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Abstract: Bacillus subtilis subsp. subtilis HSFI-9 demonstrates the ability to inhibit
bacterial growth in vitro, with the potential for enhancement through nanoparticle
technology. This study innovatively impregnated ZnO-NPs into the HSFI-9 extract to
optimize its antibacterial activity, using the precipitation method with zinc nitrate
tetrahydrate precursor at pH 10.0. Antibacterial tests were conducted against
Acinetobacter baumannii, Enterococcus faecium, Enterobacter aerogenes, Klebsiella
pneumonia, Pseudomonas aeruginosa, and Staphylococcus aureus using the disc
diffusion and microdilution methods. Physical and chemical characterizations of ZnO-
NPs HSFI-9 were also performed, and secondary metabolites were analyzed using high-
resolution mass spectroscopy. The results revealed that ZnO-NPs HSFI-9 showed
moderate antibacterial activity against S. aureus (MIC: 97.6 ug/mL), K. pneumoniae,
and E. aerogenes (MIC: 390.6 ug/mL). SEM-EDX analysis showed particle sizes of 185-
189 nm, with a hexagonal-spherical morphology. DLS measurements indicated larger
particle sizes in the micrometer range because it measured the hydrodynamic diameter,
which includes the solvent layer, whereas SEM measures individual particle size based on
physical appearance. The crystallinity index of ZnO-NPs HSFI-9 was 67.3% based on
XRD analysis. Surfactin was the primary metabolite detected in the extract, suggesting
positive prospects for developing ZnO-NPs HSFI-9 as an antimicrobial agent.

Keywords: antibacterial agents; Bacillus subtilis; Staphylococcus aureus; zinc oxide
nanoparticles

m INTRODUCTION

yet supported by optimal extract production capacity
(only around 24 mg/L of culture) [1-2]. Low extract

Bacillus subtilis subsp. subtilis HSFI-9, hereinafter
referred to as HSFI-9, is known to have the ability to inhibit
the growth of several pathogenic bacteria. The ethyl
acetate extract produced by HSFI-9 is known to contain
the volatile compound 1-butanol, 3-methyl-formate from
the gas chromatography-mass spectroscopy (GC-MS)
profile, which is presumed to be the compound that
determines its antibacterial activity. This potential is not

production capacity can increase costs; therefore,
optimization is needed to improve the efficiency of
antibacterial drug development from HSFI-9. The HSFI-
9 was chosen for this study due to its proven ability to
inhibit bacterial growth, particularly against major
pathogenic bacteria such as Staphylococcus aureus,
Klebsiella pneumoniae, and Enterobacter aerogenes. The
HSFI-9 extract contains bioactive compounds, including
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surfactin, which are believed to contribute to its
antimicrobial activity.

One approach to enhance its effectiveness is by
impregnating the extract with metal nanoparticles, such
as zinc oxide nanoparticles (ZnO-NPs), which can
strengthen its antibacterial activity. Metal-impregnated
nanoparticles are known to possess antimicrobial
properties effective against a wide range of microorganisms,
including bacteria, fungi, and viruses [3-4]. This advantage
makes HSFI-9 distinct from other Bacillus strains, making
it an excellent choice for the development of more
efficient antimicrobial agents. Impregnation of metal
nanoparticles can be used to optimize the antibacterial
[5-6].
nanoparticles are known to have antimicrobial properties

activity of the extract Metal-impregnated
against bacteria, fungi, or viruses. The combination of
nanoparticles with antibiotics has also been widely
studied regarding the synergy of effects and increased
ability to reduce antibiotic resistance [3-4].

Inorganic compounds such as ZnO have been
known as a nanoparticle impregnation material that is
useful for increasing the antimicrobial activity of plant
extracts or antibiotics. ZnO-NPs have the advantage of
requiring low costs for the manufacturing process [7].
Topical ZnO-NPs are also known to accelerate re-
epithelialization and eliminate lesions caused by topical
skin

impregnation of ketoconazole can increase penetration

infections [8]. For example, successful ZnO
and accumulation of ketoconazole in the skin [9]. ZnO-
NPs also have advantages such as low toxicity [10],
although if it is used for a long period can accumulate in
tissues and cause skin sensitization reactions [11].

The biosynthesis of ZnO-NPs with microbial
secondary metabolites has been widely studied. Secondary
metabolites of Trichoderma sp. were successfully
impregnated with Zn to produce hexagonal/spherical
nanoparticle molecules with a size of 8-30 nm [12]. ZnO-
NP biosynthesis was also successfully carried out on
secondary metabolites of Streptomyces sp. and Bacillus sp.,
with particle size results of 20-95 nm [13]. Several studies
related to impregnation of ZnO-NPs from secondary
metabolites of Bacillus sp. have been conducted, including

Bacillus foraminis which produces spherical particle

shapes, but there is no information regarding its activity
[14], or ZnO-NPs of B. subtilis which produces activity
as a nano fertilizer [15]. One of the nanoparticles that
has been successfully produced has antibacterial activity
against Escherichia coli and S. aureus was ZnO-NPs of
Bacillus haynesii [16].

