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ABTRACT

Green nanotechnology is an environmentally friendly method that can reduce the negative impacts of chemical materials on humans and
the environment. In this study, aqueous extracts of Foeniculum vulgare seed were used for the green synthesis of ZnONPs. The experiment
was done in a nutrient solution supplemented with either ZnONPs or bulk ZnO (0, 4, 6 and 8 mM) in two mycelial strains of Ganoderma
lucidum. To confirm that nanoparticles were synthesized, relevant devices were used, i.e. ultraviolet (UV-Vis) spectroscopy, dynamic
light scattering (DLS), Fier conversion infrared spectroscopy (FT-IR), X-ray diffraction (XRD), electron analysis Microscope (SEM)
and transmission electron microscope (TEM). The size of ZnONPs varied between 13 and 25 nm. ZnONPs and bulk ZnO were used for
evaluating several growth factors, such as diameter and area of the colony, percentage of inhibition, physiological and biochemical traits.
The results showed that ZnONPs and bulk ZnO reduced the mycelial growth rate, but significantly increased the contents of MDA (lipid
peroxidation), H,O, (hydrogen peroxide), EC (electrolyte leakage), CAT (catalase), SOD (superoxide dismutase) and POD (peroxidase).
The concentration of ZnONPs and bulk ZnO, up to 6 mM, increased the activity of antioxidant enzymes, but higher concentrations reduced
the activity. ZnONPs and bulk ZnO lowered the rate of mycelial growth in Ganoderma by creating oxidative stress. Ultimately, the mycelia
acted against the oxidative stress by increasing the production of antioxidants. The results of this study suggest that ZnONPs and bulk ZnO,

especially ZnONPs, leads to the improved antioxidant capacity of Ganoderma.
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INTRODUCTION

Recently, the synthesis of metal oxide nanoparticles (NPs) hasreceived
considerable attention. These NPs bear unique characteristics
compared to bulk materials with similar chemical compositions.!
Nanotechnology is a modern technology that can revolutionize
various scientific fields, including agriculture.? Nanoparticles are
one of the most essential technological tools with specific, physical
and chemical attributes that make them stand out compared to their
bulk form.*> Nanoparticles (NPs) possess unique physicochemical
features such as particle morphology, tunable pore size, high
reactivity, and high surface area?, nevertheless, the toxicity of NPs is
one of the most important factors causing damage to plant’s genes,
DNA, molecules and other crucial plant functions.> Metal oxide
nanoparticles are important because of their exceptional surface
functionalities. They have different electrically charged structures,
as well as biological activities, due to their unique characteristics
such as semi-conductance and insulation.® Among metal oxides,
528 tons of ZnONP are produced annually in the world. They
are one of the most important materials with biocompatible and
environmentally friendly properties. In particular, they have been
considered useful because of their antimicrobial and antioxidant
activities.” Zinc is involved in the structure of various enzymes,
nucleic acid and protein synthesis, which is necessary for the proper
growth of living organisms. A lack of this element can delay growth
and ultimately cause reductions in fungal yield. Zinc is needed for
fungal enzyme activities, intermediary metabolism, fungal growth
and biological cycles.® Moreover, zinc acts as an antagonist against
heavy metals such as cadmium, nickel and lead, reducing the toxic
risk of their high concentrations in some mushrooms.’ This element
is the only transition metal is required for the activity of lyases,
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isomerases, hydrolases, transferases, oxidoreductases and ligases,
in addition to being a precursor for the function of metalloenzymes
that are involved in protein and nucleic acid metabolism.!® The
dissolution of Zn nanoparticles in water can result in the production
of Zn** in the medium." It is thought that the positively charged
metal binds to negatively charged groups on the surface of cell
membranes.’? In a previous study, a high concentration of Zn was
found in a mycorrhizal fungus grown on a polluted substrate, so
most of the Zn was located extrahyphally and bound to the cell wall
or extracellular slime polymers.!® It was reported that extracellular
slime components contain electronegative sites through which zinc
ions can bind to cell walls."* Considering the vital role of the cell
wall in the binding of metals, metal ions can bind to the cell wall
in different ways, depending on the composition of the cell wall.'s
It has been suggested that Zn can have a negative effect on growth
by interfering with the function of cell walls. This may occur due
to blockade in cellular reactions and metabolic pathways, since an
increase in Zn concentration in the culture medium could cause a
decrease in fungal biomass.!® Therefore, elevated concentrations
of Zn may have an inhibitory or toxic effect on cellular activity
and growth,"! thereby impeding the production of extracellular
enzymes.'” This chain of events can adversely affect the cycling of
carbon and nutrients.!s

