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Abstract: Zinc oxide nanoparticles (ZnONPs) have attracted considerable attention as antibacterial agents due to their
superior physicochemical properties. This study aimed to synthesize ZnONPs via a green synthesis approach using /llicium
verum flower extract, which is rich in phytochemical compounds, as a natural bioreductant, as well as to determine the
optimal synthesis conditions and characterize the resulting nanoparticles. The synthesis was carried out using zinc acetate
dihydrate, with variations in the precursor-to-extract volume ratio (1:1-1:4) and pH (7-11). Characterization was performed
using UV—Vis spectrophotometry, Fourier Transform Infrared Spectroscopy (FTIR), and Particle Size Analysis (PSA), while
antibacterial activity against Escherichia coli was evaluated using the disk diffusion method. The results showed that the
optimal conditions were achieved at a volume ratio of 1:2 and a pH of 10, with a maximum absorption wavelength of 385
nm. The synthesized ZnONPs exhibited an average particle size of 18.27 nm with a low polydispersity index (0.1769), and
the presence of Zn—O functional groups was confirmed by FTIR analysis. Furthermore, ZnONPs demonstrated very strong
antibacterial activity against Escherichia coli, with an inhibition zone diameter of 32.49 mm, which was higher than that of
the Illicium verum extract. These findings indicate that /llicium verum extract is an effective natural bioreductant for the
green synthesis of ZnONPs and highlight the potential of the synthesized nanoparticles as efficient and environmentally
friendly antibacterial agents. This study also demonstrates the feasibility of utilizing //licium verum flower extract for ZnONP
synthesis and antibacterial applications against Escherichia coli.
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Introduction intensive  processes, raising  concerns  regarding
environmental sustainability and safety [7].

As an alternative, green synthesis using plant extracts
has emerged as a safer and more sustainable approach for
nanoparticle production. This method utilizes bioactive
compounds such as flavonoids and phenolics, which act as
reducing and stabilizing agents during nanoparticle
formation [8], [9]. In addition to minimizing the use of
hazardous chemicals, this approach offers a simpler and
more environmentally friendly synthesis pathway.

Hlicium verum 1is one of the plants with strong
potential for green nanoparticle synthesis due to its rich
content of bioactive compounds, particularly flavonoids and
phenolics, which play a significant role in reduction and

stabilization processes [10]. These phytochemicals possess

Nanotechnology is a rapidly advancing field that
focuses on the manipulation of materials at the nanoscale (1—
100 nm), where materials exhibit distinct properties
compared to their bulk counterparts. The rapid development
of nanotechnology has been driven by its wide-ranging
applications in biomedical, energy, and environmental fields
[1]. In this context, nanoparticles have become a primary
focus due to their high surface area, which enhances
reactivity and effectiveness, particularly in antibacterial
applications [2]. Furthermore, controlling the size, shape,
and structure of nanoparticles is a crucial factor, as these
parameters directly influence the physicochemical properties
and stability of the material [3].

ZnONPs have been extensively investigated due to
their excellent biocompatibility, chemical stability, and
notable antibacterial properties. Their antibacterial activity is
primarily attributed to the generation of reactive oxygen
species (ROS) and the release of Zn?* ions, both of which can
disrupt bacterial cell membranes and intracellular
components [4], [5]. Moreover, compared to noble metal
nanoparticles such as gold and silver, ZnONPs offers
significant advantages in terms of cost-effectiveness,
abundance, and ease of production, making it a promising
candidate for large-scale applications [6]. Nevertheless,
conventional synthesis approaches remain challenging, as
they typically rely on hazardous chemicals and energy-
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hydroxyl- and carbonyl-containing functional groups that
facilitate electron transfer during nanoparticle formation and
contribute to nanoparticle stabilization. Furthermore, this
plant is known to exhibit various biological activities,
including antibacterial properties, which may enhance the
functionality of the synthesized nanoparticles.

Several previous studies have reported the synthesis
of ZnONPs using various plant extracts, including pineapple
peel (Ananas comosus) [11], Saussurea obvallata flowers
[12], and mangosteen leaves (Garcinia mangostana) [13].
Although these studies successfully demonstrated the
feasibility of plant-mediated ZnONP synthesis, variations in
nanoparticle characteristics and antibacterial performance
indicate that the type of plant extract plays a crucial role in
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determining the resulting nanoparticles' properties. However,
the use of /llicium verum flower extract for ZnO nanoparticle
synthesis, particularly in combination with optimization of
synthesis conditions and evaluation of antibacterial activity,
remains limited.

To the best of our knowledge, studies investigating
the use of lllicium verum flower extract for ZnONP synthesis
remain scarce, particularly those integrating synthesis
optimization, physicochemical characterization, and
antibacterial evaluation within a single experimental
framework. Therefore, this study provides a systematic
assessment of [llicium verum-mediated ZnONP synthesis
and its antibacterial activity against Escherichia coli.

Therefore, this study aims to synthesize ZnO
nanoparticles using [llicium verum flower extract, optimize
the synthesis parameters, and characterize the resulting
nanoparticles. In addition, the antibacterial activity will be
evaluated against Escherichia coli as a model Gram-negative
bacterium [14].