Research on ZnO-NPs has been extensively
conducted for antibacterial applications. ZnO-NPs are
known to be effective against a wide range of pathogens,
including both Gram-positive and Gram-negative
bacteria. For instance, a study by Gudkov et al. [7]
demonstrated that ZnO-NPs
activity against E. coli and S. aureus. However, studies

exhibit antibacterial

focusing on the impregnation of ZnO-NPs into
microbial extracts, such as the one conducted on B.
subtilis subsp. subtilis HSFI-9, remain limited. Most
previous studies by Rehman et al. [16], and El-Ghwas
[14], focused more on the biosynthesis of ZnO-NPs
using Bacillus strains like B. haynesii and B. foraminis,
but no research has specifically explored the
antibacterial potential of ZnO-NPs impregnated with B.
subtilis subsp. subtilis HSFI-9 extract. The impregnation
of ZnO into HSFI-9 extract has not been previously
done; therefore, this study aims to optimize the
activity of ZnO-NP HSFI-9. The

antibacterial activity was tested against various skin

antibacterial

infection pathogens, such as Acinetobacter baumannii,
Enterococcus faecium, Enterobacter sp., K. pneumoniae,
Pseudomonas aeruginosa, and S. aureus (ESKAPE),
which are known to have high antibiotic resistance levels
[17]. The physical and chemical properties of ZnO-NP
HSFI-9 were evaluated by analyzing the ZnO vibration
spectrum at 500-600 cm™ using Fourier transform-
infrared spectroscopy (FTIR) [18]. The particle size,
distribution, and aggregation level of ZnO-NP HSFI-9
were tested using dynamic light scattering (DLS) to
ensure that the particle size falls within the range of 5-
100 nm [19]. The three-dimensional shape, crystal
structure, and elemental composition were analyzed
through X-ray diffractometry (XRD) and scanning
electron microscopy-energy dispersive X-ray (SEM-
EDX) [20]. Additionally, the secondary metabolite
profile of the HSFI-9 extract was further analyzed using
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liquid  chromatography-high  resolution = mass
spectrometry (LC-HRMS) [21]. While many studies
indicate synergy between nanoparticles and antibiotics in
enhancing antibacterial activity [4], there is still a gap in
knowledge regarding the specific action mechanism of
nanoparticles impregnated with microbial extracts.
Furthermore, the limited production capacity of the
HSFI-9 extract, about 24 mg/L, reduces efficiency and
increases production costs, thus requiring optimization to
enhance the effectiveness of antibacterial drug
development from HSFI-9. This study aims to fill this gap
by optimizing the antibacterial activity of HSFI-9 extract
through ZnO-NP impregnation and further investigating
the antibacterial mechanisms involved, particularly
against multi-drug-resistant pathogens such as A.

baumannii and S. aureus.

m EXPERIMENTAL SECTION
Materials

All materials used in this study were reagent grade
(98-99%), before being diluted according to test
requirements. Starch, sodium chloride (NaCl), zinc
nitrate hexahydrate (Zn(NOs),:6H,0), sodium hydroxide
(NaOH), Mueller Hinton agar (MHA), Mueller Hinton
Broth (MHB), potassium bromide (KBr), and methanol
were supplied from Merck. Yeast and peptone used in this
study were from BD Difco, and dimethyl sulfoxide
(DMSO) from Sigma Aldrich.

Instrumentation

The instruments used in nanoparticle synthesis were
a hotplate stirrer (Ika®) and an oven (Binder GmbH).
FTIR analysis was performed using an instrument from
(Nicolet iS-10).
distribution was measured using the DLS method
(Malvern, ZS Nano, UK) and a cuvette (DST 1070). The
morphology, size, and element composition of
biosynthesized ZnO-NPs HSFI-9 were determined using
SEM-EDX (JSM-6510LA). The size and crystallinity of
ZnO-NPs HSFI-9 were determined using the XRD
analysis (Bruker AXS D8 Advance). Metabolites profiling
from the HSFI-9 extract was performed using HR-MS,
UHPLC (Thermo Scientific™ Ultimate™ 3000 RSLCnano).

Thermo Scientific Particle size

Procedure

HSFI-9 extract production

Extract production was carried out by culturing
HSFI 9 with 1L of nutrient media containing starch,
yeast, peptone (SYP), and 0.5% NaCl. Culture and
extraction methods were carried out according to
previous research [2].