It is reported that the use of metal nanoparticles may disrupt
intracellular metabolism'® or may damage the antioxidant defense
system,? thereby causing an accumulation of reactive oxidative
species (ROS). While ROS usually play essential roles in signaling
and homeostasis,?! an excessive accumulation of ROS often leads to
oxidative stress. It can damage lipids, proteins, carbohydrates and
DNA, which could eventually result in cell death.?? Moreover, high
ROS content can instigate lipid peroxidation, as this is detectable by
the accumulation of malondialdehyde in cells.?* Naturally, the toxic
effects of oxidative stress can be overcome by enzymatic antioxidants
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such as (POD), (CAT) and SOD and non-enzymatic ones such as
proline which play vital roles in the defense system.?* SOD has been
considered the first enzyme in the line of cellular defense, tasked
with attacking oxygen radicals (O-) and catalyzing them to hydrogen
peroxide to protect cells against oxygen-derived free radicals.?> Then,
CAT converts hydrogen peroxide (H,0,) into H,O and O,.2¢ POD
is usually seen as another enzyme in the detoxifying of H,O, since it
functions through various electron donors,”’while proline serves as
a non-enzymatic antioxidant in ROS scavenging.?®

Ganoderma lucidum is a mushroom with a glossy exterior and a
woody texture.? Its nutritional components include protein, fats,
carbohydrates, fiber and vitamins, as well as several minerals such
as calcium, potassium, magnesium, phosphorus, iron, selenium,
copper, and zinc.? In China and several European countries, this
mushroom is considered a supplement for cancer treatment due to
its potent antioxidant activity and ability to counter the side effects
of chemotherapy.®*® This high antioxidant capacity in Ganoderma
and its ability to stop lipid peroxidation create a balance between
ROS production and the antioxidant defense system, which leads to
a reduction in oxidative stress.’ The proteins in Ganoderma contain
all of the essential amino acids, especially the lysine and leucine,
associated with a high amount of polyunsaturated fatty acids and a
low amount of total fat.3?

While the use of nanoparticles in the food industry is becoming
more and more popular among scientists, the current modes of
nanoparticle synthesis are physical, chemical, or green. The physical
and chemical modes of synthesis are expensive and require access
to expensive, sometimes complicated equipment, while needing
the provision of special conditions such as high temperature and
pressure. Chemical compounds that can be toxic to the health of
living organisms* have prompted researchers to formulate safe, low-
cost methods for the synthesis of nanoparticles.> The term “green”
in this article and in the available literature is synonymous with
the application of methods and materials that render the synthesis
of a compound environmentally-friendly. So far, different parts of
plants® and fungi®® have been tested for the synthesis of ZnONPs.?”

Plant extracts in the process of nanoparticle synthesis, act as
reducing, stabilizing agents for the synthesized nanoparticles,
whereas in chemical synthesis the use of toxic chemicals can lead
to hazardous wastes.* Using plant extracts in these procedures has
brought advantages in terms of interactions with and effects on
environments.*Thus, plant extracts are an optimal option for the
synthesising of NPs, since they do not contain toxic chemicals.”
Accordingly, in the present research, the green synthesis of metal
nanoparticles occurred through synthesizing ZnONPs, along with
using the seed extract of Foeniculum vulgare, a medicinal plant.
Ultimately, the effects of ZnONPs were evaluated on the antioxidant
capacity of Ganoderma lucidum. The hypothesis was that ZnONPs
could increase the production of antioxidants in the mycelia of
G. lucidum.

MATERIALS AND METHODS
Chemicals and Reagents

The chemicals that were used in the experiments of this research
were, namely, Zn (NO3), 6H,0, ZnO, NaOH and malt extract agar
(MEA). All were purchased from Merck, Germany.

Preparation of Foeniculum vulgare seed extract

Dried seeds of Foeniculum vulgare Mill. Finocchio Montebianco
Italian cultivar was purchased from an online market and was used for
the green synthesis of zinc nanoparticles. The seeds were first rinsed
in water, and then 100 g of dried seeds were powdered and mixed
with 200 ml of deionized water. The solution was heated to 60 °C and
kept there for 1 hour before filtering by centrifugation at 4500 g. The
extract was stored in the refrigerator at 4 °C until further use.®

Preparation of Ganoderma lucidum

Ganoderma lucidum strains (GO1 and G16) were obtained from a
mushroom laboratory at the University of Mohaghegh Ardabili. The
fungi were certified by an expert in verifying the genus and species.