Research Methods
Instruments and Materials

The instruments used in this study included a
centrifuge (Cence), microscope (Rehaze), analytical
balances (Adventurer Ohaus and Sartorius BSA224S-CW),
oven (Heracus ST-5042), hot plate (BASCO), magnetic
stirrer (Heidolph MR Hei-Standard), laminar air flow (ESCO
Class 1 Type B2 BSC), incubator, UV-Vis
spectrophotometer (Shimadzu UV-1800), Fourier Transform
Infrared Spectroscopy (FTIR) (Perkin Elmer), Particle Size
Analyzer (PSA) (Malvern), micropipettes, petri dishes, glass
slides, blender, calipers, and glassware (Pyrex). The
materials used included llicium verum flower powder, zinc
acetate dihydrate (Zn(CHsCOO)::2H20), NaOH, Mueller—
Hinton Agar (MHA), Escherichia coli (ATCC 35218), disc
paper, aquabides, aluminum foil, and plastic wrap.
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Extraction of Illicium verum Flower

The dried powder of Illicium verum flower was
obtained from the Materia Medica Herbal Laboratory, Batu,
East Java, and extracted using the infusion method with
slight modifications [15]. Briefly, 10 g of the powder was
placed into a sterile beaker, followed by the addition of 100
mL of aquabides. The mixture was then covered with plastic
wrap to prevent contamination. The extraction process was
carried out by heating at 60°C while stirring at 1000 rpm for
90 minutes, as this method is effective for extracting
secondary metabolites such as flavonoids and phenolics [16].
After extraction, the solution was filtered using Whatman No.
1 filter paper, and the filtrate was stored at 4°C to be used as
a bioreductant stock solution for the subsequent synthesis
process

Green Synthesis of ZnO NPs

ZnONPs were synthesized using a green synthesis
method with slight [16]. Zinc acetate dihydrate
(Zn(CH3COO)2-2H20) was used as the precursor and reacted
with [llicium verum flower extract at volume ratios of 1:1,
1:2, 1:3, and 1:4, with a total volume of 60 mL. The mixture
was stirred at 60°C and 1000 rpm for 30 minutes. The
formation of nanoparticles was confirmed using a UV-Vis
spectrophotometer, and the optimal conditions were
determined based on the resulting absorption spectrum.
Subsequently, pH optimization was performed in the range
of pH 7 to 11, as pH significantly influences nanoparticle
size and stability [17]. The solution obtained under optimal
conditions was centrifuged at room temperature (+25°C) at
3000 rpm for 30 minutes. The resulting precipitate was
washed with aquabides to remove impurities, dried in an
oven at 80°C for 3 hours, and then calcined at 400°C for 4
hours to obtain crystalline ZnONPs [16]. The synthesis steps
of ZnONPs are illustrated in Figure 1.
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Figure 1. Preparation of ZnONPs using ///icium verum flower extract
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Characterisation of ZnONPs

The synthesized ZnONPs were characterized using
several analytical techniques. UV—Vis spectrophotometry
(Shimadzu UV-1800) was employed to determine the
maximum absorption wavelength as an indicator of
nanoparticle formation, while Fourier Transform Infrared
Spectroscopy (FTIR) (Perkin Elmer) was used to identify
functional groups involved in the reduction and stabilization
processes. In addition, particle size distribution was analyzed
using a Particle Size Analyzer (PSA) (Malvern). These
characterization techniques are widely applied to evaluate
the optical properties, functional groups, and size
distribution of ZnO nanoparticles synthesized via green
methods [16].

Antibacterial Activity

The antibacterial activity of ZnONPs was evaluated
using the disk diffusion method against the Gram-negative
bacterium FEscherichia coli, a standard technique for
assessing antimicrobial activity. Mueller—Hinton Agar
(MHA) was sterilized and poured into petri dishes, then
allowed to solidify. Bacterial colonies were collected using
a sterile inoculating loop and suspended in 5 mL of
physiological NaCl solution until the turbidity reached the
0.5 McFarland standard (approximately 1.5 x 108 CFU/mL).
The bacterial suspension was inoculated onto the MHA
surface and evenly spread with a sterile cotton swab, then
incubated for approximately 5 minutes. Paper discs soaked
with the sample solutions were then placed on the agar
surface. Ciprofloxacin and aquabides were used as positive
and negative controls, respectively. The plates were
incubated at 37°C for 24 hours. Antibacterial activity was
determined by measuring the diameter of the inhibition
zones in millimeters, and all experiments were performed in
triplicate to ensure data reliability. The inhibition zone
diameter data were analyzed using SPSS version 25.

Normality was assessed using the Shapiro—Wilk test (n <50).

Normally distributed data (p > 0.05) were analyzed by one-
way ANOVA at a 95% confidence level (o = 0.05), followed
by Duncan’s Multiple Range Test for post hoc comparisons
when significant differences were observed (p < 0.05) [18].

Results and Discussion

Optimization of ZnONPs Using Illicium verum Flower
Extract

The optimization of zinc oxide nanoparticles
(ZnONPs) synthesis using Illicium verum flower extract was
carried out by varying the precursor-to-bioreductant volume
ratio and pH, with the optimal condition determined based
on the highest absorbance value obtained from the UV—-Vis
spectra. A higher absorbance value indicates the formation
of a greater amount of nanoparticles, which is attributed to
the efficient reduction of Zn** ions by secondary metabolites
such as flavonoids and phenolic compounds that act as both
reducing and stabilizing agents [2], [8]. However, it is
important to note that a high absorbance value does not
necessarily indicate a smaller particle size, as it may also be
affected by nanoparticle aggregation. Therefore, further
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characterisation is required to confirm the size distribution
and uniformity of the synthesised nanoparticles.