ZnO-NPs HSFI-9 production

The chemical synthesis of ZnO-NPs was carried out
using the co-precipitation method. First, 0.2 M Zn(NO3),
in 50 mL of water was stirred at 60 °C for 5 min. Next, a
5 M NaOH solution was slowly added to the Zn(NOs),
solution until the pH reached 10.0. The resulting
mixture was continuously stirred at 600 rpm at 60 °C for
2 h, producing a milky white solution. The precipitation
process was then allowed to continue for 48 h at room
temperature in a dark place. Afterward, the precipitate
was centrifuged at 2000 rpm for 10 min, and impurities
were removed by washing with water [22]. The ZnO-
NPs were dried at 80 °C in an oven for 24 h. Once dried,
the ZnO-NPs were ground to a fine powder before being
stored in glass bottles. For the synthesis of ZnO-NPs
HSFI-9, the same method was used as for the ZnO-NPs,
with the addition of 25 mL of HSFI-9 extract (3% w/v)
after the Zn(NOs), solution had been conditioned to
pH 10.0. The mixture was stirred at 60 °C for 1h to
ensure uniform distribution of the ZnO-NPs and HSFI-
9 extract. This impregnation process was designed to
enhance the antibacterial activity of the HSFI-9 extract
ZnO-NPs. The
impregnating HSFI-9 into the ZnO-NPs was to optimize

incorporated into the aim of
the antibacterial efficacy of the extract by leveraging the
synergistic properties of ZnO-NPs and the bioactive

components present in the HSFI-9 extract [23-24].

Antibacterial activity tests of ZnO-NPs HSFI-9
Antibacterial activity was tested on A. baumannii
(ATCC 17978), Enterococcus faecalis (ATCC 29212), E.
aerogenes (ATCC 13048), K. pneumoniae (ATCC
700603), P. aeruginosa (ATCC 9027), and S. aureus
(ATCC 6538). The bacterial suspension was adjusted to
a density equivalent to the McFarland standard 0.5.
After inoculating the bacteria onto the MHA surface
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using a sterile cotton swab, 50 ug of HSFI-9, ZnO-NP, and
ZnO-NP HSFI-9 extracts were placed onto 6 mm blank
discs, which were then positioned on the MHA surface.
The Petri dishes were incubated at 37 °C for 18 h (for E.
faecalis, S. aureus, P. aeruginosa, and E. aerogenes) or 24 h
(for K. pneumoniae and A. baumannii). The antibacterial
activity tests were performed in triplicate (n = 3) to ensure
reproducibility and reliability of the results. A negative
control was included by placing discs containing only
DMSO onto the MHA surface to ensure that any observed
antibacterial activity was not due to the solvent. The
control antibiotic activity tests were performed using
meropenem (10 pg) for K. pneumoniae, A. baumannii, P.
aeruginosa, and E. aerogenes, or co-amoxiclav (30 pg) for
E. faecalis and S. aureus to confirm that the bacterial
isolates tested were sensitive to antibiotics. The inhibition
zones were measured using a caliper to determine the
extent of microbial growth inhibition [25-26]. The
microdilution activity test was carried out using a two-
fold dilution method with concentrations ranging from
2500.0 to 39.0625 pg/mL for the HSFI-9 extract, except for
S. aureus (two-fold dilution up to 1.22 pg/mL). For ZnO-
NPs and ZnO-NP HSFI-9, the concentration range was
from 6250.0 to 24.414 pg/mL. The final concentration of
the bacterial suspension in the microplate was adjusted to
1.75x 10° CFU/mL. Antibiotic controls used included
ampicillin at a maximum concentration of 32.0 ug/mL for
E. faecalis and S. aureus, or ceftazidime at a maximum
concentration of 32.0 ug/mL for the other bacteria. The
plates were incubated at 37 °C for 18-24 h, and the results
were interpreted using resazurin staining [1]. All
and MIC values
statistically analyzed using one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test to identify
significant differences among treatments. A p-value of

inhibition zone diameters were

less than 0.05 was considered statistically significant, and
such differences were indicated by an asterisk (*).

ZnO-NPs HSFI-9 physicochemical evaluation using
FTIR, Particle Size Analyzer (PSA), SEM-EDX, and XRD
Functional group spectra of the ZnO-NPs HSFI-9
were measured using FTIR. The ZnO-NPs HSFI-9 was
compressed into KBr pellets using a hydraulic pressure of
5 tons for 5 min. The discs were measured at a wavelength

0f 400-4000 cm™ [27]. The particle size distribution was
analyzed by taking 3 mL of ZnO-NPs HSFI-9 solution
that had been previously dissolved in methanol. The
ZnO-NPs HSFI-9 solution in methanol was sonicated
before being put into a cuvette to measure the droplet
size. Measurements were carried out three times, along
with the zeta potential value [28-29].