Green synthesis of ZnONPs

To synthesize the ZnONPs, 50 ml of aqueous extract was obtained
from Foeniculum vulgare seeds and mixed with 50 ml of deionized
water. Then, zinc nitrate (6.4 g) was added to the diluted extract
solution and stirred at room temperature for 20 min. After complete
dissolution, the pH was adjusted to 12, using 5 M NaOH, and the
solution was stirred for 1 hour until yellow sediments appeared. The
sediments were washed several times with deionized water to be
purified and then centrifuged at 3000 g (10 min, 25 °C). To remove
the impurities from the sediments, the samples were heated in an
electric furnace at 500 °C for 2 hours. After drying, the color of
the sediments changed from yellow to white which indicated that
ZnONPs had formed.*

Characterization of ZnONPs

The size and morphology of ZnONPs were evaluated by SEM (LEO
1430VP( and TEM (Philips-EM208S, acceleration voltage: 100 kV).
The XRD pattern was recorded by a GNR Italstructures MPD 3000
using CuKa radiation (A= 0.15406 nm; scanning rate: 0.04°/sec in the
20 range from 20° to 80°). The Scinco 4100 was used for recording
the DRS spectrum. The particle sizes of ZnONPs were detected by
DLS (HORIBA Scientific, nanopartica, SZ-100). Monitoring the
chemical structure of the synthesized nanoparticles was done by
FTIR (Perkin Elmer Spectrum RX I, USA) and the infrared spectra
operated at 400-4000 cm™".

Preparation of culture media and assessment of mycelial
growth

Malt extract agar was used as the base culture medium. After
autoclaving at 121°C for 15 minutes, the culture medium was allowed
to cool slightly under the laminar airflow. Then, ZnONPs were added
to the media at different concentrations (i.e. 0, 4, 6 and 8 mM), and the
media were inoculated with Ganoderma lucidum. The culture media
without nanoparticles were considered as the control treatment.

The vegetative growth of Ganoderma lucidum was evaluated by
measuring the mycelial diameter (mm) along two perpendicular
directions and by monitoring the colony area (mm?) simultaneously
and daily, until the Petri dishes became utterly full of the fungi
in control samples. The following formula was for calculating
the inhibition ratio. A concentration that caused more than 20%
inhibition was considered as an inhibitory concentration:*!

Inhibition ratio (%) = (C - E)/C x 100% (1)

Where C was the average diameter of the largest and smallest
mycelia of the untreated (control) samples, and E was the average
diameter of the largest and smallest mycelia of the treated samples.

Linear regression was used for calculating the ICs.%

The liquid culture medium comprised glucose (35 g L), peptone
(5 g L), yeast extract (2.5 g L), KH,PO, (0.883 g L), Vitamin By
(0.05g L") and MgSO,4.7H,0 (0.5 g L"). The pH value remained at 5.5
and the culture medium was used for producing a suitable quantity
of mycelium that could enable the measurement of enzymatic
properties. Then, ZnONPs were added to the media (100 mL) at
different concentrations (i.e. 0, 4, 6 and 8 mM) and inoculated with
Ganoderma lucidum. The cultures were placed on a rotary shaker
(80 g, 28 ¢, for periods of 4, 6 and 8 days) and, at the end of each
period, the collected mycelia were used for evaluating enzymatic
activity.*?
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Proline content

The proline content was determined according to Bates et al. (1973)'.
In brief, 0.2 g of mycelium was ground with a mortar and pestle in
sulfosalicylic acid (3%), and was then centrifuged (14000 g, 15 min,
25 °C). Two mL of the supernatant was mixed with glacial acetic
acid (2 mL) and ninhydrin solution (2 mL; 1.25 g ninhydrin in 20
ml 6-orthophosphoric acid). The solution was heated for one hour to
reach 100 °C, and was then cooled at room temperature. Subsequently,
toluene (5 mL) was added and the solution was vortexed for 20 s.
After 10 min, the phases were separated and the absorbance values
were read at 520 nm. Proline content was presented as pg g' FW.

Malondialdehyde (MDA) content

The MDA content was determined according to Wang et al. (2019)*
with some modifications. In brief, 0.5 g of the mushroom cap was
homogenized with trichloroacetic acid (5% w/v, 5 mL) in an ice bath
and was then centrifuged (10000 g, 15 min at 4 °C). The supernatant
(2 mL) was mixed with trichloroacetic acid (5% w/v, containing 0.67%
thiobarbituricacid, 2 mL) and was stored in a Bain-marie (5 min, 95 °C).
The solutions were then cooled rapidly and the absorption values were
recorded at 450, 523 and 600 nm. MDA was presented as umol g FW.