The results indicated that variations in the precursor-
to-bioreductant volume ratio significantly influenced the
formation of ZnONPs. The analysis was performed using
UV-Vis spectrophotometry to determine the maximum
absorption wavelength and absorbance values, which serve
as indicators of nanoparticle formation.
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Figure 2. Optimization of precursor-to-extract volume ratio
of ZnONPs using [llicium verum flower with UV—Vis
spectrophotometer

Based on Figure 2, the UV—Vis spectra showed that
the maximum absorption wavelength was observed in the
range of 359—380 nm. The highest absorbance was recorded
at a precursor-to-bioreductant ratio of 1:2, with a value of
0.51 at 359 nm. In contrast, other ratios exhibited lower
absorbance values: 0.28 (1:1), 0.25 (1:3), and 0.39 (1:4).
These results indicate that the 1:2 ratio is optimal for ZnO
nanoparticle formation. The detailed data of maximum
absorption wavelengths and absorbance values are presented
in Table 1.

Table 1. Results of UV—-Vis Spectrophotometer optimization
of ZnONPs using [llicium verum flower Extract with
Precursor-to-Extract Volume Ratio variations

Volume ratio Wavelength (nm) Absorbance
1:1 380 0.28
1:2 359 0.51
1:3 372 0.25
1:4 368 0.39

Based on the results, the optimal ratio was 1:2,
indicating that the balance between the bioreductant and
precursor plays a crucial role in nanoparticle formation. A
low concentration of bioreductant leads to incomplete
reduction of Zn?' ions, whereas an excessive bioreductant
concentration may result in excessive capping effects that
inhibit nanoparticle nucleation and growth. This process
follows the nucleation and growth mechanism, in which Zn?**
ions are reduced to Zn atoms, forming initial nuclei that
subsequently grow into nanoparticles stabilized by
biomolecules present in the extract, acting as capping agents
[19], [15]. This mechanism is consistent with classical
nanoparticle formation theories, where controlled nucleation
and growth determine the final size and distribution of
nanoparticles [20], [21].
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After determining the optimal condition based on the
precursor-to-bioreductant volume ratio, pH optimization was
carried out to obtain more stable synthesis conditions. The
results of the pH optimization were analyzed using UV—-Vis
spec}ré)photometry and are presented in Figure 3.
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Figure 3. Optimization of pH variation of ZnONPs using
Hllicium verum flower extract with UV—Vis
spectrophotometer

Based on Figure 3, the highest absorbance was
observed at pH 10, with a value of 0.61 at 385 nm. In contrast,
the lowest absorbance was observed at pH 8§, at 0.43. Other
pH variations showed absorbance values of 0.49 (pH 7), 0.57
(pH 9), and 0.58 (pH 11). These results indicate that alkaline
conditions, particularly at pH 10, are optimal for the
synthesis of ZnO nanoparticles using lllicium verum flower
extract. The complete measurement data are presented in
Table 2.

Table 2. Results of pH variation measurements with a UV-
Vis spectrophotometer

Volume ratio Wavelength (nm) Absorbance
7 385 0.49
8 385 0.43
9 385 0.57
10 385 0.61
11 388 0.58

The pH optimization results showed that the optimal
condition was achieved at pH 10, indicating that alkaline
conditions are more favorable for ZnONPs formation. Under
these conditions, Zn>" ions react with OH™ to form Zn(OH)
as an intermediate species, which subsequently undergoes
dehydration to produce ZnO [11]. Furthermore, an increased
concentration of OH™ leads to a higher negative surface
charge, enhancing electrostatic repulsion between particles
and preventing aggregation. This results in smaller
nanoparticles with a more homogeneous size distribution. In
contrast, under acidic conditions, the activity of phenolic
compounds as reducing and stabilizing agents decreases,
leading to the formation of larger and less uniform particles

[9].
Characterization of ZnONPs Using Star Anise Extract

The ZnO nanoparticles obtained under optimal
synthesis conditions were further characterized using UV—
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Vis spectrophotometry, FTIR, and Particle Size Analyzer
(PSA) to confirm nanoparticle formation and to evaluate
their physicochemical characteristics.

Spectrophotometer UV-Vis

The ZnONPs synthesized under optimal conditions
were further analyzed using UV—Vis spectrophotometry as a
preliminary method to confirm nanoparticle formation. This
technique was employed to identify the characteristic
absorption wavelength and determine the maximum
absorbance associated with ZnO nanoparticle formation. In
addition, UV—Vis analysis was used to verify that the
optimized synthesis conditions produced nanoparticles with
appropriate optical properties.