Analysis using SEM-EDX was performed by pouring
ZnO-NPs onto a glass object and then allowing them to
dry before placing them in the tool. Results reading is
carried out with a voltage of 15 kV and magnifications
of 5000, 10000, 15000, 20000, and 30000. The ZnO-NPs
size stipulation was assessed using SEM micrographs
[30]. The size and crystallinity of ZnO-NP HSFI-9 were
analyzed using XRD. The sample was placed on a glass
slide with a Bragg angle ranging from 20° to 100°. XRD
was employed to determine both the particle size and
crystallinity index of the nanoparticles. The particle size
was calculated using the Debye-Scherrer (Eq. (1)) [30];
DX (1)

Bcoso
where D represents the particle size, K is the shape factor

of the crystal, A is the X-ray wavelength, B is the full
width at half maximum (FWHM) of the X-ray peak, and
0 is the Bragg angle. The crystallinity index was
determined from the intensities of the main diffraction
peaks, which help assess the degree of order in the
nanoparticle crystal structure. This method provides
valuable insights into the stability and ordering of the
ZnO-NP HSFI-9 crystals,
understanding  the

which is crucial for

nanoparticle's crystallographic

characteristics [30].

Secondary metabolites profiling of HSFI-9 extract

Profiling secondary metabolites of the HSFI-9
extract was carried out using targeted and untargeted
UHPLC-HRMS. The method used refers to previous
studies with modifications in the addition of heated ESI
(=) scans [31].

m RESULTS AND DISCUSSION
Antibacterial Activity of ZnO-NPs HSFI-9

The results from the disk diffusion assay showed
that ZnO-NPs derived from HSFI-9 produced a larger
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inhibition zone against S. aureus compared to the HSFI-9
extract. However, the microdilution assay revealed that
the minimum inhibitory concentration (MIC) for ZnO-
NPs HSFI-9 was higher (97.6 ug/mL) than that of the crude
extract (1.22 pg/mL). This difference can be attributed to
the lower proportion of bioactive components from HSFI-
9 incorporated into the ZnO-NP matrix during synthesis,
with only about 3% of the active extract included. As a
result, the increased MIC is a natural consequence of the
reduced concentration of the bioactive extract in the
nanoparticle formulation. The observed increase in MIC
is considered normal due to the dilution effect of the
extract within the nanoparticle matrix. The small
proportion of extract incorporated into the ZnO-NP
formulation results in a lower concentration of active
bioactive compounds, which naturally leads to a higher
MIC. Despite this, the antibacterial activity remains intact,
thanks to the synergistic effects between the ZnO-NPs and
the bioactive compounds from the extract. Thus, although
the MIC value is higher, the antibacterial activity of ZnO-
NP HSFI-9 remains significant. This outcome is typical
when formulating nanoparticle-based systems, where the
bioactive components may be diluted but still contribute
to the overall antimicrobial effect. Further optimization of
the formulation could improve the antibacterial efficacy
of ZnO-NP HSFI-9 [32-33]. Additionally, the small
amount of extract used during synthesis was deliberately
chosen to maximize material efficiency, given its limited
availability and high production cost.

The variation in maximum concentrations used in
the MIC testing was based on the solubility profiles and

activity ranges of the different test materials. For the
HSFI-9 extract, concentrations were tested within a
range of 2500.0 to 39.0625 pg/mL (except for S. aureus,
which was tested up to 1.22 ug/mL), to evaluate its
effectiveness within a clinically relevant concentration
range. In contrast, ZnO-NPs and ZnO-NP HSFI-9 were
tested at higher concentrations, ranging from 6250.0 to
24.414 pg/mL. This difference in concentration was due
to the distinct characteristics of the nanoparticle
formulations, which generally require higher doses to
produce effective inhibition due to their larger particle
size and lower bioavailability in solid form. These
concentrations to validate the results and rule out any
potential interference from the solvent, a negative
control was included in the study. Discs containing only
DMSO were placed on the MHA surface alongside the
experimental discs containing the HSFI-9 extract, ZnO-
NPs, and ZnO-NP HSFI-9. The control discs did not
produce any inhibition zones, confirming that the
antibacterial effects observed were carefully selected to
ensure that each material was tested within its optimal
and applicable dose range to evaluate its potential
antibacterial activity. Furthermore, the solubility of the
nanoparticles in the testing medium was also
considered, as nanoparticles tend to have lower
solubility compared to the extract, thus necessitating
higher concentrations to achieve similar effects.
attributed to the active compounds in the nanoparticle
formulations rather than the solvent.

According to Table 1, ZnO-NPs HSFI-9 exhibited
overall higher antibacterial activity than the HSFI-9

Table 1. Recapitulation of mean and standard deviations of the ZnO-NP of the ethyl acetate extract of B. subtilis subsp.

subtilis HSFI-9 activity test results against tested bacteria using the disc diffusion and microdilution test

Inhibition zone from disc diffusion (mm)

MIC from microdilution (pg/mL)

Tested bacteria

HSFI-9 ZnO-NP ZnO-NP HSFI-9 HSFI-9  ZnO-NP  ZnO-NP HSFI-9
E. faecalis 1.67 +0.58 - 156.25 - -
S. aureus 15.00 + 1.00 - 17.33 £ 0.58* 1.22 390.60 97.60
K. pneumoniae - ND ND - 781.25 390.60
A. baumannii 2.33£0.58 - 1.00 + 0.00* 156.25 - -
P. aeruginosa - ND ND - 6250.00 6250.00
E. aerogenes - ND ND - 3125.00 390.60