Electrical conductivity (EC)

The electrical conductivity was determined according to Liu et al.
(2020).** Two grams of mycelium were washed with distilled water
(three times) and dried on filter paper. Then, the collected mycelia
were suspended in distilled water (25 mL) and kept on a rotary
shaker (25°C, 30 min) before measuring electrical conductivity
(ECI1). After heating the samples in Bain-marie (boiling water, 15
min), they were allowed to cool at room temperature, and then the
electrical conductivity was measured again (EC,). The EC value was
calculated by the following formula:

EC (%) = EC;/EC,x100 2

H,0, content

The H,0, content was determined by a suitable method by Liu et
al. (2020)** with some modifications. One gram of mycelium was
homogenized in TCA (1% w/v, 5 mL) in an ice bath, and was then
centrifuged (10000 g, 20 min, 4 °C). One mL of supernatant was
mixed with potassium phosphate (1 mL, 0.1 M, pH 7) and potassium
iodide (1 mL, 1 M). The reaction mixture was kept in the dark (1
hour, 25 °C) and the absorbance was measured at 390 nm. A standard
curve was constructed using different concentrations of H,O, and
presented as pmol g FW.

Assaying antioxidant enzyme activity
Extraction of crude enzyme

To evaluate the enzymatic activity, 0.3 g of mycelium was
homogenized in potassium phosphate (PPB) buffer (5 mL, 50 mM, pH
7) containing EDTA (1 mM) and PVP (1%) before being centrifuged
(15000 g, 20 min, 4 °C). The supernatant was immediately used for
CAT, SOD and POD assays.*

Enzymatic activity assay

To determine CAT activity, crude enzyme (0.15 mL) was mixed with
PPB (1 mL, 100 mM, pH 7.8) and H,0, (1.5 mL, 15 mM). Changes in
the absorbance values of the solutions were recorded at 240 nm, and
the enzyme activity was expressed as Ug? FW. ¥/

The SOD activity was measured according to a method according
to Xia et al. (2008).%6 In brief, 0.2 mL of the crude enzyme was added
to potassium phosphate buffer (1 mL, 100 mM, pH 7.8), methionine
(0.7 mL, 55 mM), nitroblue tetrazolium (0.3 mL, 0.75 mM) and
riboflavin (0.6 mL, 0.1 mM). The solutions were irradiated by
fluorescent light (40 umol m? s, 10 min). The absorbance of the
samples was recorded at 560 nm and expressed as Ug' FW.

The POD activity was assayed according to a method by Zhou
and Leul (1998).#” The reaction mixture consisted of crude enzyme
(0.5 mL), guaiacol (5mM) in sodium phosphate buffer (1 mL, 50 mM,
pH 6), and H,0, (1 mL, 5 mM). The absorbance was read at 470 nm
and POD activity was presented as Ug' FW.

Statistical analysis

The practical part of this research was performed as a factorial
experiment in a completely randomized design. In this experiment,
data were analyzed by SPSS software 18.1 and SNK test. The analyses
were carried out by one-way analysis of variance (ANOVA).

RESULTS

UV-Visible spectroscopy analysis

The UV-Vis DRS absorption spectrum provided valuable
information. Nanoparticles showed electron adsorption with unique
properties. Figure la represents the UV-Vis absorption spectrum
of the ZnONPs at a wavelength range of 250-800 nm, while an
absorption peak was recorded at 370 nm. In Figurelb, the band gap
energy of zinc oxide is 3.3eV.

XRD analysis

The XRD pattern of green ZnO-synthesized nanoparticles (Figure
2) showed that all peaks in the diffraction patterns confirmed clearly
the hexagonal phase (wurtzite structure) of ZnO and were fully
consistent with standard data (JCPDS 36-1451).

SEM and TEM analysis

SEM (Figure 3a) and TEM (Figure 3b) imaging technologies were
used for evaluating the shape, structure and size of green-synthesized
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Figure 1. UV-Vis DR spectrum (a) and band-gap (b) of ZnONPs synthesized
using F. vulgare seed extract.



RESEARCH ARTICLE

Khazaei, Behnamian, Dezhsetan, Estaji

150

S. Afr. J. Chem., 2024, 78, 147-157
https://journals.co.za/content/journal/chem/

300

250 | (101)
'
5
N
> 200 -
Z (002)
E 150 - (e

100 A10)  (103)

k (102) | J\ (200) x\ (201) (004)
" N | M
0 A I M WA o '/‘\/V‘I-\/*'n’\JWJ\.qI-\J\\,\‘-dj\ &f\'n\./-.m.nw.».\}w wratheri 'V’L'%‘N\\'f a ottt rtod il
20 28 36 24 52 60 68 76
2 6 (degre)

Figure 2. X-RD pattern of ZnONPs synthesized using F vulgare seed extract.

ZnONPs. The results indicated that the shape of ZnONPs was
spherical and had a uniform distribution, with an average particle
size of 13 to 25 nm.