UV-Vis spectrophotometric analysis was performed
to confirm the formation of ZnONPs based on their
characteristic absorption wavelength. As shown in Figure 4,
the UV—Vis spectrum exhibited a maximum absorption peak
at 385 nm. This absorption peak indicates the successful

formation of ZnONPs under the optimal synthesis conditions.
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Figure 4. Optimization of pH variation of ZnONPs using
Ilicium verum flower extract with UV—Vis
spectrophotometer

As shown in Figure 4, the UV—Vis spectrum indicates
that ZnONPs synthesized under optimal conditions—
specifically at a precursor-to-bioreductant volume ratio of
1:2 and pH 10—exhibited a maximum absorption peak at
385 nm. This absorption peak is characteristic of ZnO
nanoparticles and is associated with electronic transitions
from the valence band to the conduction band. These
findings are consistent with previous studies reporting that
green-synthesized ZnONPs typically exhibit absorption
peaks in the range of 350-380 nm [22], [23].

The variation in maximum absorption wavelength
compared to other studies may be attributed to differences in
particle size, synthesis conditions, and the type of
bioreductant used, as these parameters directly influence the
optical properties of ZnONPs [24]. In semiconductor
materials such as ZnO, the quantum confinement effect
significantly alters the band gap as particle size changes [25].
As the nanoparticle size decreases, the band gap energy
increases, resulting in a shift of absorption toward shorter
wavelengths (blue shift), a characteristic of nanoscale ZnO
systems [24]. This phenomenon indicates that the optical
properties of ZnONPs are strongly influenced by particle
size and structural characteristics developed during synthesis.
Therefore, UV—Vis analysis not only confirms the successful
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formation of ZnONPs but also provides preliminary insights
into their size and optical behavior [17].

Spectroscopy FTIR

Fourier Transform Infrared (FTIR) analysis was
performed to identify functional groups and to confirm the
formation of ZnONPs. This technique enables the detection
of characteristic absorption bands associated with molecular
vibrations, thereby providing insight into the involvement of
biomolecules in the reduction and stabilization processes
during green synthesis [26]. In addition, FTIR analysis
allows the identification of interactions between
nanoparticles and capping agents that contribute to particle
stability [26].

The FTIR analysis results are presented in Figure 5,
showing the spectra of the star anise extract and the
synthesized ZnONPs. Changes in the intensity of several
functional groups were observed, particularly in the O—H and
C—O groups after the synthesis process. These changes
indicate the involvement of phytochemical compounds in the
reduction and stabilization of the nanoparticles. In addition,
an absorption peak appeared at 424.26 cm™, characteristic of
Zn—0 bonding, confirming the successful formation of ZnO
nanoparticles.
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Figure 5. (a) FTIR spectrum of /llicium verum flower
extract; (b) FTIR spectrum of synthesized ZnONPs

Based on the FTIR spectra, the synthesized ZnO
nanoparticles exhibited a characteristic absorption peak at
approximately 424 cm™, corresponding to Zn—O bond
vibrations. This peak is a distinctive feature of ZnO
nanoparticles and is typically observed in the range of 400—
500 cm™, confirming the formation of the ZnO phase [27],
[28]. Furthermore, the spectra revealed the presence of
functional groups such as O-H, C=0O, and C-O, which
originate from organic compounds in the extract and play a
role in the reduction and stabilization of ZnONPs [2].

Changes in peak intensity and slight shifts in FTIR
bands after synthesis indicate interactions between
biomolecules and the surface of ZnONPs. Bioactive
compounds such as flavonoids and phenolics act as
stabilizing agents by forming a protective layer on the
nanoparticle surface, thereby controlling particle growth and
preventing aggregation [26]. Therefore, the FTIR results not
only confirm the successful formation of ZnONPs but also
demonstrate the crucial role of biomolecules in the green
synthesis mechanism.
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Particle Size Analyzer (PSA)

Particle size characterization using PSA is presented
in Figure 6. The results showed that the synthesized ZnONPs
had an average diameter of 18.27 nm, with a polydispersity
index (PDI) value of 0.1769. This relatively low PDI value

indicates a narrow and homogeneous particle size
distribution.
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Figure 6. Results of PSA characterization of synthesized
ZnONPs
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Particle size characterization of ZnONPs was
performed using a Particle Size Analyzer (PSA) to determine
particle size distribution and the homogeneity of the
nanoparticle system. PSA is a widely used technique for
measuring the hydrodynamic size of particles in colloidal
systems and evaluating size distribution through the
polydispersity index (PDI), which reflects particle
uniformity [29], [30]. Particle size is a critical parameter as
it directly influences the physicochemical properties,
colloidal stability, and biological activity of nanoparticles,
including their antibacterial performance [31].

Based on the measurement results, the synthesized
ZnONPs exhibited an average particle size of 18.27 nm with
a PDI value of 0.1769, indicating that the particles are within
the nanoscale range and possess a relatively homogeneous
size distribution. A PDI value below 0.3 suggests a narrow
size distribution and good colloidal stability [29]. The
relatively small particle size can be attributed to the role of
biomolecules present in the extract, such as flavonoids and
phenolic compounds, which act as capping and stabilizing
agents, thereby inhibiting particle growth and preventing
aggregation during synthesis [32]. Furthermore, smaller
nanoparticle size leads to a higher specific surface area,
which enhances interaction with bacterial cells and
contributes to improved antibacterial activity of ZnONPs
[31].