Note: Dosage per disc for HSFI-9, ZnO-NP, and ZnO-NP HSFI-9 were 50 pg; (ND) not determined; (-) no inhibition; maximum
concentration of ZnO-NPs for microdilution was 6250 pg/mL; *significantly different
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extract but remained lower than pure ZnO. These
imply that
entrapped within the nanoparticle matrix contribute to

findings extract-derived compounds
antibacterial activity, although their low concentration
prevents them from fully reaching the effectiveness of
ZnO alone. Such conditions merit further evaluation,
particularly concerning the potential role of bioactive
non-dominant

compounds as supportive  but

contributors when integrated into nanoparticle
structures. It is also notable that, despite reduced activity
against S. aureus as indicated by MIC values, ZnO-NPs
HSFI-9 demonstrated improved inhibitory effects against
K. pneumoniae and E. aerogenes.

Importantly, the relatively weak antibacterial
response of ZnO-NPs in disk diffusion assays is likely
attributable to the solid physicochemical properties of
nanoparticles, which limit their diffusion through the
agar matrix. Poor solubility restricts their antibacterial
action primarily to the area in direct contact with bacterial
cells, resulting in a comparatively narrow inhibition zone.
Furthermore, the antibacterial mechanism of ZnO-NPs
typically requires direct cell particle interaction and
reactive oxygen species (ROS) generation, both of which
occur more efficiently in liquid media, as in the
microdilution assay. Therefore, these conditions may
explain the more pronounced antibacterial performance
of ZnO-NPs observed in microdilution compared with
disk diffusion testing [34-35].

The antibacterial mechanism of ZnO-NPs HSFI-9 is
presumed to be primarily associated with the enhanced
generation of ROS resulting from the interaction of
released Zn’" ions with bacterial cells. This process can
disrupt enzymatic and respiratory functions, ultimately
leading to protein denaturation and DNA damage. In
addition, ZnO-NPs are reported to induce direct
disruption of the bacterial cell membrane, further
contributing to their bactericidal activity. Several studies
have documented that ZnO-NPs exert antibacterial
effects against both Gram-positive and Gram-negative
bacteria [7]. Increased susceptibility of Gram-positive
species is likely related to their cell wall architecture,
which consists mainly of peptidoglycan and teichoic acids

and exhibits higher porosity, facilitating nanoparticle

penetration. In contrast, the outer membrane of Gram-
negative bacteria composed of phospholipids, lipopoly-
saccharides, and lipoproteins, may act as a physical
barrier that limits nanoparticle entry [36].

ZnO-NPs HSFI-9 Physicochemical Evaluation Using
FTIR, PSA, SEM-EDX, and XRD

The synthesis of ZnO-NPs from the HSFI-9 extract
using the co-precipitation method follows a bottom-up
approach, where nanoparticles are formed from simpler
precursors. In this approach, a chemical reaction
facilitates nucleation and subsequent particle growth
through a precipitation process, where atoms or
molecules gather to form structures at the nanometer
scale. The success of the bottom-up synthesis method
depends heavily on precise control of experimental
variables, including pH, temperature, and the presence
of stabilizing or complexing agents. This method enables
with  better
homogeneity and improved physicochemical stability.

the production of nanoparticles
Previous studies have shown that a pH of 10 results in
different crystal sizes and optical properties compared to
other pH values, indicating that pH significantly
influences the physical characteristics of ZnO-NPs. At
lower or higher pH levels, the size and morphology of
the particles may change, which affects their optical
properties and antibacterial activity [24]. Therefore,
pH 10 is often selected as the optimal condition for
synthesis to achieve the desired particle size and crystal
for Dbetter
management of the morphology and crystallinity of

structure. Proper pH control allows
ZnO-NPs, which is crucial in antibacterial applications,
where particle stability and effectiveness must be
optimized. In this study, the co-precipitation method
provides greater control over the particle size and
crystalline structure of the resulting ZnO-NPs, enabling
the synthesis of well-defined, uniform nanomaterials
suitable for antibacterial applications.

ZnO-NPs HSFI-9 exhibited a decrease in the
transmittance peak intensity at wavelengths of 447-452,
882, and 3451 cm™ (Fig. 1). In general, the peak patterns
between ZnO-NPs and ZnO-NPs HSFI-9 are not
different. Peaks around 882 and 1400 cm™ indicate the
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Fig 1. Overlay spectra Fourier transformed-infra red of ZnO-NPs (green line) and ZnO-NPs HSFI-9 (red line)

absorption of inorganic carbonate compounds. The peak
around 3451 cm™ shows changes in the stretching
vibration of the alcohol. The peak area at around 450 cm™
is the fingerprint area, in this case the ZnO-NPs stretching
area, while ZnO stretching can be seen from the
transmittance peak at 1639 cm™ [37].

