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Abstract

The green synthesis of nanoparticles is regarded as an eco-friendly, cost-
effectiveness, and simple methodology. Using green synthesis techniques for
nanoparticles may enhance the characteristics of these nanomaterials through reduced
dimensions and specific shapes achieved. Ganoderma lucidum mushroom has
numerous bioactive compounds, such as proteins, polysaccharides, and secondary
metabolites, which can act as reducing and stabilizing agents in nanoparticles
synthesis. The antibacterial activity of zinc oxide nanoparticles (ZnO-NPs) has
received considerable interest due to their ability to interact with bacterial surfaces
and penetrate the bacterial core, hence revealing unique bactericidal mechanisms.
This study explores the green synthesis of ZnO-NPs using G. lucidum extract as a
reducing agent. The fruiting bodies powder was extracted with hot water in a shaking
water bath at 75 °C with 40 rpm for 2 hours, then filtered to obtain G. lucidum
aqueous extract. The nanoparticles, synthesized by reacting zinc chloride salt with
the extract, were characterized using UV, FTIR, AFM, EDX, and FESEM. The
antibacterial activity of ZnO-NPs was evaluated using the agar well diffusion method.
The characterization techniques confirmed the successful biosynthesis of ZnO-NPs,
revealing a diameter of 44.62 nm, and the particles formed were spherical, hexagonal,
and triangular. Antibacterial activity was tested against four MDR bacterial strains
(Staphylococcus aureus, Enterococcus faecalis, Pseudomonas aeruginosa, and
Escherichia coli), showing significant efficacy. The highest inhibition zone (23.333
mm) was observed for S. aureus at a ZnO-NPs concentration of 100 mg/ml. This
finding has significance in revealing an eco-friendly antibacterial agent as an
alternative to conventional antibiotics.
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1. Introduction

Nanotechnology includes the generation and management of nano-scale information inside
a confined region of materials, devices, and measurements. Nano data is utilized in the form of
constituent particles, known as nanoparticles (NPs), which are composed of atoms and
molecules with a range from 1 to 100 nm dimensions. It is extensively employed to develop
more effective methodologies in the fields of technology, energy conservation, studies in
science, medicine, and many other fields. NPs are generated by different approaches, including
biological, chemical and physical methods. These methods are classified into bottom-up and
top-down methods [1]. Among these methods, biological or green synthesis is a type of bottom-
up approach, that utilizes natural and environmentally friendly materials as reducing agents.
Some green materials are also being used as end-capping agents and dispersants at the same
time [2]. The green synthesis of nanoparticles is considered eco-friendly, cost-effectiveness,
and simple methodology. However, using green synthesis techniques for nanoparticles may

enhance the characteristics of these nanomaterials by means of the reduced dimensions and
specific shape achieved, as well as the unique qualities of the biological substrates employed

[3].

Among these nanoparticles, zinc oxide nanoparticles (ZnO-NPs) belong to a class of metal
oxide nanomaterials that possess distinctive physical and chemical properties. They
are inorganic chemical substances that have extensive applications in daily life. ZnO-NPs are
the most utilized metal oxide nanoparticles due to their unique optical and chemical properties,
which can be readily adjusted by modifying their morphology, wide bandgap, and high
excitation binding energy thereby enabling ZnO-NPs to be a potent photocatalytic and photo-
oxidizing moiety against chemical and biological species [4]. They exhibit reduced toxicity to
the human body and provide biocompatibility, as the Zn ion (Zn>"), a soluble form of ZnO, is
a trace element present in the human physiological system. ZnO has demonstrated
biodegradability in both bulk form and as nanoparticles [5].
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One of the most important medicinal mushrooms is Ganoderma lucidum (G. lucidum),
which was discovered over two thousand years ago and is used in traditional medicine. It has
a broad spectrum of pharmaceutical and biological characteristics, it has been used for
thousands of years as a health promotion and offering effective defence to the entire body [6].
G. lucidum are classified within the Phylum Basidiomycota, Class Agaricomycetes, Order:
Polyporales, and Family Ganodermataceae. This mushroom has gained recognition as a
significant medicinal mushroom due to its abundance of highly bioactive secondary
metabolites. The biologically active compounds obtained from this mushroom consist of
terpenoids, phenols, steroids, and nucleotides, in addition to glycoproteins and polysaccharides
[7]. The bioactive compounds of this mushroom can act as reducing and stabilizing agents in
nanoparticle synthesis. These compounds can enhance the morphology, size, and optical
properties of the resulting ZnO-NPs [8].