Based on the results of this study, the synthesized
ZnONPs were successfully characterized using UV-Vis
spectroscopy, FTIR, and Particle Size Analysis (PSA). These
techniques provided information regarding nanoparticle
formation, functional groups involved in the synthesis
process, and particle size distribution. However, the
inclusion of X-ray Diffraction (XRD) analysis would
provide valuable information on the crystallinity and phase
purity of the synthesized ZnONPs, while Scanning Electron
Microscopy (SEM) or Transmission Electron Microscopy
(TEM) could further elucidate the surface morphology,
particle shape, and structural characteristics of the
nanoparticles. Therefore, these characterization techniques
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are recommended for future studies to achieve a more
comprehensive understanding of the synthesized ZnONPs.

Antibacterial Activity Against Escherichia coli

The antibacterial activity against Escherichia coli is
presented in Figures 7 and 8. Based on the observations,
ZnONPs exhibited a larger inhibition zone compared to the
star anise extract.

Figue 7. Antibacterial activity test of ///icium verum
flower extract on Escherichia coli bacteria (a) First
replication; (b) Second replication; (c) Third replication
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Figure 8. Antibacterialivity test of ZnONPs on
Escherichia coli bacteria (a) First replication; (b) Second
replication; (¢) Third replication

The data presented in Table 3 show that the average
inhibition zone diameter of ZnONPs was 32.49 mm, whereas
the Illlicium verum flower extract exhibited a smaller
inhibition zone of 26.59 mm. The positive control
(ciprofloxacin) showed inhibition zones ranging from 37.14
to 37.23 mm, while the negative control showed no
inhibition zone. These results indicate that ZnO
nanoparticles exhibit higher antibacterial activity compared
to the Illicium verum flower extract.

Table 3. Inhibition Zone diameter of ZnONPs and [llicium verum flower extract against Escherichia coli

Inhibiiton zone diameter (mm)

Sample 1 5 3 Average Category
1llicium verum flower extract 2671  26.62 2644 26.59+0.14 Very strong
ZnO nanoparticles 3295 3216 3237 3249+041 Very strong
Positive control (Ciprofloxacin) in /llicium verum flower 3707 3739 3724 3723016  Very strong
extract samples

Positive control (Ciprofloxacin) in the ZnONPs samples 37.15 37.18 37.05 3714+ 0.07 Very strong

Negative control (aquades)

The synthesized ZnONPs exhibited higher
antibacterial activity compared to the Illicium verum flower
extract, as indicated by the larger inhibition zone against
Escherichia coli. This enhancement suggests that
transforming bioactive compounds from their extract form
into nanoparticles significantly improves antibacterial
effectiveness, primarily due to increased surface area and
chemical reactivity. This finding is consistent with previous
studies reporting that metal oxide nanoparticles exhibit
stronger antimicrobial activity than their conventional
counterparts [33].

Based on the Shapiro-Wilk normality test, all
datasets were normally distributed (p > 0.05). One-way
ANOVA revealed a significant difference in the inhibition
zone diameters among the treatment groups (F = 1399.344;
p < 0.001). Duncan’s post hoc test further showed that the
antibacterial activity of the synthesized ZnONPs differed
significantly from that of the /llicium verum extract, whereas
the two positive control groups were not significantly
different from each other but differed significantly from both
the extract and ZnONPs.

The Illicium verum extract exhibited the lowest mean
inhibition zone diameter (26.59 mm), followed by ZnONPs
(32.49 mm), while the positive control groups showed the
highest inhibition zone diameters (37.13—37.23 mm). The
corresponding inhibition zone diameters are presented as
mean + standard deviation (SD) in Table 3, indicating low
variability among the replicate measurements. These
findings indicate that the synthesis of ZnONPs significantly
enhanced the antibacterial activity of lllicium verum extract
against Escherichia coli, although their effectiveness

remained lower than that of the ciprofloxacin positive
control [34].

The enhanced antibacterial activity of the synthesized
ZnONPs can be attributed to their physicochemical
characteristics, particularly particle size and surface
properties. The relatively small particle size, with an average
diameter of 18.27 nm, plays a crucial role in enhancing
antibacterial activity. Smaller nanoparticles provide a larger
specific surface area, allowing more frequent interaction
with bacterial cells. In Gram-negative bacteria such as
Escherichia coli, which possess a thinner cell wall structure,
nanoparticles can more easily penetrate the cell membrane
[4]. Furthermore, the low polydispersity index (PDI)
indicates a homogeneous particle size distribution,
contributing to improved stability and consistent
antibacterial performance [30], [35].

In addition to particle size and distribution, surface
properties also play a key role in the antibacterial mechanism.
The charged surface of ZnONPs can interact electrostatically
with negatively charged bacterial cell membranes. This
interaction increases membrane permeability, leading to
initial structural damage and facilitating nanoparticle
penetration into the cell [36], [37].