Particle size analysis was performed using SEM with
magnifications ranging from 5,000x to 30,000 (Fig. 2). A
minimum of 100 particles were randomly selected from
different areas of the sample to determine the particle size
distribution, and a histogram of the particle size
distribution was constructed to evaluate the uniformity of
the nanoparticle sizes [38]. The analysis revealed that
ZnO-NPs HSFI-9 possessed smaller particle sizes
compared with conventional ZnO-NPs, along with lower
polydispersity index and zeta potential values (Table 2),
indicating a narrower and more homogeneous particle
size distribution. These findings suggest that the HSFI-9
extract acted as an effective stabilizing agent during
synthesis, and

preventing particle agglomeration

improving size control. Although the particle size of
ZnO-NPs HSFI-9 was smaller, no substantial difference
was observed in the average crystallite size between
ZnO-NPs (54.02 +21.81 nm) and ZnO-NPs HSFI-9
(51.49 +21.02nm). Nevertheless, the degree of
crystallinity was higher in ZnO-NPs HSFI-9 (67.3%)
compared with conventional ZnO-NPs (63.6%). This
increase indicates that the HSFI-9 extract contributed to
the formation of a more organized and stable ZnO
crystalline structure, which may enhance its applicability
various fields, including antibacterial
photocatalytic applications. The XRD profiles of both
types of nanoparticles exhibited characteristic diffraction
peaks consistent with previously reported ZnO patterns,

in and

with the most intense peak detected at approximately
36°, confirming high crystallinity of the synthesized
materials [39-40]. Both ZnO-NPs and ZnO-NPs HSFI-9
displayed ZnO diffraction peaks around 31°, 34°, 36°, 47°,
56°, 62°, 66°, 67°, 69°, 72°, 76°, 81°, 89°, 92°, 95°, and 98°,
with the dominant reflection at approximately 36° (Fig. 3).

Table 2. Recapitulation of mean and standard deviation of dynamic light scattering parameter from ZnO-NPs of ethyl

acetate extract of B. subtilis subsp. subtilis HSFI-9

ZnO-NP Weight of ZnO-NP  %HSFI-9 Particle size ~ Polydispersity index Zeta potential
type (mg) extract (nm)* (PDI) (mV)
ZnO-NP 953.3 + 53.50 - 2235.7 £378.20 0.674 £ 0.129 -1.71 £ 0.89
ZnO-NP HSFI-9 931.5 +50.10 3.23+£0.18 1501.3 +130.70 0.409 + 0.013 -29.01 £0.70

Note *significant difference
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Fig 3. Diffraction spectral image of XRD: (a) ZnO-NPs, and (b) ZnO-NPs HSFI-9

Reported values of ZnO crystallinity in related studies
typically reach around 60%, supporting the validity of the
present findings [41]. Precise control of synthesis
parameters, particularly pH (10.0) and temperature
(60 °C) during the co-precipitation process, was essential
for producing stable and homogeneous nanoparticles.
However, potential risks related to pH or temperature
instability, which could result in uneven precipitation or
the formation of undesired by-products, should be
carefully considered due to their possible influence on
nanoparticle quality.

In terms of colloidal stability, the zeta potential
measurements demonstrated that ZnO-NPs HSFI-9
exhibited a zeta potential value of approximately
-29.01 mV £ 0.70, suggesting good dispersion and
strong electrostatic  stabilization in suspension.
Conversely, conventional ZnO-NPs showed lower zeta
potential values, which may be associated with the
formation of particle aggregates. The higher zeta potential
of ZnO-NPs HSFI-9 supports the improved stability and
narrower size distribution observed, reinforcing the role

of HSFI-9 extract in enhancing nanoparticle stability [42].
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Altogether, these results confirm that precise
control over synthesis parameters, including extract
composition, pH, temperature, and mixing duration, is
crucial for producing high-quality nanoparticles. Despite
potential risks associated with extract handling and
synthesis optimization, the obtained data indicate that
ZnO-NPs HSFI-9 exhibit superior physicochemical
characteristics compared with conventional ZnO-NPs,
particularly in terms of reduced particle size, narrower
distribution, and higher crystallinity.

In this study, ZnO-NP HSFI-9 activity was superior
on Gram-positive S. aureus than on Gram-negative K.
pneumoniae, P. aeruginosa, and E. aerogenes. However,
the two ZnO-NPs were unable to detain the growth of
Gram-positive E. faecalis and Gram-negative A.
baumannii. This is contrary to research results, which
stated good antibacterial activity of ZnO-NP with a
particle size < 100 nm against E. faecalis [37], and also A.
baumannii [43-44]. The relatively large particle size of
ZnO-NPs in this study could be the excuse for its
antibacterial inconsistency. In addition, the morphology
of the ZnO-NP particles can also influence their
antibacterial activity. Morphological forms resembling
flowers are known to have the highest activity against S.
aureus when compared with rod and spherical forms. The
crystal morphology of ZnO-NPs influences the ease with
which particles penetrate bacterial cell membranes [45].