Antibiotic resistance is the inability of antibiotics to kill or suppress microbial development,
resulting in bacteria developing resistance to effective antibiotics. Key factors contributing to
the evolution of antimicrobial resistance include the over use of antibiotics and inappropriate
therapeutic prescriptions [9]. The growing number of microbial infections, along with
antibiotic resistance, has been identified as a significant public health issue, encouraging the
discovery of new treatments through the use of nanotechnology. Nanotechnology provides
excellent solutions across several applications, with metallic nanoparticles recognized for their
significant antibacterial efficacy against human infections [10]. Hence, the antibacterial
activity of ZnO-NPs has received significant interest due to their ability to interact with
bacterial surfaces and penetrate the bacterial core where they enter the cell, demonstrating
unique bactericidal mechanisms [11]. ZnO-NPs synthesized using G. lucidum mushroom have
additional potential for biomedical applications utilizing the medicinal advantages of this
mushroom. The ZnO-NPs provide enhanced antibacterial and antimicrobial properties due to
the inherent antibacterial nature of zinc [12].

The aims of this study are to estimate the green or biological synthesis of zinc oxide
nanoparticles from the aqueous extract of G. lucidum mushroom, characterize these
nanoparticles by several techniques, and evaluate the antibacterial activity of ZnO-NPs
synthesized from G. lucidum aqueous extract.

2. Materials and Methods
2.1 Mushroom materials

Iraqi G. lucidum fruiting bodies were used in this study and obtained from National Centre
of Organic Farming, Ministry of Agriculture, Baghdad, Iraq. For this study, thirty fruit bodies
were collected in February 2024. These fruit bodies were dried at 45 °C for two days using a
laboratory drier. The dried fruiting bodies were pulverized into powder by a laboratory grinder
(Model FW100, Brand Carlssoon Technologies, Malaysia) [13].

2.2 Preparation of G. lucidum aqueous extract

Fruiting bodies powder was extracted with hot water (1:20, w/v) in a shaking water bath
(Memmert, Germany) at 75 °C with 40 rpm for 2 h. The suspension was filtered using gauze
and filter paper (Whatman no. 1). The aqueous extract was kept at 4 °C until use [14].

2.3 Collection of pathogenic bacteria

The pathogenic bacteria were collected from two hospitals located in Baghdad City. The
hospitals are Al-Imam Ali General Hospital and Ghazy Al-Hariri Hospital for Surgical
Specialties. 227 specimens were obtained from different sites of the bodies, including urine,
ear swabs, sputum, faeces, wounds, and throat swabs from various ages of both genders. These
bacteria were incubated at 37 °C for 24 hours and identified [15]. The pathogenic bacteria were
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identified according to the morphological characteristics in the selective media of the
developing bacteria in away colonies, such as textures, colony shape, colour, transparency,
colonial boundaries, and growth intensity. In addition to morphological characteristics, the
microscopic examination was applied by taking swabs from the growing bacterial colonies on
slides and staining them with a dye to identify Gram-negative and Gram-positive bacteria.
Plates that did not show growth after 24 hours were considered to be negative samples [16].