The antibacterial mechanism of ZnONPs in this study
involves multiple synergistic pathways, as illustrated in
Figure 9. First, the generation of reactive oxygen species
(ROS), such as H202, OH", and O:", induces oxidative stress
and damages essential cellular components, including
membranes, proteins, and DNA [33]. Second, the release of
Zn*" ions disrupts enzymatic activity and interferes with
bacterial metabolic processes. Third, direct interaction
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between nanoparticles and the cell membrane leads to

increased permeability and leakage of intracellular
components [4], [34]
Release of Zn**
ROS 0 0 Protein and enzymes 0’\
production denaturation

Disruption of the
cell membrane

Attachment of
.. 20O NPs

Eloctrostatic
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Inhibit protein
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Figure 9. Mechanism of antibacterial activity of ZnO
nanoparticles (adapted from Yusof et al., 2019)

Moreover, the presence of bioactive compounds from
Hllicium verum extract, which act as capping agents, further
enhances antibacterial activity. Compounds such as
flavonoids and phenolics not only contribute to nanoparticle
formation and stabilization but also exhibit intrinsic
antibacterial properties by disrupting cell membranes and
inhibiting bacterial enzymes [31]. This suggests a potential
synergistic effect between ZnONPs and plant-derived
biomolecules.

Compared to previous studies, the antibacterial
activity observed in this work is relatively high, which can
be attributed to the small particle size, homogeneous
distribution, and optimized synthesis conditions, particularly
at the optimal pH. Therefore, ZnONPs synthesized via green
synthesis using lllicium verum flower extract demonstrate
strong potential as effective, environmentally friendly, and
sustainable antibacterial agents for applications in healthcare
and environmental fields.

Conclusion

Zinc oxide nanoparticles (ZnONPs) were
successfully synthesized using Illicium verum flower extract
through a green synthesis approach, with optimal conditions
achieved at a precursor-to-bioreductant ratio of 1:2 and pH
10. The synthesized ZnONPs exhibited a nanoscale particle
size (18.27 nm), confirmed Zn—-O functional groups, and
demonstrated  strong antibacterial activity = against
Escherichia coli. Statistical analysis revealed significant
differences in inhibition zone diameters among the treatment
groups (p < 0.05), with ZnONPs exhibiting significantly
greater antibacterial activity than [llicium verum extract
alone but lower activity than the ciprofloxacin positive
control. These findings indicate that I//icium verum extract is
a promising natural bioreductant for the environmentally
friendly synthesis of ZnONPs with potential antibacterial
applications. Further studies are recommended to include
XRD and SEM/TEM characterization, evaluate additional
microbial strains, and investigate cytotoxicity to support
future biomedical and environmental applications.

Volume 21 No. 4 (2026): 803-811

Author’s Contribution

B. Ramadhani: research, data collection, wrote the draft
manuscript. S. Sutoyo: helped guide and direct the author in
the process of creating the article. R.Y. Arizandy & W.
Setyarini: helped guide and direct the author in collecting
antibacterial data.

Acknowledgements

We would like to thank the Head of the Organic Chemistry
Laboratory, Faculty of Mathematics and Natural Sciences,
Surabaya State University for providing the facilities and
space for our research. We would also like to thank the staff
of the Institute of Science, Technology, and Life Engineering
for their assistance in measuring the PSA of our samples. We
would also like to thank the staff of the Material
Characterization Division for their assistance in measuring
the FTIR of our samples. We would also like to thank the
staff of the Gastro Laboratory, Institute of Tropical Diseases,
for their assistance in measuring the diameter of the
antibacterial inhibition zone.

References

[1] A. G. Zaidi, Y. M. S., and A. J., “Review On
Applications Of Nanoparticles In Various Fields,”
IRJMETS, Oct. 2022, doi: 10.56726/IRIMETS30697.

[2] A. Amin, Mistriyani, and S. Tengker, “Sintesis dan
Karakterisasi Nano ZnO Menggunakan Bioreduktor
Ekstrak Daun Kopasanda (Chromolaena odorata L.),”
Fullerene Journ.Of Chem, vol. Vol.7 No.1:47-51,
2022, doi: https://doi.org/10.37033/fjc.v7il.511.

[3] N.Joudeh and D. Linke, “Nanoparticle classification,
physicochemical properties, characterization, and
applications: a comprehensive review for biologists,”
J Nanobiotechnol, vol. 20, no. 1, p. 262, Jun. 2022, doi:
10.1186/s12951-022-01477-8.

[4] H. Mohd Yusof, R. Mohamad, U. H. Zaidan, and N.
A. Abdul Rahman, “Microbial synthesis of zinc oxide
nanoparticles and their potential application as an
antimicrobial agent and a feed supplement in animal
industry: a review,” J Animal Sci Biotechnol, vol. 10,
no. 1, p. 57, Dec. 2019, doi: 10.1186/s40104-019-
0368-z.

[S] Y.A.Prasetya, K. Nisyak, and A. Hisbiyah, “Aktivitas
Antibakteri Dan Antibiofilm Nanokomposit Seng
Oksida-Perak (Zno-Ag) Dengan Minyak Cengkeh
Terhadap Pseudomonas aeruginosa,” J Bioteknol
Biosains Indones, vol. 8, no. 2, Dec. 2021, doi:
10.29122/jbbi.v8i2.4770.

[6] N. Ali Jasim, A. A. Khadim, and Z. K. Kadur,
“Antibacterial activity of ZnO nanoparticles against
diverse bacterial strains,” S4, vol. 04, no. 03, pp. 195—
198, 2023, doi: 10.47587/SA.2023.4303.

[7] F. E. Ettadili et al, “Recent advances in the
nanoparticles  synthesis using plant extract:
Applications and future recommendations,” Journal of
Molecular Structure, vol. 1248, p. 131538, Jan. 2022,
doi: 10.1016/j.molstruc.2021.131538.