The difference in ZnO-NPs particle size can be
caused by the synthesis method. In this research, green
synthesis was carried out using the precipitation method
to avoid high production costs due to the use of expensive
equipment, economic reasons, and fast processing [46].
The morphology of ZnO-NPs can also vary depending on
the secondary metabolites that will be impregnated.
Various types of microbial secondary metabolites
impregnated with Zn nitrate can produce types of crystal
morphology such as spherical, rod, cubic, triangular, and
[47].
morphology, various parameters, such as precursor

elongated In addition to crystal size and
concentration, synthesis time, temperature, and pH, can
also influence the biological activity of ZnO-NP. Alkaline
pH is stated to be good for synthesis, which in this study
was applied using NaOH for alkaline conditions of pH

10.0. Differences in pH cause the number of H* or OH"
ions to vary and ultimately can cause differences in the
morphology of the NP-ZnO crystals formed [36].

The difference in particle sizes found in this study
can be explained by the use of various measurement
techniques. Different methods, both direct (SEM) and
indirect (DLS), were employed to analyze the particle
size. Although direct methods are generally considered
more accurate, using a combination of several methods
is recommended to ensure the validity of the results [48].
Measurements using DLS showed larger particle sizes, in
the micrometer range (> 1000 nm), which contrasts with
the general definition of nanoparticles, which are
typically below 100 nm. This discrepancy can be
attributed to particle aggregation occurring during the
synthesis or measurement process, rather than the size
of individual particles. DLS measures the hydrodynamic
diameter, which includes the solvent layer surrounding
the nanoparticles, resulting in larger measurements than
techniques like SEM, which measure particle size based
on physical morphology. The difference in size obtained
from both techniques, DLS and SEM, is due to the
fundamental differences in the measurement principles
of each. Particle aggregation detected by DLS can lead to
significant differences in size measurements compared
to SEM, which measures individual particles. This aligns
with the observed decrease in antibacterial activity in
larger nanoparticles, likely due to aggregation, which
limits the nanoparticles’ ability to interact effectively
with bacteria, reducing the antibacterial potential [49-
50]. Another factor suspected to contribute to the larger
size measurements obtained by DLS is that the scattered
light intensity is directly proportional to the particle
diameter raised to the sixth power, so larger particles
have a greater impact on the intensity signal, even if few
large particles are present. The polydispersity index
indicates the variation in particle size, with a value close
to 0 suggesting a more uniform size distribution, while
higher values indicate a broader distribution [51-52],
The polydispersity index values for ZnO-NP and ZnO-
NP HSFI-9 are greater than 0.4 (Table 2), indicating that
the particle size distribution for both is polydisperse,
making the interpretation of DLS particle size
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measurements more complex [53]. Although SEM is
more complex to use, it has the advantage of visually
showing the particle size distribution more clearly
compared to DLS [54]. In this study, the expected ZnO-
NPs was within the 5-100 nm range, considering that
previous studies have shown that nanoparticles in this size
range have optimal antibacterial potential. However, DLS
measurements showed larger sizes in the micrometer
scale. Nevertheless, this size difference does not affect the
validity of the results, as larger sizes do not necessarily
reduce antibacterial effectiveness, especially when
nanoparticles function in systems integrated with other
components [55].

Other parameters, such as zeta potential, are useful
to evaluate the electrokinetic potential of colloidal
nanoparticle systems [56-57]. In this study, the zeta
potential value of both ZnO-NPs was negative, which
could be caused by the alkaline atmosphere of the colloid
[58]. ZnO-NP HSFI-9 has a zeta potential of around
—-30 mV, which indicates the nanoparticle formed was
stable and well dispersed in solution [58], while the zeta
of ZnO-NP

agglomerated compounds [59-60]. Agglomeration in

potential indicates the presence of
ZnO-NP can be caused by excessive physical sonication
processes before reading the particle size using DLS. This
agglomeration causes the surface energy to decrease and
can have a negative impact if it cannot be controlled, for
example, ZnO-NPs that experience agglomeration tend to
be cytotoxic [61-62].

The degree of crystallinity from XRD examination
results is also important for evaluating the diameter size
and performance of nanoparticles. The degree of
crystallinity can be influenced by the type of nanoparticle,
preparation conditions, and precursor concentration. The
percentage degree of crystallinity can decrease along with
decreasing nanoparticle diameter, but in this study, the
percentage degree of crystallinity of ZnO-NP HSFI-9 was
higher than that of ZnO-NP, even though the particle size
was smaller. Increasing the degree of crystallinity will
increase the stiffness of the compound ([39], and
considered to increase their activity performance [40],
which in this study was proven to increase the activity of
ZnO-NP HSFI-9 as an antibacterial.

