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Abstract: The skin is the outermost organ of the human body and functions as a protective barrier against environmental
factors, making it susceptible to wounds caused by physical trauma and microbial infections. One pathogenic bacterium
frequently associated with skin disorders such as boils, acne, and wound infections is Staphylococcus aureus. Therefore,
topical formulations are required to prevent and manage infection. The combination of chitosan, nanosilver, and black
cumin oil exhibits antibacterial activity and biocompatibility. This study aimed to evaluate the characteristics and
antibacterial activity of a chitosan—nanosilver—black cumin oil gel against Staphylococcus aureus. The gel was formulated
in five variations containing black cumin oil concentrations of 3%, 4%, 5%, 6%, and 7%. Chemical characterization was
performed using Fourier Transform Infrared spectroscopy to identify functional groups, while nanosilver particle size was
analyzed using a Particle Size Analyzer. Physical evaluation included a pH measurement to assess compatibility with the
skin's pH. Antibacterial activity was determined by the disc diffusion method, measuring inhibition zone diameters. The
Particle Size Analyzer results showed an average nanosilver particle size of 31.54 nm. FTIR analysis of the chitosan—
nanosilver system confirmed the presence of O—H, N-H, C—H, and C=0 functional groups, while FTIR characterization of
black cumin oil confirmed the presence of functional groups associated with C—H stretching, C=0O, C-O, and =C-H
bending. The formulated gel exhibited a pH of 5.12-5.72, within the physiological pH range of human skin. Antibacterial
testing demonstrated that inhibitory activity increased with increasing black cumin oil concentration, with the largest
inhibition zone observed in the 7% formulation (21.67 mm). These findings indicate that chitosan—nanosilver—black cumin
oil gel has potential for development as an antibacterial formulation.
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Introduction

The skin is the body's outermost layer and serves as
the primary protective barrier against environmental
factors. It is the largest organ in the human body and
receives approximately one-third of the total blood flow.
The skin is highly susceptible to damage in the form of
wounds. A wound is defined as the loss of a portion of body
tissue caused by various factors such as sharp or blunt
trauma, extreme temperature changes, chemical exposure,
explosions, electric shocks, or animal bites. Several
physiological responses may occur following a wound,
including partial or complete impairment of organ function,
bleeding and blood clotting, bacterial invasion, and cell
death. According to the 2013 report from the Ministry of
Health of the Republic of Indonesia, the incidence of
wounds in Indonesia reached 8.2% [1].

The wound healing process plays a crucial role in
restoring organ function as quickly as possible. Wound
healing is a complex biological process in which the body
repairs damaged cells and tissues through cytokines,
chemokines, and various growth factors. If healing
progresses slowly, it can cause discomfort and increase the
risk of infection from microbial invasion. Infection occurs
when pathogenic microbes enter and proliferate within
body tissues. One of the bacteria frequently associated with
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various skin disorders, such as boils, acne, and wound
infections, is Staphylococcus aureus [2].

One commonly used approach for wound treatment
is the administration of topical formulations. Topical
therapy is considered more effective because active
ingredients act directly on the wound site, thereby
accelerating tissue closure. Among various topical dosage
forms, gels are the most widely used. Gel stability is
influenced by several physical characteristics, including
pH, homogeneity, spreadability, and organoleptic
properties. The selection of an appropriate gelling agent
greatly determines the quality of the resulting gel [3].
Topical formulations are usually developed using
ingredients with antibacterial activity, one of which is
chitosan, a material widely utilized in wound healing [4].

Chitosan is a natural polymer derived from animal
sources and is widely used in the pharmaceutical field. It
possesses adhesive properties that enhance the quality of
gel formulations by improving their adhesion to the skin
surface [3]. Chitosan also offers several advantages,
including bioactivity, biocompatibility, metal-ion chelating
ability, antibacterial properties, and biodegradability [5]. Its
antibacterial activity occurs through the formation of
complexes with essential bacterial nutrients and through the
interaction between chitosan’s positive charge and the
negatively charged bacterial surface, leading to intracellular
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leakage and cell death. Another mechanism involves the
inhibition of mRNA formation and protein synthesis due to
chitosan’s interaction with microbial DNA hydrolysis
products [6]. Studies have shown that chitosan is effective
in inhibiting, and in some cases killing, S. aureus through
its lysozyme activity and aminopolysaccharide groups,
which enhance its antibacterial activity [7].