2.4 Antibiotic susceptibility test

The clinical bacterial isolates were tested for antibiotic susceptibility according to the
guideline of CLSI, 2024. This guideline was applied to classify the bacteria as either sensitive
(S), intermediate (I), or resistant (R) to the recommended antibiotics. This experiment was
carried out through the disc diffusion method according to Bauer and Kirby’s method in a basic
procedure: two to four colonies were collected from bacterial isolates, then were suspended in
5 ml normal saline and calibrated the turbidity of bacterial suspension with McFarland standard
0.5 (1.5 x 108 cfu/ml). The bacterial suspensions were spread according to the Lawn Culture
Method using sterile cotton swabs onto the surface of Muller Hinton Agar (MHA). The
inoculated plates were left for 20 minutes to absorb the moisture. Following that, the discs of
the recommended antibiotics were put on the surface of the inoculated plates and incubated at
37°C for 18 to 24 hours. After that, the inhibition zone diameter in millimeters was measured
around each antibiotic disc, representing the bacterial susceptibility for each antibiotic [17].

2.5 VITEK-2 compact system
The four MDR bacterial isolates used in this study were identified, and the species were
approved using the Vitek-2 compact system with several biochemical tests [18].

2.6 Synthesis of zinc oxide nanoparticles

The synthesis of ZnO-NPs was achieved by utilizing anhydrous zinc chloride salt
(purchased from Alfa Chemika, India) as a precursor for Nano zinc synthesis. Zinc chloride
was used with the aqueous extraction of G. lucidum at a ratio (1:10 w/v), then the suspensions
were placed in a shaker at 150 rpm for 24 hours in dark conditions. The next day, the
suspensions were placed in a centrifuge at 4830 x g for 15 minutes, the supernatants were
eliminated, and the precipitates were collected then washed firstly with 10 ml of absolute
ethanol and re-centrifuged, then washed with 10 ml of deionized distilled water and also
centrifuged for 4830 x g for 15 minutes. The resulting precipitates were collected and located
in an oven at 40 °C overnight. Subsequently, the precipitates were collected and placed in a
test tube and kept in a dark condition for further use, including characterization and
antibacterial applications [19].

2.7 Characterization of ZnO-NPs
According to Alden and Yaaqoob [20], several techniques were applied to investigate the
green-produced ZnO-NPs powder, including:

2.7.1 Ultraviolet-Visible spectroscopy

The samples were measured by UV spectrophotometer type (UV-9200. Biotech
Engineering Management CO. LTD. UK) to identify the optical absorption spectra of ZnO-
NPs and G. lucidum aqueous extract [21].

2.7.2 Fourier transform infrared (FTIR)
The aqueous extract, zinc chloride salt, zinc oxide nanoparticles, and zinc chloride with the
aqueous extract together were measured by FTIR-8400 (Shimadzu, Japan) to identify
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the differences in the structures of biomolecules by detecting the differences in the functional
groups [22].

2.7.3 Atomic force microscopy (AFM)

The particle size and the three-dimensional visualization of ZnO-NPs were analysed using
atomic force microscopy (Core-AFM 2023 model, manufactured by Nanosurf AG,
Switzerland) [22].

2.7.4 Energy dispersive X-ray spectroscopy (EDX)

The three-dimensional elemental distribution and the percentage of atomic and weights of
elements were analysed using EDX spectroscopy (Quattro S-2022, Thermo Fisher Scientific,
Czech Republic) [21].

2.7.5 Field emission scanning electron microscope (FESEM)

FESEM is an approach that generates pictures of ZnO-NPs by directing an electron beam
across its surface. This offered high-resolution, three-dimensional photographs of micron- and
nanometer-sized particles. For this purpose, the size and shape of the green synthesized ZnO-
NPs were analysed using Quattro S —STEM/SEM, Thermo Fisher Scientific, Czech Republic
[23].