DLS analysis

DLS analysis confirmed the presence of nanoparticles in the solution
and assisted with the evaluation of their particle dispersion. The
average size of the synthesized nanoparticles was 126.04 (Figure 4).
In this study, the zeta potential of the green-synthesized ZnONPs
was -20.5 mV, which indicated the occurrence of stability between
the particles (Figure 4).

FT-IR Analysis

The FTIR spectrum of green-synthesized ZnONPs and that of
Foeniculum vulgare seed extract (Figure 5) revealed the presence
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Figure 3. SEM (a) and TEM (b) images of the ZnONPs synthesized using
F vulgare seed extract.

of functional groups in the green ZnONPs. The absorption peaks
formed at 400-600 cm™ and, thus, confirmed that the Zn-O bond
was present in the green-synthesized ZnONPs.

Effect of ZnO NPs and bulk ZnO on Growth of Ganoderma
mycelium

ZnONPs and bulk ZnO had significant effects on growth parameters
of the Ganoderma strains, including diameter (Figure 6a) and area of
colony (Figure 6b). The results revealed that higher concentrations of
ZnONPs and bulk ZnO were more effective in reducing the growth
of mycelium, compared to the control (untreated samples).

Proline content

The amount of proline in both strains increased parallel to higher
concentrations of bulk ZnO and ZnONPs, but ZnONPs induced
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Figure 4. Particle diameter (a) and Zeta potential (b) of ZnONPs obtained by
DLS analysis based on intensity.



RESEARCH ARTICLE

Khazaei, Behnamian, Dezhsetan, Estaji 151

S. Afr. J. Chem., 2024, 78, 147-157
https://journals.co.za/content/journal/chem/

a
S
S
=
£
£
)
=
£
=
3720 2920 2120 1320 520

Wave number (cm™)

Figure 5. FT-IR spectra of ZnONPs (a) and Foeniculum vulgare seed extract (b).

a higher content of proline, compared to the effect of equal
concentrations of bulk ZnO, while no significant difference was
observed between the strains (p < 0.01). The maximum increase in
proline amount was observed in the G16 strain, which was treated
with the highest concentration of ZnONPs, while the least proline
content was recorded in the untreated GOl strain (Figure 7a).

MDA content

To evaluate the oxidative stress content in response to ZnONPs and
bulk ZnO treatments, the MDA content was measured. The MDA
content of the mycelium increased significantly in the strains of
G. lucidum, parallel to increasing concentrations of bulk ZnO and
ZnONPs, as compared to the control treatment (p < 0.01) (Figure
7b).
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Figure 6. The effect of bulk ZnO and ZnONPs on colony diameter (a) and colony area (b) of two wild strains of Ganoderma lucidum.
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H,0, content

Bulk ZnO and ZnONPs significantly affected the content of
H,0, in the strains of G. lucidum (p < 0.01), since the increase in
concentrations of bulk ZnO and ZnONPs resulted in significant
enhancements of H,O, content, compared to the control treatment.
Nonetheless, there was no significant difference between the studied
strains. The highest amount of H,O, was observed in response to the
8 mM ZnONPs concentration in the G16 strain, whereas the lowest
amount was found in the control (untreated samples) (Figure 7c).

Electrical conductivity (EC)

The results showed that the EC of media, containing Ganoderma
lucidum, increased significantly in response to different
concentrations of bulk ZnO and ZnONPs, compared to the control
(p <0.01). ZnONPs affected the EC of cultures more than ZnO, since
the highest value of EC was observed in response to 8 mM ZnONPs
in the G16 strain, whereas the lowest was obtained from untreated
samples (Figure 7d).

Activity of antioxidant enzymes

Theresults clearly revealed a significant difference between treatments
with regard to their effects on the activity of antioxidative enzymes,
including CAT, SOD and POD (p < 0.01). Parallel to increasing
the concentrations of bulk ZnO and ZnONPs to 6 mM, there were
increases in enzyme activities. However, they decreased in response
to the concentration of 8 mM (Figure 8 a, b, c and Figure 9).

DISCUSSION

UV-Visible spectroscopy analysis

In UV-Vis absorption spectrum of the ZnONPs, an absorption
peak was recorded at 370 nm, thereby confirming that ZnONPs had
formed (Figure la).
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In previous cases of research, the green synthesis of ZnONPs
made absorption peaks for ZnONPs at 382 nm* and 370.* Our
findings showed that the constituents of Foeniculum vulgare seed
extract had polyphenolic compounds which played a key role as a
bioreductant in the green synthesis of ZnONPs. In the main band
gap of the nanoparticle band, there was a transfer of electrons from
the voltage to the transmission band, Zn3d->O,p which resulted in
a peak. The optical band-gap of the synthesized nanoparticle band
was calculated by the following formula Tauc (ahv) 2 = A (hv - Eg),
where a is the adsorption coeflicient, h is the constant platelet, v is
the photon frequency, A is proportional to the constant and Eg is the
optical band gap of energy.>® In Figurelb, the band gap energy of zinc
oxide is 3.3eV.