In addition to chitosan, nanosilver is also known as a
highly effective antimicrobial agent that is widely used in
healthcare [8]. Topical formulations containing nanosilver
are commonly applied to treat infected wounds [9].
Nanosilver possesses strong antibacterial, antiviral, and
antifungal activities and is beneficial in preventing
infections in chronic wounds [10]. Its antibacterial
mechanism includes pore formation in bacterial cell walls,
disruption of membrane permeability, increased reactive
oxygen species (ROS) formation, and DNA damage that
leads to mutation or cell death [11]. Nanosilver has been
shown to exhibit antibacterial activity against both gram-
negative and gram-positive bacteria, including S. aureus,
with an effectiveness comparable to certain antibiotics [9].
The combination of nanosilver and chitosan has also been
proven effective against various harmful pathogens and
exhibits anti-inflammatory effects [12].

In addition to synthetic agents, herbal ingredients are
widely utilized for their antibacterial properties. One of the
well-known herbal plants with strong antibacterial activity
is black seed (Nigella sativa). Black seed oil has long been
used in traditional medicine to treat various ailments [13].
The plant contains numerous bioactive compounds such as
thymoquinone, thymohydroquinone, dithymoquinone, p-
cymene, carvacrol, t-anethole, and thymol [14].
Thymoquinone, a major component belonging to the
terpenoid group, acts as the primary antibacterial
compound. It functions by permanently damaging the cell
membrane and inhibiting the growth of bacteria, viruses,
and parasites through the destruction of porins in bacterial
cell walls [15]. The combination of black seed oil and
chitosan exhibits anti-inflammatory, immunomodulatory,
antioxidant, and antibacterial effects, all of which support
the wound healing process [13]. Several studies have
demonstrated that Nigella sativa oil is highly effective in
inhibiting the growth of Staphylococcus aureus [14][15].

Based on the background above, this study aims to
formulate a gel containing chitosan—nanosilver-black seed
oil as an antibacterial agent against Staphylococcus aureus.
The resulting formulation is then characterized using FTIR
(Fourier-Transform Infrared) and PSA (Particle Size
Analyzer) instruments, followed by antibacterial activity
testing to determine the effectiveness of the developed gel.

Research Methods

Tools and Materials

The tools used in this study included test tubes,
analytical balance, burettes, beakers, spatulas, measuring
cylinders, dropper pipettes, hot plate, pH meter, viscometer,
inoculating loop, tweezers, autoclave, incubator, Petri
dishes, volumetric pipette, stopwatch, and magnetic stirrer.
The instruments used were a Fourier Transform InfraRed
Spectrophotometer (FT-IR) and a Particle Size Analyzer
(PSA). The materials used in this study included distilled
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water, chitosan, 1% glacial acetic acid, AgNOs, sodium
borohydride, black cumin oil, propylene glycol, xanthan
gum, Staphylococcus aureus bacterial culture, Nutrient
Agar (NA), Nutrient Broth (NB), and disc paper.

Procedure for Research
Preparation of Chitosan Solution

A total of 0.3 g of chitosan powder was dissolved in
100 mL of 2% glacial acetic acid, yielding a 0.3 M chitosan
solution.

Synthesis of Nanosilver

The nanosilver was synthesised via chemical
reduction using sodium borohydride as the reducing agent.
A NaBHs solution was prepared by dissolving 0.42 g of
NaBHa4 in distilled water. Next, 40 mL of 0.001 M AgNOs
solution was placed in an ice bath and stirred using a
magnetic stirrer for 20 minutes. The ice bath was used to
maintain better control over the size and shape of the silver
particles. Then, 5 mL of NaBH4 solution was added
dropwise. Stirring was stopped once the solution began to
turn yellow.