[8] N. Abid et al, “Synthesis of nanomaterials using
various top-down and bottom-up approaches,
influencing factors, advantages, and disadvantages: A
review,” Advances in Colloid and Interface Science,

809



Jurnal Pijar MIPA

[10]

[12]

[13]

[14]

[16]

[17]

[18]

[20]

vol. 300, p. 102597, Feb. doi:
10.1016/j.¢is.2021.102597.

H. M. Abdelmigid, N. A. Hussien, A. A. Alyamani, M.
M. Morsi, N. M. AlSufyani, and H. A. Kadi, “Green
Synthesis of Zinc Oxide Nanoparticles Using
Pomegranate Fruit Peel and Solid Coffee Grounds vs.
Chemical Method of Synthesis, with Their
Biocompatibility and  Antibacterial  Properties
Investigation,” Molecules, vol. 27, no. 4, p. 1236, Feb.
2022, doi: 10.3390/molecules27041236.

H. N. Khan, S. Rasheed, M. I. Choudhary, N. Ahmed,
and A. Adem, “Anti-glycation properties of Illicium
verum Hook. f. fruit in-vitro and in a diabetic rat
model,” BMC Complement Med Ther, vol. 22, no. 1,
p- 79, Dec. 2022, doi: 10.1186/s12906-022-03550-z.
R. N. Sari, N. Saridewi, and S. Shofwatunnisa,
“Biosynthesis and Characterization of ZnO
Nanoparticles with Extract of Green Seaweed
Caulerpa sp.,” JF'S, vol. 19, no. 1, p. 17, Mar. 2017,
doi: 10.22146/jfs.24488.

Y. Y. Chan, Y. L. Pang, S. Lim, and W. C. Chong,
“Facile green synthesis of ZnO nanoparticles using
natural-based materials: Properties, mechanism,

2022,

surface modification and application,” Journal of

Environmental Chemical Engineering, vol. 9, no. 4, p.
105417, Aug. 2021, doi: 10.1016/j.jece.2021.105417.
R. Rusli et al.,, “Green synthesis of zinc oxide
nanoparticles utilizing extract from Garcinia
mangostana leaves: Characterization and optimization
of calcination temperature,” J Adv Vet Anim Res, vol.
11, no. 3, p. 573, 2024, doi: 10.5455/javar.2024.k807.
M. Eissa, “Escherichia coli: Epidemiology, Impact,
Antimicrobial Resistance and Prevention: A review,”
J Pub Health Comm Med, vol. 1, no. 1, p. 39, 2024,
doi: 10.5455/JPHCM.20240110064652.

M. Naseer, U. Aslam, B. Khalid, and B. Chen, “Green
route to synthesize Zinc Oxide Nanoparticles using
leaf extracts of Cassia fistula and Melia azadarach and
their antibacterial potential,” Sci Rep, vol. 10, no. 1, p.
9055, Jun. 2020, doi: 10.1038/s41598-020-65949-3.
K. Evawati and S. Sutoyo, “Synthesis and
Characterization of ZnO Nanoparticles using the
Duwet (Syzygium cumini) Leaves Extract as
Bioreductor,” J. Pijar.MIPA, vol. 20, no. 1, pp. 168—
172, Jan. 2025, doi: 10.29303/jpm.v20i1.7928.

S. Singh, J. V. Gade, D. K. Verma, B. Elyor, and B.
Jain, “Exploring ZnO nanoparticles: UV-visible
analysis and different size estimation methods,”
Optical Materials, vol. 152, p. 115422, Jun. 2024, doi:
10.1016/j.optmat.2024.115422.

A. Pehino, F. Fatimawali, and E. J. Suoth, “Uji
Aktivitas Antibakteri Ekstrak Biji Buah Duku
Lansium Domesticum Terhadap Bakteri
Staphylococus Aureus Dan Escherichia coli,” PHA,
vol. 10, no. 2, p. 818, May 2021, doi:
10.35799/pha.10.2021.34030.

M. Zafar and T. Igbal, “Green synthesis of silver and
zinc oxide nanoparticles for novel application to
enhance shelf life of fruits,” Biomass Conv. Bioref.,
vol. 14, no. 4, pp. 5611-5626, Feb. 2024, doi:
10.1007/s13399-022-02730-8.

N. T. K. Thanh, N. Maclean, and S. Mahiddine,
“Mechanisms of Nucleation and Growth of

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Volume 21 No. 4 (2026): 803-811

Nanoparticles in Solution,” Chem. Rev., vol. 114, no.
15, pp. 7610-7630, Aug. 2014, doi:
10.1021/cr400544s.

K.-J. Wu, E. C. M. Tse, C. Shang, and Z. Guo,
“Nucleation and growth in solution synthesis of
nanostructures — From fundamentals to advanced
applications,” Progress in Materials Science, vol. 123,
p- 100821, Jan. 2022, doi:
10.1016/j.pmatsci.2021.100821.

V. Selvanathan et al., “Synthesis, characterization,
and preliminary in vitro antibacterial evaluation of
ZnO nanoparticles derived from soursop (Annona
muricata L.) leaf extract as a green reducing agent,”
Journal of Materials Research and Technology, vol.
20,  pp. 2931-2941, Sep. 2022,  doi:
10.1016/j.jmrt.2022.08.028.