XRD analysis

The XRD pattern of green ZnO-synthesized nanoparticles showed
that all peaks in the diffraction patterns confirmed clearly the
hexagonal phase (wurtzite structure) of ZnO (Figure 2). The
diffraction peaks of the synthesized ZnONPs at 20 = 31.7°, 34.4°,
36.3°, 47.5° 56.7°, 62.9°, 66.4°, 68.1°, 69.2° and 77.2° were indexed
to (100), (002), (101), (102), (110), (103), (200), (112), (201) and
(004), respectively.®® This result confirmed that green-synthesized
ZnO nanoparticles were crystalline in nature and had negligible
impurities. Using the XRD pattern, the diameters of ZnONPs were
determined from the Debye -Scherer equation:

D =kA/BcosO (3)

Where D was the ZnONPs crystallite size (nm), k was a dimensionless
shape factor (0.9), A was CuKa radiation (1.54 A), 0 was the diffraction
angle, and P was the full width at half-value of the maximum peak
diffraction (FWHM).*® Using the above formula, the synthesized
zinc oxide nanoparticles had an average size of 24 nm.
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Figure 8. The effect of bulk ZnO and ZnONPs on CAT (a), SOD (b) and POD (c) activity of two wild strains of Ganoderma lucidum.
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Ganoderma lucidum (G16 and 01)

SEM and TEM analysis

SEM and TEM imaging indicated that the shape of ZnONPs was
spherical and had a uniform distribution, with an average particle
size of 13 to 25 nm respectively (Figure 2a and 2b). However,
nanoparticles with larger sizes were also observed, possibly due to
the accumulation of smaller nanoparticles Nascimento et al. (2020)
as a result of polarization and electrostatic adsorption of ZnONPs.*!

TEM images revealed that the green ZnONPs were polycrystalline
in nature and spherical in shape. While different plants constitute
different types and amounts of chemicals, their ability to react
and reduce other compounds can be variable.*® Different values
were obtained from the TEM analysis of the synthesized ZnONPs
(compared to XRD), which may indicate that this analysis can
discriminate distances between the particles. Meanwhile, the XRD
analysis revealed a crystalline region with the ability to diffract
X-rays.

DLS analysis

The average size of the synthesized nanoparticles was 126.04 (Figure
2¢) which was consistent with previous cases of green-synthesized
ZnONPs using Lactobacillus plantarum (124.2 nm).*

Research on zeta potential previously identified the particle size
distribution and the stability of nanoparticles.’> The synthesized
nanoparticles, which are dry powders, can form agglomerates or
aggregates in aliquid medium. Agglomerates are a group of primary
particles that accumulate together by a weak Vander Waals force.
Meanwhile, “aggregate” refers to a mass of primary particles that
are held together by strong chemical bonds.* In this study, the zeta
potential of the green-synthesized ZnONPs was -20.5 mV, which
indicated the occurrence of stability between the particles (Figure
2d). A relevant study showed that the zeta potential for ZnONPs was
-21.5 mV.** In another study Rao and Shekhawat (2014),% suggested
that negative and large amounts of Zeta potential in an aqueous
medium usually resulted from repulsions between particles, which
increased the stability between ZnONPs. Also, this amount of
negative charge in and among the green synthesized nanoparticles

ZnOMPs 01

S EE - =y

reflected the presence of flavonoids and other phenolic compounds
which had a reductive role in the extract. In general, it can be stated
that this large negative charge indicates the presence of a strong
static electric force between the synthesized particles.>

FT-IR Analysis

The absorption peaks formed at400-600 cm™! (Figure 3a, b) and, thus,
confirmed that the Zn-O bond was present in the green-synthesized
ZnONPs.** The absorption of the FTIR spectrum in the case of zinc
oxide nanoparticles was 466 cm!, which confirmed findings from a
previous study.*® The broad peak at 3410 cm™ related to H-stretched
and O-H traction modes. The O-H tensile band indicated the
presence of compounds such as hydroxyl, alcohol and phenol.*”
Peaks of 1150 cm™ and 1074 cm™ belonged to the C-O bond which
is involved in the formation of alcohols, ethers, carboxylic acids and
esters. The 1450 cm™ peak could be attributed to the C-H bond, as
generated by strong adsorption.’” Absorbent peaks in the range of
2346.43 cm™ and 2380 cm™ reflected the presence of CO, molecules
in the air and, thus, can be ignored because of their negligible role.>
Finally, the absorption peak observed at 882 cm related to the
C-H band of aromatic compounds.* In a previous research Mateo
et al. (2015)°° showed that the FT-IR technique of ZnONPs, during
the synthesis process, stabilized the surface of nanoparticles and
maintained the accumulation of P. granatum compounds.