Formulation of gel Chitosan—Nanosilver—Black Cumin
Seed

The chitosan—nanosilver—black cumin seed extract
gel formulation was prepared in five variations, as shown in
the following table:

Table 1. Formulation of Gel Chitosan—Nanosilver—Black
Cumin Oil

Formulation % v/v

Material F E FS F, Fs
Propylene glycol 5 5 5 5 5
Xanthan gum 04 04 04 04 04
Benzoate 01 0.1 01 0.1 0.1
Chitosan 3 3 3 3 3
Nanosilver 3 3 3 3 3
Black cumin oil 3 4 5 6 7
Ad Aquades 100 100 100 100 100

Distilled water was first heated, then propylene
glycol, followed by the chitosan solution, nanosilver, black
cumin oil, xanthan gum, and sodium benzoate, which were
stirred until a gel formed. The resulting gel was stored
overnight in a dark, cool place at 10°C-15°C.

pH Measurement

The pH of the gel formulation was measured directly
using a pH meter.

FTIR Analysis
Functional group characterization was conducted

using FTIR spectroscopy to determine the functional groups
present in black cumin oil.
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Particle Size Analysis

Particle size distribution of the nanosilver was
determined using a Particle Size Analyzer (PSA).

Antibacterial Activity Test

Antibacterial activity was evaluated using the disc
diffusion method. All instruments were sterilized prior to
use. Nutrient Agar (NA) medium was prepared by
dissolving agar powder in distilled water and sterilizing it in
an autoclave at 120°C for 15 minutes. The medium was
cooled to approximately 80°C, poured into plates, and left
to solidify before incubation for 24 hours. The
Staphylococcus aureus culture was prepared by streaking
the bacteria onto NA and incubating for 24 hours. The
grown colonies were then suspended in NaCl solution and
mixed until homogeneous. The bacterial suspension was
spread evenly on Mueller—Hinton (MH) agar. Paper discs
were immersed in the sample and placed onto the
inoculated MH agar. The plates were incubated for 24
hours, and the inhibition zones formed were measured.
Each antibacterial assay was performed in triplicate, and the
inhibition zone diameter was reported as the mean.

Results and Discussion
FTIR Characterization

FTIR spectroscopy was performed to identify the
functional groups present in black cumin oil within the

wavenumber range of 4000400 cm™. The FTIR
characterization results for each sample are presented in the

following figure.
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Figure 1. FTIR spectra of (a) chitosan—nanosilver and (b)
black cumin (Nigella sativa) seed oil.

Figure 1(a) presents the FTIR spectrum of chitosan—
nanosilver. The spectrum shows four main peaks in the
wavenumber range of 4000-400 cm™ at 3334.37, 2157.47,
1636.31, and 587.05 cm™. The absorption band at 3334.37
cm! corresponds to the stretching vibrations of O—H and
N-H groups, which originate from the hydroxyl and amine
groups in the chitosan structure. The broadening of this
peak indicates the presence of intermolecular hydrogen
bonding as well as possible interactions between chitosan
amine groups and the nanosilver surface. The presence of —
NH- groups is particularly important, as they play a role in
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stabilizing nanosilver through coordination interactions
with Ag* ions.

The absorption band at 2157.47 cm™ is associated
with the aliphatic C—H stretching vibrations of methyl and
methylene groups in the chitosan polysaccharide chain,
indicating that the basic structure of chitosan remains
preserved after the formation of the nanosilver
nanocomposite. The peak at 1636.31 cm™ corresponds to
the C=0 (amide I) stretching vibration and N—H bending
vibration. This band is attributed to the stretching vibration
of the carbonyl (C=0) group of residual N-acetyl groups
(amide I) as well as the bending vibration of the N-H
group. The absorption band at 587.05 cm™ appears in the
fingerprint region. Peaks in the fingerprint region (below
1500 cm™) are associated with possible Ag—N or Ag-O
bond vibrations, indicating interactions between silver
atoms and the amine or hydroxyl groups of chitosan. The
presence of this peak supports the assumption that
nanosilver is successfully bound and dispersed within the
chitosan matrix. The FTIR spectrum of chitosan—nanosilver
is consistent with previous studies, as indicated by the
presence of O—-H, N-H, C-H, and C=O functional groups
[16][17].