2.8 Antibacterial activity of ZnO-NPs

Five concentrations from nanoparticles were utilized to evaluate the antibacterial efficacy
of ZnO-NPs: 6.25, 12.5, 25, 50, and 100 mg/ml. To ensure even dispersion of ZnO-NPs in
deionized distilled water, an ultrasonication technique and vigorous shaking (using a vortex)
were applied. The dispersion and stability of the sample were characterized visually. This
experiment was carried out through the agar well diffusion method in a basic procedure: two
to four colonies were collected from bacterial isolates and then were suspended in 5 ml normal
saline (in plain tubes 10 ml), and calibrating the turbidity of the suspension with McFarland
standard 0.5 (1.5 x 10® cfu/ml). The bacterial suspensions were spread according to the Lawn
Culture Method by using sterile cotton swabs onto the surface of MHA media by turning the
plates three times to distribute the bacteria evenly across the surface of the agar. The inoculated
plates were left for 20 minutes to absorb the moisture. A well with 5 mm diameter was punched
using a sterile cork borer, and then 60 pL from the mentioned concentrations was introduced
into each well (each plate had five wells with five concentrations). The plates have been
incubated at 37°C for 24 hours. After that, the inhibition zone diameter in millimeters was
measured, representing the antibacterial effect of each concentration; each treatment has
consisted of three replicates [24].

2.9 Statistical analysis

The statistical analysis was performed using the SPSS-25 program for data analysis
according to the two-way analysis of variance (Tow —-Way ANOVA). A complete randomized
design (CRD) was established with three replicates per treatment. The means were separated
using the Least Significant Differences test (LSD) and a P value of < 0.05.

3. Results and Discussions
3.1 Collection of pathogenic bacteria

Four bacterial isolates were selected and used in this study that exhibited multi-drug
resistance (MDR). These pathogenic bacteria were Enterococcus faecalis, Staphylococcus
aureus, Escherichia coli, and Pseudomonas aeruginosa.
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3.2 VITEK-2 compact system
The VITEK2 compact system identified the species of bacteria which were mentioned
above; all bacteria had a 99% probability (Table 1).

Table 1: Identification information of VITEK-2 for the MDR-selected bacteria

Selected organism Probability Bionumber Analysis time

(hours)
Enterococcus faecalis 99% 116012761753471 3.12
Staphylococcus aureus 99% 010402062763031 3.83
Escherichia coli 99% 0405610454426611 3.38
Pseudomonas aeruginosa 99% 6222649203427140 16.8

3.3 Antibiotic susceptibility test

Out of 135 positive bacterial samples, four isolates were selected which were MDR. In other
words, these four isolates were resistant to almost all antibiotics that were tested except a few
antibiotics that were sensitive (Table 2).

Table 2: The result of antibiotic susceptibility testing for the selected bacteria (R: resistance,
S: sensitive, I: intermediate).

Antibiotic E. coli P. aeruginosa S. aureus E. faecalis
Ampicillin R R R S
Azithromycin R R
Gentamycin R R R R
Vancomycin S S
Ciprofloxacin R R R R
Levofloxacin R R S S
Erythromycin R R
Tetracycline R R R
Ceftazidime R R R R
Cefepime R R
Trimethoprim R R
Imipenem S S
Ceftriaxone R R S R
Amikacin S S R R
Meropenem S R R

3.4 Synthesis of zinc oxide nanoparticles

The ZnO-NPs were synthesized utilizing the aqueous extract of G. lucidum mushroom due
to their reducing and stabilizing agents. The synthesis of ZnO-NPs was verified through optical
examination. The insertion of zinc chloride into the aqueous extract modified the color to
yellow, suggesting the synthesis of ZnO-NPs. Following centrifugation and drying by oven, a
brownish-white powder developed (Figure 1). The change in color indicates the synthesis of
the nanomaterial because the biological extracts contain variable secondary metabolites, which
act as reducing agents [25]. This observation agreed with the findings of Abdullah, ez al. [26].
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Figure 1: Zinc oxide nanoparticles, which were green synthesized from the aqueous extract of
Ganoderma lucidum mushroom

The biosynthesis of ZnO-NPs is an uncomplicated procedure wherein a zinc salt, such as
zinc nitrate or zinc chloride, is introduced to a pre-prepared biological extract, resulting in the
preparation of ZnO powder. The bio extracts containing secondary metabolites have the ability
to reduce and capping of Zn(Il) ions in salt solutions. Subsequently, the oxidation process can
yield stable and uniformly dispersed ZnO-NPs [27].

