPs showed
consistent antibacterial effects. The ZOI widths of the ZnONPs, which were produced these
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isolates against, this microorganism varied from 0.5 to 0.7 cm. F. Solani fungal isolate
displayed the most potent antibacterial activity towards microorganisms that cause eosinophilic
pneumonia. Figure 12(c) displays the evaluation of the antimicrobial impact of biosynthesized
ZnONPs on Pseudomonas aeruginosa microorganisms through fungal isolates of P. citrinum,
F. solani, A. flavus and A. niger. It was found that ZnONPs demonstrated limited antibacterial
efficacy against Pseudomonas aeruginosa microorganisms with ZOI widths of 0.5 to 0.6 cm.

Cova'e AN gmre

T

Figure 12. Antibacterial activity tests of ZnONPs (a) Candida albicans (b) Eosinophilic pneumonia (c)
Pseudomonas aeruginosa (d) Staphylococcus aureus and (e) Streptococcus mutans microorganisms.

It was observed that the antibacterial effect of various fungal isolates on the microorganism
Pseudomonas aeruginosa remained consistently similar. While ZnONPs produced by the F.
solani fungal isolate exhibited differing antibacterial activity on Pseudomonas aeruginosa
microorganisms, the remaining three isolates demonstrated identical antibacterial effects.
Figure 12(d) displays the results of the testing undertaken to determine the antimicrobial effect
of ZnONPs synthesized biologically on the microorganism Staphylococcus aureus through the
utilization of fungal isolates such as P. citrinum, F. solani, A. flavus, and A. niger. Analysis
revealed that ZnONPs provided a weaker antibacterial effect on the microorganism
Staphylococcus aureus compared to other variations of ZnONPs. The ZOI widths of ZnONPs
for this microorganism ranged from 0.1 to 0.9 cm. It was noted that the antibacterial impact of
various fungal isolates on Staphylococcus aureus microorganisms was equal. However, the A.
niger fungal isolate demonstrated the highest antibacterial activity on Staphylococcus aureus
microorganisms, as it produced ZnONPs. Figure 12(e) displays the assessment of the
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antibacterial properties of biosynthesized ZnO-NPs on Streptococcus mutans microorganisms
using fungal isolates of P. citrinum, F. solani, A. flavus, and A. niger. It was found that ZnONPs
exhibited a significant antibacterial effect on Streptococcus mutans. The ZOI widths of
ZnONPs for this microorganism ranged from 2.1 to 2.4 cm. It was observed that the
antibacterial effect of various fungal isolates on the microorganism Streptococcus mutans was
comparable. The ZnONPs produced in both P. citrinum and F. solani fungal isolates exhibited
uniform antibacterial activity on Streptococcus mutans microorganisms, with A. flavus isolates
presenting with the slowest antibacterial activity.

As a result of the antimicrobial effectiveness test, it became apparent that the biosynthetic
products harvested from the fungal mass had an antimicrobial effect on all the microorganisms
tested. Figure 13 displays the variation in the inhibition zone of ZnONPs created from various
fungal isolates on different bacteria. Similarly, Figure 14 illustrates the juxtaposition of the
inhibition diameters of ZNONPs on the identical bacteria. All ZnONPs exhibited significant
antibacterial activity against Candida albicans and Streptococcus mutans. However, while all
ZnONPs had low antibacterial activity against Staphylococcus bacteria, those produced in the
A. niger isolate demonstrated high resistance. The antibacterial effects of ZnONPs were similar
in other bacterial species.
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Figure 13. The inhibition zone variation of ZnONPs (a) A. flavus, (b) P. citrinum, (c) A. niger and (d)
F. solani.
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Figure 14. The comparison of the inhibition diameters of ZnONPs on the same bacteria.

Table 5. The zone of inhibition (ZOI) values of ZNONPs.

ZnONPs
Bacteria P. F. A A
citrinum solani flavus niger

Candida albicans 4.2cm 4.4 cm 45cm 4.3cm
Streptococcus mutans ATCC 10449 s 24 cm 2.4 cm 2.1cm 2.3cm
Pseudomonas aeruginosa ATCC 27853 0.5cm 0.6cm 0.5cm 0.5cm
Eosinophilic pneumonia NRLLB4420 0.6 cm 0.7cm 0.5cm 0.6cm
Staphylococcus aureus ATCC 25923 0.1cm 0.1cm 0.2cm  0.9mm

4. DISCUSSION and CONCLUSION

In this study, zinc oxide nanoparticles (ZnONPs) were produced successfully using various
fungal cultures. The chosen fungal species for ZnONPs production were observed to have
substantial impacts on the physical and antibacterial characteristics of the nanoparticles. As a
result of the structural analysis of the nanoparticles, it was found that all fungal cultures were
appropriate for the production of ZnONPs. The ZnONPs, formed under hexagonal zinc oxide
structure and dominant orientations, were identical in all cases. However, in ZnONPs produced
solely in A. flavus mushroom culture, different phases formed within the structure, and the
crystallization level was lower. The average grain size of the ZnONPs is between 53-61 nm. It
was determined that ZnONPs synthesized through P. citrinum culture had the smallest grain
size and the most favorable structure. ZnONPs synthesized from P. citrinum, A. flavus, and A.
niger cultures were highly transparent (at a rate of 90%). The least transparent ZnONPs were
synthesized from F. solani culture nanoparticles. Particle radii and bandgap values were
measured to be in the range of 1-2 nm at 3.83 eV. It was determined that the bandgap, refractive
index, and porosity values of the fungal cultures used did not affect the particle size but did
affect other aspects of the nanoparticles. ZnONPs displayed high levels of resistance against
Candida albicans and Streptococcus mutans bacteria. Furthermore, in contrast to other types of
nanoparticles, ZnONPs produced from the A. niger fungal culture exhibited greater resistance
against Staphylococcus aureus bacteria. Furthermore, the fungal diversity induced significant
alterations in the morphological architecture of ZnONPs. The nanoparticles synthesized from
P. citrinum and A. niger fungal cultures resembled each other with their nano-flake structure,
while ZnONPs generated from A. flavus and F. solani fungal cultures adopted distinct
morphological compositions.
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Consequently, ZnONPs produced with different fungi can be utilized as an alternative
biomaterial in applications such as an alternative filling and bracket material, particularly in
dental applications due to their in vitro antimicrobial properties against Candida albicans and
Streptococcus mutans bacteria.
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