S. Donga and S. Chanda, “Caesalpinia crista Seeds
Mediated Green Synthesis of Zinc Oxide
Nanoparticles for Antibacterial, Antioxidant, and
Anticancer Activities,” BioNanoSci., vol. 12, no. 2, pp.
451-462, Jun. 2022, doi: 10.1007/s12668-022-00952-
8.

S. Dey et al., “A critical review on zinc oxide
nanoparticles: Synthesis, properties and biomedical
applications,” Intelligent Pharmacy, vol. 3, no. 1, pp.
53-70, Feb. 2025, doi: 10.1016/j.ipha.2024.08.004.
M. R. Ahmad, A. A. Ansari, M. Dhayal, and R. Lv,
“Bandgap engineering of ZnO nanomaterials for
enhanced electrochemical and  photocatalytic
efficiency,” Renewable and Sustainable Energy
Reviews, vol. 219, p. 115767, Sep. 2025, doi:
10.1016/j.rser.2025.115767.

S. Pasieczna-Patkowska, M. Cichy, and J. Flieger,
“Application of Fourier Transform Infrared (FTIR)
Spectroscopy in  Characterization of  Green
Synthesized Nanoparticles,” Molecules, vol. 30, no. 3,
p. 684, Feb. 2025, doi: 10.3390/molecules30030684.
A. G. Kaningini et al., “Effect of Optimized Precursor
Concentration, Temperature, and Doping on Optical
Properties of ZnO Nanoparticles Synthesized via a
Green Route Using Bush Tea ( Athrixia phylicoides
DC.) Leaf Extracts,” ACS Omega, vol. 7, no. 36, pp.
31658-31666, Sep. 2022, doi:
10.1021/acsomega.2c00530.

R. Verma, S. Pathak, A. K. Srivastava, S. Prawer, and
S. Tomljenovic-Hanic, “ZnO nanomaterials: Green
synthesis, toxicity evaluation and new insights in
biomedical applications,” Journal of Alloys and
Compounds, vol. 876, p. 160175, Sep. 2021, doi:
10.1016/j.jallcom.2021.160175.

S. Bhattacharjee, “DLS and zeta potential — What they
are and what they are not?,” Journal of Controlled
Release, vol. 235, pp. 337-351, Aug. 2016, doi:
10.1016/j.jconrel.2016.06.017.

M. Danaei et al, “Impact of Particle Size and
Polydispersity Index on the Clinical Applications of
Lipidic Nanocarrier Systems,” Pharmaceutics, vol. 10,
no. 2, p. 57, May 2018, doi:
10.3390/pharmaceutics10020057.

C. Khatana et al., “Antibacterial Potential of Zinc
Oxide Nanoparticles Synthesized using Aloe vera (L.)
Burm.f.: A Green Approach to Combat Drug
Resistance,” J. Pure Appl. Microbiol., vol. 15, no. 4,

810



Jurnal Pijar MIPA

[32]

[33]

[34]

[35]

[36]

[37]

pp- 1907-1914, Dec. 2021, doi:
10.22207/JPAM.15.4.12.

M. Bandeira, M. Giovanela, M. Roesch-Ely, D. M.
Devine, and J. Da Silva Crespo, “Green synthesis of
zinc oxide nanoparticles: A review of the synthesis
methodology and mechanism of formation,”
Sustainable Chemistry and Pharmacy, vol. 15, p.
100223, Mar. 2020, doi: 10.1016/j.scp.2020.100223.
Happy Agarwal, Soumya Menon, S. Venkat Kumar,
and S. Rajeshkumar, “Mechanistic study on
antibacterial action of zinc oxide nanoparticles
synthesized using green route,” Chemico-Biological
Interactions, vol. 286, pp. 60—70, Apr. 2018, doi:
10.1016/j.cbi.2018.03.008.

A. Krol, P. Pomastowski, K. Rafinska, V. Railean-
Plugaru, and B. Buszewski, “Zinc oxide nanoparticles:
Synthesis, antiseptic activity and toxicity mechanism,”
Advances in Colloid and Interface Science, vol. 249,
pp- 37-52, Nov. 2017, doi: 10.1016/.¢is.2017.07.033.
1. El-Habib et al., “Antibacterial Size Effect of ZnO
Nanoparticles and Their Role as Additives in
Emulsion Waterborne Paint,” JFB, vol. 15, no. 7, p.
195, Jul. 2024, doi: 10.3390/jfb15070195.

L. S. Reddy, M. M. Nisha, M. Joice, and P. N. Shilpa,
“Antimicrobial activity of zinc oxide (ZnO)
nanoparticle against  Klebsiella  pneumoniae,”
Pharmaceutical Biology, vol. 52, no. 11, pp. 1388—
1397, Nov. 2014, doi:
10.3109/13880209.2014.893001.

G. M. Shafy, A. M. N. Jassim, and M. T. Mohammed,
“Study Of Phytochemical, Antioxidant And Anti-
Inflammatory Of Mangosteen (G. Mangostana) And
Its Ability To Wound Healing”.

Volume 21 No. 4 (2026): 803-811

811