Several studies have shown the efficacy of G. lucidum aqueous extract. Previous reports
found that this extract contained not only polysaccharides but also G. lucidum triterpenoids,
such as Ganoderma acid, Ganoderma aldehyde and Ganoderma ergosterol. In addition to that,
the aqueous extract of this mushroom contains several bioactive phytochemicals such as
nucleosides, alkaloids, coumarin, ergosterols, ganoderic acids, lactones, mannitol, organic
germanium, triterpenoids, unsaturated fatty acids [28]. The bioactive compounds of this
mushroom can act as reducing and stabilizing agents in nanoparticles synthesis [29].

3.5 Characterization of ZnO-NPs
3.5.1 Ultraviolet-Visible spectroscopy

The absorption peaks of the green synthesized ZnO-NPs and G. lucidum the aqueous
extract, are shown in Figure 2. Each of the samples demonstrates significant UV absorption,
with absorption peaks ranging from 287 to 303 nm. After additional diluting by deionized
distilled water of the ZnO sample, the absorption peak was at 303 nm. This result corresponds
to biosynthesized ZnO-NPs direct band emission. On the other hand, the absorption peak of
the aqueous extract was at 289 nm. This result agreed with the study of Alden and Yaaqoob
[20], which showed that ZnO-NPs exhibited a UV absorption at around 287 nm.

WP C

Figure 2: UV visible spectroscopy of ZnO-NPs and the G. lucidum aqueous extract, (A):
diluted sample of ZnO-NPs, (B): very diluted sample of ZnO-NPs, (C): the aqueous extract.
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3.5.2 Fourier transform infrared (FTIR)

Zinc oxide nanoparticles produced by green methods were examined using FTIR
spectroscopy at wave numbers between 4000 cm™ and 500 cm™! to identify the phytochemicals
responsible for stabilizing and capping the nanoparticles. Figure 3 displays the FTIR spectra
of ZnO-NPs, G. lucidum aqueous extract, zinc chloride anhydrous salt, and zinc chloride with
aqueous extract together. The high peaks of ZnO-NPs situated at 3440.77 and 3425.34 cm™
indicated the existence of -OH groups. Other peaks were denoted for ZnO-NPs at 2921.96,
2368.42, 1645.17, 1515.94, 1110.92, 673.11, and 595.96. The ZnO-NPs stretching was at
424.31 cm-!. The peaks of ZnO-NPs indicated the existence of O-H, C-H, and C-N stretching
vibrations associated with aromatic and aliphatic amino groups. The FTIR of the aqueous
extract has a highly intense peak at 2362.64 cm-!, which can be related to C=N stretch. The N-
H bond Amine I groups are also observed at 1645.17 cm-!. For zinc chloride salt, the FTIR
result was 3560.35, 3542.99, 2360.71, 1620.09, and peaks between 1402.15 and 432.03 cm™.

A v —
B —
C _,
i e =

Figure 3: FTIR results: (A): ZnO-NPs. (B): Aqueous extract. (C): Zinc chloride salt. (D):
Zinc chloride with aqueous extract together.
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This result agreed with the study of Sanmugam, et al. [30] which produced a ZnO
nanoparticles with chitosan, showing O-H stretching at around 3500 cm™ and 1630 cm™,
respectively. Additionally, the N-H deformation vibrations are seen at 1636 and 1562 cm™!
The Zn-O stretch appears at around 424 cm™!

3.5.3 Atomic force microscopy (AFM)

AFM was used to analyze the shape and size of ZnO-NPs from two- and three-dimensional
views. Figure 4 shows the 2D and 3D AFM images for ZnO-NPs. The 3D image of AFM
showed a homogenous dispersion of ZnO-NPs with no visible agglomeration. The average
diameter of ZnO-NPs was 44.62 nm, as shown in Figure 5.