FTIR spectra of Foeniculum vulgare seed extracts exhibited
a set of broad IR absorption bands at 3371.79 cm, 2927.66 cm™,
1604.57 cm™, 1427.80 cm™, 1274.07 cm™, 858.41 cm™, 667.45 cm™,
561.19 cm™ and 508.82 cm™. The broad peak was identified at
3371.79 cm which could be attributed to hydrogen-bonded
phenolic groups of phyto-constituents.>¢62 A peak at 2927.66 cm!
was relevant to the C=C bond which is involved in the formation
of alkynes. The absorption peak at 1604.57 cm™ was assigned to
the C=0 of amides.>>¢' The absorption peak at 1427.80 cm™' was
attributed to the C-H band.>>¢! The absorbance peak at 1274.07 cm™
was relevant to the C-O bond which is involved in the formation of
aromatic compounds.®® A broad peak at 858.41 cm was assigned
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to the C-H bond.*® A peak at 667.45 cm™ related to the C-H band of
aromatic rings, as also stated in a previous study Ali et al. (2018)?
and, finally, two peaks at 561.19 and 508.82 were attributed to the
C-Br band of alkyl halide.*

Effect of ZnO NPs and bulk ZnO on Growth of Ganoderma
mycelium

ZnO had a significant inhibitory effect on the growth of Ganoderma
lucidum (Figure 4a, b). This inhibitory effect could be attributed
to the toxicity of ZnO and to the production of reactive oxygen
species on the surface of these particles. Since electron-related
properties of nanoparticles are unique, they can disrupt the electron
transfer processes in biological systems within the inner membrane
of mitochondria.®® The ZnO surface is able to react with H,O
and can result in the creation of OH radicals, as well as H,0,.%
Previous studies have shown the impact of ZnONPs on Erythricium
salmonicolor and bulk ZnO on M. citricolor.55-% In particular, these
particles adversely affected growth parameters, thereby confirming
our findings in the current research. The IC50 value for the GO1
strain regarding ZnONP was 4.26 mM and, for bulk ZnO, the
value was 4.71 mM. Meanwhile, the IC50 value for the G16 strain
regarding ZnONP was 4.28 mM and, for bulk ZnO, the value was
4.72 mM (Figure 10). These indications make it reasonable to state
that increasing the concentration of ZnONP and bulk ZnO types can
inhibit the growth rate by up to 50%.

Proline content

Enhanced content of proline in response to stress usually denote a
defense mechanism that can result from enhanced content of proline
synthesis or a decrease in its degradation.®”” Under stress conditions,
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such as exposure to heavy metals, proline acts as a metal chelator,
osmoprotectant and ROS quencher. In this way, it protects the
cells from damage caused by stress.*® It also stabilizes intracellular
structures such as proteins and cell membranes, scavenges free
radicals, and plays a role in buffering redox potential.® In previous
cases of research, ZnONPs increased proline content in Brassica
juncea when used at a concentration of 1000 mg/L.” Bulk types and
nanoparticles of ZnO and CuO )1uM) affected the proline content
in Glycyrrhiza glabra’® In another study, Faizan et al. (2018)¥
reported that ZnONPs and bulk ZnO had significant effects on
proline content, in a manner that increasing the ZnONPs and bulk
ZnO concentrations caused a corresponding increase in the amount
of proline. This increase in the proline content is a programmed
response to modulate and reduce oxidative damage to the cells.”
Although no reports exist on the use of ZnONPs in fungi, and while
there are no reports on how it affects proline, our findings on the said
effects can be confirmed in the case of G. lucidum (Figure 7).

MDA content

One of the most obvious signs of oxidative stress is the changes that
occur in lipid peroxidation. It is suggested that abiotic stress, as a
result of exposure to heavy metals, can help convert H,O, and O,
to OH free radicals. These free radicals are highly reactive and cause
lipid peroxidation which can be determined by measuring the content
of MDA.®” ZnONPs in Phaseolus vulgaris and flax caused changes
in the level of MDA and increased the level of lipid peroxidation
which is compatible with our results in Ganoderma mushroom.
These events caused changes in some biomarkers associated with
antioxidant responses.’>7
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Figure 10. IC50 regression equations of different concentrations of ZnO and ZnONP on mycelial growth of GO1 (a) and G16 (b) Ganoderma lucidum strains.
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H,0, content