Figure 1(b) presents the FTIR spectrum of black
cumin oil. The spectrum exhibits twelve absorption peaks
within the wavenumber range of 4000—400 cm™,
specifically at 3008.17, 2922.22, 2852.80, 2028.34,
1742.71, 1658.95, 1463.49, 1377.40, 1238.99, 1161.36,
1097.55, and 721.66 cm™. The absorption band at 3008.17
cm™' corresponds to =C—H stretching, which typically
appears in aromatic compounds or conjugated alkenes. In
black cumin oil, this peak is likely attributed to
thymoquinone or thymol, both of which contain aromatic
ring structures. The peaks at 2922.22 cm™ and 2852.80
cm indicate C—H stretching vibrations of alkanes (CH:
and CHs groups). The absorption at 1742.71 cm™
represents a C=0 stretching band characteristic of esters,
ketones, or carboxylates, which is significant because
thymoquinone contains two carbonyl (C=0) groups. The
peak at 1658.95 cm™ corresponds to aromatic C=C or
conjugated C=0O stretching. This absorption is commonly
observed for aromatic C=C bonds in thymol and p-cymene,
as well as for the conjugated C=0 groups in thymoquinone.
The band at 1463.49 cm™! reflects C—H bending vibrations
of methylene and methyl groups, while the peak at 1377.40
cm™! indicates CHs bending, which is typically present in
structures containing isopropyl groups, such as those found
in thymoquinone and thymol. This is consistent with known
components of black cumin oil. The peak at 1238.99 cm™
corresponds to C—O stretching (ester or phenolic), whereas
the absorptions at 1161.36 and 1097.55 cm™! indicate C—-O
stretching associated with alcohols or ethers. Finally, the
band at 721.66 cm™ represents =C—H bending typical of
alkenes. The FTIR spectral results of black cumin oil are in
agreement with previous studies, as indicated by the
presence of C—H stretching, C=0, C-O, and =C-H bending
functional groups [18].

PSA Characterization
Particle size characterisation was performed using

PSA to determine the particle size of the synthesised
nanosilver. The PSA results are presented in Figure 2.
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Figure 2. PSA Analysis Results of Nanosilver

The figure shows that the nanosilver used in this
study has a particle size of 31.54 nm. This result is
consistent with the general characteristics of nanosilver,
which is a silver-based (Ag) nanoparticle with a typical size
range of 1-100 nm. Nanosilver is well-known for its
antibacterial properties and its wide applicability in various
daily-life applications[19]. This finding also aligns with
previous research, which reported that nanosilver with a
particle size range of 7.36-36.68 nm can be effectively
applied as an antibacterial agent for treating infected
wounds [20].

pH Characterization

The pH of the formulated chitosan—nanosilver—black
cumin oil gel was evaluated to determine the acidity of the
preparation containing chitosan, nanosilver, and black
cumin oil. pH is an essential parameter that influences the
safety and comfort of topical formulations, as it must fall
within the physiological skin pH range of 4.5-6.5. A pH
value outside this range may potentially cause irritation,
disrupt the skin barrier function, and affect the stability of
active compounds within the formulation [21]. The pH
characterization results are presented in Table 2

Table 2. pH Characterization Results

Formulation pH
Fi 5.12
F> 5.24
Fs3 5.44
F4 5.58
Fs 5.72

Based on Table 2, the chitosan—nanosilver-black
cumin oil gel formulation exhibited pH values ranging from
5.12 to 5.72, which remain within the acceptable and safe
range for topical application and are consistent with the
physiological pH of human skin. The pH values obtained
also meet the requirements of the Indonesian National
Standard (SNI No. 06-2588), which specifies that topical
formulations should have a pH range of 4.5-6.5 to
minimize the risk of skin irritation and to maintain
formulation stability. An appropriate pH range is crucial for
preserving the stability of active ingredients in the
formulation, particularly chitosan and nanosilver. The
antimicrobial activity of chitosan is influenced by
environmental pH through the protonation of its amino
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groups, which enhances electrostatic interactions with
bacterial cell membranes, whereas nanosilver maintains its
effectiveness under stable physiological pH conditions [22].
Furthermore, formulations with a pH close to that of the
skin are known to improve user comfort and reduce the
potential for irritation during long-term topical application,
as maintaining the physiological condition of the skin and
the integrity of the acid mantle plays an important role in
skin homeostasis [23].