Zhss S brmad_Uina B

Z-Axis - Scan forward _Line fit

T
A

Oum x 10um

Figure 4: Atomic force analysis of the microscopic surface morphology of ZnO-NPs. (A):
Two-dimensional view. (B): Three-dimensional view.
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Figure 5: Average grain size of ZnO-NPs
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3.5.4 Energy dispersive X-ray spectroscopy (EDX)

The examination of the elements of ZnO-NPs was conducted using EDX spectroscopy. The
result in Table 3 shows a weight percentage of 22% for the Zn element and 45.9% for O. The
EDX analysis of ZnO-NPs indicates the presence of zinc and oxygen as components present.
The typical strong signal peaks at 1 and 8.5 keV for zinc and strong peak at 0.5 keV for oxygen
are displayed by zinc oxide nanoparticles (Figure 6).

This result agreed with Agarwal, ef al. [31], demonstrating that Zn exhibits peaks at about
1 keV, 8.6 keV, and 9.5 keV. On the other hand, O peak at around 0.5 Kev.

Table 3: The percentage of atomic and weight of elements in EDX analysis

Elements Atomic % Weight %
C 3.2 12.2
N 8.2 6.6
o 49.8 45.9
Zn 31.8 22.0
Al 0.8 1.2
Si 0.7 1.1
1.9 34
S 0.7 1.4
Cl 1.4 2.8
Ca 1.5 34
800
~ D
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Figure 6: EDX image of the green synthesized ZnO-NPs

3.5.5 Field emission scanning electron microscope (FESEM)

The result of FESEM indicated that the particles formed were spherical, hexagonal, and
triangular, as shown in Figure 7. FESEM analysis revealed that the particle size ranges from
43.24 to 64.16 nm. This finding significantly supports that G. /ucidum aqueous extract could
serve as a capping and reducing agent in synthesizing ZnO-NPs.
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3.6. Antibacterial activity of ZnO-NPs

The efficacy of ZnO-NPs against MDR bacterial isolates was evaluated depending on the
zone of inhibition in comparison to the positive control (Ceftriaxone antibiotic) and negative
control (deionized distilled water), which exhibited no inhibitory effect on bacteria in
comparison to ZnO-NPs. The antibacterial effect of ZnO-NPs was studied against MDR G-ve
bacteria (P. aeruginosa and E. coli) and G+ve bacteria (S. aureus and E. faecalis). The agar
well diffusion method was applied to determine each bacterium's minimum inhibitory
concentration (MIC) of ZnO-NPs.

Zinc oxide nanoparticles exhibited significant antibacterial activity against all tested MDR
bacteria. For S. aureus, P. aeruginosa, and E. coli, the lower inhibition zone mean value was
reported with a concentration of 6.25 mg/ml, and the higher inhibition zone mean value was
recorded with a concentration of 100 mg/ml. Nevertheless, the lower inhibition zone mean
value for E. faecalis was reported with a concentration of 50 mg/ml, and the higher inhibition
zone was recorded with a 100 mg/ml concentration. Conversely, the positive control
(Ceftriaxone antibiotic) exhibited no inhibition zone on all tested bacteria except for S. aureus
which revealed a 10 mm zone of inhibition. The negative control (deionized distilled water)
showed no inhibition zone on all tested bacteria. There are no significant differences between
the antibiotic control and deionized distilled water (except for S. aureus treatment). The
maximum inhibition zone was for S. aureus at a concentration of 100 mg/ml, which exhibited
23.333 mm. while the minimum inhibition was zero at 6.25, 12.5, and 25 mg/ml for E. faecalis.
Moreover, the inhibition zone of ZnO-NPs significantly improved at increased concentrations
on all tested bacteria, as shown in Table 4 and Figure 8.
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Table 4: The inhibition zone (millimeter) of MDR bacterial isolates by using zinc oxide
nanoparticles of Ganoderma lucidum aqueous extract at (6.25, 12.5, 25, 50, and 100 mg/ml)
concentrations on Muller Hinton Agar during 24 hours of incubation at 37°C (each treatment
consisted of three replicates).