Dominant secondary metabolites in the ethyl
acetate extract of B. subtilis subsp. subtilis HSFI-9 (Table
3), include (82.22%), 4-
dodecylbenzenesulfonic acid (6.24%), f-muricholic acid

surfactin

(6.01%), corynebactin (1.62%), and myristyl sulfate
(1.36%). identified in  the
chromatographic peak with retention times ranging

Surfactin  was

from 20.84 to 22.31 min. The principal bioactive
compounds in the HSFI-9 extract are surfactin and
corynebactin. Surfactin, a cyclic lipopeptide produced
by Bacillus species, is widely known for its antifungal and
[63].
catecholate siderophore with a molecular formula of
C30HuNO1s (MW = 8.8 x 107), is synthesized by various
Bacillus species such as Bacillus velezensis and Bacillus

antibacterial ~ properties Corynebactin, a

halotolerans. Corynebactin has demonstrated moderate
antibacterial and cytotoxic activities [64-65]. Notably,
previous studies have reported the incorporation of
surfactin into nanoparticle formulations, where it
exhibited antibiofilm activity against P. aeruginosa [66].
However, similar studies involving corynebactin are still
lacking.

However, certain compounds detected in the
extract, such as PFOA, triclocarban, and monobutyl
phthalate, are likely contaminants that may have been
introduced during the extraction process. These
compounds are often associated with environmental
pollutants or synthetic contaminants, and their presence
in the extract does not necessarily reflect natural
metabolites produced by B. subtilis subsp. subtilis HSFI-
9. While these compounds were detected at low
concentrations compared to the dominant metabolites,
their
contamination. This possibility should be addressed,

presence raises concerns about potential
and further investigations are necessary to determine the
source of these contaminants and their potential
influence on the biological activity of the extract [67-68].

The antibacterial activity of ZnO-NP HSFI-9,
along with its particle size profile and crystal
morphology, was evaluated. ZnO-NP HSFI-9 holds
significant promise for development as an antibacterial
agent, particularly for topical applications. Future

studies should focus on optimizing methods to reduce
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Table 3. Recapitulation of secondary metabolites of ethyl acetate extract of B. subtilis subsp. subtilis HSFI-9 profiled

by targeted and non-targeted UHPLC-HRMS

Molecular weight Retention time
Formula Compound name (MW) § (min) %Area
CiHisNsOs  Adenosine 267 2.0 0.03
CuH;;NO3 NP-008309 207 9.0 0.02
CH12N,05 NP-020292 232 9.0 0.01
C3HuN¢Oys  Corynebactin 882 9.2-11.2 1.62
CasHisNOg Glycocholic acid 465 12.0 0.57
CsHsCLN,O  Monomethyldiuron (DCPMU) 218 12.0 0.03
CiH3004 NP-001596 286 13.0 0.01
CyHisNOgS ~ Taurochenodeoxycholic acid (sodium salt) 499 13.0 0.13
C12H2:04 Dodecanedioic acid 230 13.0 0.01
CsH3,05 (152)-9,12,13-Trihydroxy-15-octadecenoic acid 330 13.0 0.26
C.HiO04 Monobutyl phthalate 222 13.0 0.01
C2sHyo0s B-Muricholic acid 408 13.0 6.01
CyHisNOs Glycochenodeoxycholic acid 449 14.0 0.70
CsHF}50, Perfluorooctanoic acid (PFOA) 414 14.0 0.13
C1:H»0: 2,5-di-tert-Butylhydroquinone 222 15.0 0.04
C2:Hu0O4 Deoxycholic acid 392 15.0 0.03
Ci2Hz6048 Dodecyl sulfate 266 16.0 0.52
C14H30048 Myristyl sulfate 294 17.0 1.36
CisH30058 4-Dodecylbenzenesulfonic acid 326 17.0 6.24
CisHoClN,O  Triclocarban 314 18.0 0.02
Ci5H2,0s NP-002089 250 19.0 0.02
CisH30; 16-Hydroxyhexadecanoic acid 272 19.0 0.01
Cs3HosN;Oq5  Surfactin C 1036 20.8-22.3 82.22

the particle size of ZnO-NP HSFI-9. Additionally, it is
essential to explore the antibacterial mechanism of ZnO-
NP HSFI-9, given the observed variability in its
antibacterial activity across different studies. The
development of appropriate topical formulations, such as
gels, ointments, or creams, should also be considered for
subsequent pre-clinical in vivo applications.

m CONCLUSION

ZnO-NP HSFI-9 demonstrates antibacterial activity
against S. aureus, K. pneumoniae, and E. aerogenes. The
particle size of ZnO-NP HSFI-9 was assessed in the
nanometer range through SEM-EDX analysis, while the
particle size distribution and crystal morphology were
thoroughly evaluated using XRD analysis. Although
ZnO-NP HSFI-9 shows promise as an antibacterial agent,
its effectiveness is influenced by particle aggregation and

inconsistent antibacterial performance across different
bacterial strains. Therefore, further optimization of the
synthesis method and formulation is necessary to
enhance particle stability and ensure more consistent
antibacterial activity.
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