Antibacterial Activity

In this stage, the antibacterial activity of the
formulated chitosan—nanosilver—black cumin oil gel was
evaluated against Staphylococcus aureus. The gel samples
were tested at varying concentrations of black cumin oil (3
mL, 4 mL, 5 mL, 6 mL, and 7 mL), along with a positive
control (Betadine ointment) and a negative control (distilled
water). Observations were conducted after an incubation
period of 24 hours, followed by measurement of the
inhibition zones using a caliper. The antibacterial activity
results are presented in Table 3.

Table 3. Antibacterial Test Results of Chitosan-Nanosilver-
Black Cumin Oil
Clear Zona (mm) Repetition

Formulation I I I Average
K 0 0 0 0
K* 17.4 17.5 17.6 17.5
F, 15.5 15.6 15.8 15.63
F2 16.2 16.3 16.4 16.31
F3 18.3 18.4 18.6 18.42
F4 21.0 21.1 21.1 21.07
Fs 21.6 21.7 21.7 21.67

Figure 3. The clear zone formed from the results of
the antibacterial test

Based on Table 3, the results indicate that the
chitosan—nanosilver—black cumin oil gel formulation
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inhibits the growth of Staphylococcus aureus. The
inhibition zones formed varied across treatments, with a
trend toward larger diameters at higher concentrations of
black cumin oil. The largest inhibition zone was observed
at the 7% concentration, measuring 21.67 mm.

The antibacterial activity observed in the chitosan—
nanosilver-black cumin oil gel is attributed to the
synergistic mechanisms of chitosan, nanosilver, and
thymoquinone. Chitosan exhibits antimicrobial activity
through electrostatic interactions between its protonated
amino groups (—-NHs") and the negatively charged bacterial
cell membrane, leading to increased membrane
permeability, leakage of intracellular components, and
disruption of essential bacterial metabolic pathways [24].
Nanosilver enhances this antibacterial effect by adhering to
the bacterial cell surface and releasing Ag' ions, which
subsequently penetrate the cell, interact with thiol-
containing enzymes, induce the generation of reactive
oxygen species (ROS), and cause structural and functional
damage to bacterial proteins, membranes, and DNA [25].
Meanwhile, thymoquinone, the major bioactive compound
in black cumin oil, contributes to the antibacterial activity
through its lipophilic properties, enabling its integration
into the lipid bilayer of the bacterial membrane and
resulting in decreased membrane stability and integrity
[26]. In addition, thymoquinone has been reported to inhibit
enzymatic activity, disrupt membrane transport systems,
and induce oxidative stress that ultimately leads to bacterial
DNA fragmentation [27]. The combined action of these
three components produces a multi-target antibacterial
mechanism that effectively inhibits the growth of
Staphylococcus aureus, which explains the observed
increase in inhibition zone diameter with increasing
concentrations of black cumin oil in the gel formulation.

Conclusion

The chitosan—nanosilver—black cumin oil gel was
successfully  formulated and exhibited favorable
physicochemical characteristics. PSA characterization
indicated that the nanosilver used had a particle size of
31.54 nm. FTIR analysis of the chitosan—nanosilver system
confirmed the presence of O-H, N-H, C-H, and C=0
functional groups, while FTIR characterization of black
cumin oil confirmed the presence of functional groups
associated with C—H stretching, C=0, C-O, and =C-H
bending. The chitosan—nanosilver—black cumin oil gel
exhibited a pH range of 5.12-5.72, indicating its suitability
for topical application. Antibacterial testing demonstrated
that the gel inhibited the growth of Staphylococcus aureus,
with the highest antibacterial activity observed at a 7%
concentration of black cumin oil, producing an inhibition
zone diameter of 21.67 mm. These results suggest that the
chitosan—nanosilver—black cumin oil gel has promising
potential as a topical antibacterial formulation for the
management of S. aureus-infected wounds and may serve
as a basis for further development in pharmaceutical or
biomedical applications.
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