Inhibition zone (mm)

Concentrations 6.25 12.5 25 50 100
: . Ceftriaxone Control Mean
B mg/ml mg/ml mg/ml mg/ml mg/ml
E. coli 5.667 7.667 10.333 15.667 18.333 0.000 0.000 8.238
P. aeruginosa 6.333 8.667 9.333 13.333 16.667 0.000 0.000 7.762
S. aureus 9.333 12.333 15.333  20.000 23.333 10.000 0.000 12.905
E. faecalis 0.000 0.000 0.000 9.667 15.000 0.000 0.000 3.524
Mean 5.333 7.167 8.750 14.667 18.333 2.500 0.000
LSD P<0.05
Between *k
Concentrations 0.421
Between bacteria 0.557**
_ Between 1.1145%*
interactions

The inhibition zone of bacteria by NPs is identified by multiple theories regarding the
properties of bacterial inhibition, such asthe properties of nanoparticles involving their
dependence on size, stability, and concentration introduced into the growth medium. This
interaction duration increases due to the surface-to-volume ratio of NPs increasing by one
million [32].

There are three primary mechanisms of antibacterial activity of ZnO-NPs: firstly, stimulate
the generation of Reactive Oxygen Species (ROS), including superoxide anion (O?), hydrogen
peroxide (H20.), and hydroxide (OH"). The toxicity of these species involves the destruction
of cellular components such as lipids, DNA, and proteins in bacteria. Secondly, the release of
zinc ions from ZnO-NPs to the medium with bacteria, the releasing of Zn*? significantly
inhibits the active transport and disrupts amino acid metabolism and enzyme systems. Finally,
it disrupts the plasma membrane, causing membrane dysfunction, resulting in their
internalization into the bacteria [33].

Modern studies indicated that ZnO-NPs have antimicrobial properties by degrading the cell
membranes and stimulating oxidative stress, which is very different from the antibacterial
mechanisms of conventional antibiotics. ZnO-NPs enhanced the photocatalytic efficiency,
improved biological compatibility, and greater selectivity. Furthermore, it exhibits heat
resistance and stability. Moreover, ZnO-NPs exhibit important antimicrobial properties due to
their small dimensions, activating diverse bactericidal mechanisms upon entry into bacterial
cells. These mechanisms encompass the invasion of the bacterial surface or core, the
stimulation of ROS, the release of Zn(Il) ions, and even the absorption of zinc oxide by cells
[34].

This result is in agreement with Verma, et al. [35], who examined the antibacterial effect of
ZnO-NPs against collections of Gram-positive and Gram-negative bacteria. Their study
showed that the highest antibacterial effect was noticed with a reduction in size and
improvement in oxygen on the surface of ZnO-NPs. These nanoparticles exhibited damage in
the bacterial plasma membrane by hydrophobic interactions and hydrogen bonding with amino
acid groups in the proteins of the plasma membrane, following the destruction or breakdown
of the membrane, completed by nanoparticle absorption and the beginning of oxidative stress.
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Figure 8: Antibacterial activity of zinc oxide nanoparticles on bacteria: (A): P. aeruginosa.
(B): E. coli. (C): E. faecalis. (D): S. aureus.

4. Conclusion

This study provided an accurate guideline for the green synthesis of ZnO-NPs from the
aqueous extract of G. lucidum mushroom. Several techniques were applied to characterize the
green synthesized ZnO-NPs; these techniques approved the green synthesis of ZnO-NPs. The
antibacterial activity of ZnO-NPs was evaluated against four MDR bacteria, which
demonstrated resistance to several antibiotics. Hence, ZnO-NPs exhibited significant
antibacterial activity against the MDR bacteria with different degrees. This study recommends
employing the green synthesized ZnO-NPs for multiple biological applications.
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