This increase in H,O, content can also be attributed to oxidative
stress, resulting from exposure to heavy metals and a disturbance
of metabolic balance by the resultant free radicals.” H,O, is a major
ROS that often plays a role in molecular signaling under different
types of stress.*s However, as the ROS increases to a level above the
antioxidant capacity, it can cause serious damage to membrane
functionality, which is associated with the inactivation of enzymes
and disruption of the metabolic pathway, as well as mutations in
DNA. These events affect physiological processes and can eventually
cause cell death.*

In this research, increasing the ZnONPs concentration caused
the H,O, content to increase (Figure 7), which was consistent
with previous research on the effects of bulk ZnO and ZnONPs
on the H,O, level and on biomarkers associated with antioxidant
responses.”

Electrical conductivity (EC)

Stress from exposure to heavy metals can affect the permeability
and structure of biological membranes. In turn, this can enhance
the EC and cause interference with the absorption of nutrients. In
the present research, ZnONPs and bulk ZnO increased the level
of EC (Figure 7), due to the increase in ion leakage, whereby some
biomarkers underwent changes that ultimately affected antioxidant
reactions.”” These are consistent with our results on Ganoderma
mycelia. Membrane stability usually leads to an increase in
membrane resistance, whereby stress is tolerated and homeostasis
is maintained, thereby limiting the entry of nanoparticles into the
cells.*

Activity of antioxidant enzymes

These enzymes could be involved in ROS scavenging to enable a
better protection or homeostasis regulation in response to the stress
caused by heavy metals.*

Rizwan et al. (2017)% reported that a low concentration of
nanoparticles, including Al,03-NPs, CeO,-NPs and CuO-NP,
stimulated the activity of antioxidant enzymes, but that their high
concentrations reduced enzyme activity. The previous studies Shim
et al. (2019)™ and Garcia-Gomez et al. (2017)* reported similar
observations and suggested that a higher concentration of AgNPs
and ZnONPs could suppress the antioxidant system. In another
study, Puthur (2016),%* reported that high concentrations of bulk
ZnO significantly reduced the CAT activity which may be due to
the effect of free radicals on the protein section of the enzyme. It
is suggested that the negative and toxic effects of nanoparticles
are greater than those of their bulk counterparts, Shim et al.
(2019),* which confirms our results (Figure 8 a, b, ¢), since it was
observed that ZnONPs had a greater effect on G. lucidum mycelia
than the effect of bulk ZnO at a high concentration. This may be
attributed to the high adsorption or solubility of ionic species.”
The high reactivity and solubility, along with the very small size
of nanoparticles, increased their contact surface more than that of
their bulk counterparts. Therefore, these particles showed a higher
potential for inducing ROS production.?*

Our findings revealed that supplementing the media of G. lucidum
with ZnONPs and bulk ZnO could activate SOD, CAT and POD.
Specifically, SOD was an enzyme involved in the antioxidant
defense system, which dismutated the O, anion into H,O, and
0O,. Since H,O, remains toxic and should be removed from the
cell,®® the increase in CAT and POD are normally induced in the
presence of H,O,,”” so that it is decomposed into H,O and O,. In
removing the H,O, from respiratory pathways, the CAT enzyme
plays a crucial role.’® Thus, SOD, CAT and POD can prevent ROS
toxicity by scavenging free radicals and by keeping them at low
levels (Figure 8 and Figure 9).

CONCLUSION

ZnONPs were synthesized in a cost-effective and environmentally
friendly manner by the seed extract of Foeniculum vulgare. The
properties of nanoparticles were measured by UV-Vis spectroscopy,
XRD, SEM, TEM, FT-IR and DLS. The results showed that ZnONPs
andbulkZnOincreased ROSlevelsand had negative effects on growth
factors of G. lucidum strains. A decline in growth-related indicators
can be considered as a sign of toxicity caused by ZnONPs and bulk
ZnO on Ganoderma lucidum. Both treatments increased the proline,
MDA, EC and H,O, contents. The activities of SOD, CAT, POD and
antioxidant enzymes increased in response to low concentrations,
but their levels decreased when higher concentrations of ZnONPs
and bulk ZnO were used. Our research determined the appropriate
concentrations of zinc types that had positive effects on the content
of enzymatic antioxidants in Ganoderma. In general, the results
showed that the application of ZnONPs and bulk ZnO reduced
the growth of Ganoderma mycelia by creating oxidative stress but,
ultimately, the mycelia reduced the oxidative stress by increasing the
production of antioxidants. Among the treatments, ZnONPs had a
greater effect on mycelia growth and on its antioxidant properties,
compared to the effect of bulk ZnO. These treatments had a greater
effect on the G16 strain than on the GO1 strain.
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