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ABSTRACT

Objective: Nutmeg (Myristica fragrans) and gingergrass (Cymbopogon martinii var. sofia) essential oils in nanoemulsions promising antimicrobial
and antioxidant activities. This study aimed to optimize the formulation of essential oil nanoemulsions (EO-NEs) combining Nutmeg and gingergrass
using the Simplex Lattice Design (SLD) and antimicrobial effectiveness as a halal cosmetic preservative.

Methods: The nanoemulsions were prepared using a high-energy homogenization method with Tween 80 as the surfactant. Optimization was
conducted using SLD to determine the optimal combination of essential oils and surfactant. Physical characterizations, including particle size,
viscosity, pH, and stability, were performed. Antimicrobial activity was assessed using the disc diffusion method against bacteria and fungi.

Results: The optimized EO-NEs showed that the ratio of 0.591% Nutmeg and 9.409% ginger grass is the optimum mixture that produces physical
properties of viscosity 9.39; pH 3.95; particle size 89.44; zeta potential-10.95; transmittance 88.04 with good stability and a desirability value of
0.915. Thermal cycle stability testing showed only minor changes in physical properties. Antimicrobial evaluation revealed that the EO-NEs
demonstrated significant inhibitory effects, withno bacterial growth<10 CFU/ml for 28 days, excellent microbial reduction with a reduction of at
least 99.0% (2 log) on day 2 and 99.9% (3 log) on day 7, and excellent microbial reduction with a reduction of at least 99.0% (2 log) on day 2 and
99.9% (3 log) on day 7.

Conclusion: The nutmeg and gingergrass EO-Nes formulated using the SLD method showed good physical stability and significant antimicrobial

activity, indicating its potential as an effective natural preservative for halal cosmetic products.
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INTRODUCTION

Nutmeg essential oil (EO) (Myristica fragrans) contains various
bioactive compounds, including myristicin, elemicin, safrole, and
eugenol, which are important as antioxidants and anti-inflammatory
agents [1]. Gingergrass EO (Cymbopogon martinii var. sofia) is rich in
compounds such as geraniol, citronellol, and farnesol, which exhibit
strong antifungal and antioxidant activities [2]. In addition, both
essential oils possess potent antimicrobial properties [3, 4]. Prior
investigations have demonstrated that nanoemulsion formulations
of Cymbopogon martinii EO achieved minimum inhibitory
concentration (MIC) values as low as0.37-1.97 mg ml™* when tested
against Enterococcus faecalis [5]. Furthermore, Nutmeg EO has
exhibited significant antibacterial activity against Shigella sp. and
Escherichia coli, characterized by inhibition zones ranging from
1211 mm to 10.11 mm [6]. These findings underscore the
significant promise of essential oils as antimicrobial constituents.
Therefore, it is anticipated that combining Nutmeg EO and
Gingergrass EO will result in a synergistic effect in inhibiting
bacterial growth and promoting bacterial cell death. This research is
situated within the pretext consumer rising demand for natural-
based cosmetics and simultaneously escalating global necessity for
halal-certified formulations, which must comply with Islamic
jurisprudence and avoid ingredients, such as alcohol of non-halal
origin. This ethical and regulatory aspect constitutes a significant
driver in the global cosmetic industry.

Nutmeg EO and Gingergrass EO possess highly hydrophobic
characteristics, resulting in low water-phase solubility, high
volatility, and poor long-term stability. These inherent limitations
subsequently restrict their roles as direct, natural preservatives
within various ranges of food and cosmetic products [7].
Consequently, the development of innovative strategies is essential

to modify the formulation of these essential oils in order to enhance
their physicochemical properties, stability, and bioactivity. One of
the most promising approaches is the development of nanoparticles
in the form of nanoemulsions [8]. Encapsulating essential oils into
nanoemulsions has been demonstrated to effectively increase water
solubility, mitigate volatility, reduce overall toxicity, and mask
potent flavors. Thus, formulating Nutmeg EO and Gingergrass EO
into nanoemulsions with optimized composition is imperative to
maximizing their efficacy [9].

In cosmetics, nanoemulsions function as drug delivery systems,
facilitating the enhanced penetration of active compounds into the
skin, while also serving as a matrix for encapsulating desirable
bioactive compounds within alcohol-free formulations [10]. The
inclusion of ethanol as a solvent or preservative, however, entails
challenges for halal compliance. As a consequence, developing
alcohol-free formulations offers a crucial advantage, ensuring
suitability for Muslim consumers and aligning with the principles of
clean beauty and sustainable formulation. The physicochemical
characteristics of nanoemulsions are responsible for their robust
long-term stability, typically exhibiting droplet sizes ranging from 20
to 100 nm, which can be achieved through both high-and low-energy
processes. Further, their capacity to improve interactions with
target sites within products contributes to antibacterial and
antioxidant properties, positioning them asa more environmentally
friendly alternative. As a result, EO-based nanoemulsions hold
significant potential for utilization as natural preservatives in
various formulations [11].

In alignment with the current global trends toward natural
ingredients and halal-certified products, the development of Nutmeg
EO and Gingergrass EO in nanoemulsion form is deemed highly
relevant. Nanoemulsion technology provides an innovative solution
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to enhance the bioavailability, stability, and efficacy of essential oils
for industrial applications, particularly as active ingredients in
natural cosmetics [12]. Therefore, research on the formulation of
Nutmeg EO and Gingergrass EO nanoemulsions holds not only
scientific value but also extensive application potential in the
cosmetic industry. This study further emphasizes the development
of a halal-compliant, alcohol-free preservative system utilizing a
nanoemulsion approach, contributing to the expansion global halal
cosmetics market. Consequently, this study is expected to contribute
to the advancement of nanoemulsion-based delivery systems,
enhancing the utilization of essential oils as natural preservatives
while supporting halal biotechnology-driven product innovation.

MATERIALS AND METHODS
Tools and materials

Nutmeg EO and Gingergrass EO were sourced by PT. Rumah Atsiri
and procuredon June 4, 2025. PT. Rumah Atsiri’s current operations
are rooted in the legacy of a former Citronella distillation facility
initially established in 1963. In 1986, the distillation was taken over
by PT. Intan Purnama Sejati, and after a series of ownership
transitions, PT. Rumah Atsiri Indonesia eventually acquired the
company in 2015. Additionally, the equipment and materials used in
this study included Tween from Merck, GC-FID and GC-MS from
Shimadzu, Ethanol pro analysis from Merck, and PSA from Malvern.

Identification test of nutmeg EO and gingergrass EO compounds
using GC-MS

The chemical components of Nutmeg and Gingergrass EOs were
identified using gas chromatography-mass spectrometry (GC-MS,
Shimadzu GC-MS-QP2010) equipped with an SH-RTX-5MS capillary
column (60 m x 032 mm x 025 pm; 5% diphenyl/95%
dimethylpolysiloxane as the stationary phase) [13]. The
chromatographic analysis commenced with an initial oven
temperature of 60 °C (held for 1 min), followed by a ramp to 200 °C.
Operating parameters included an injector temperature of 200 °C, an
ion source temperature of 200 °C, an interface temperature of 250
°C, a split ratio of 1:30, a helium carrier gas pressure of 36.2 kPa, a
column flow rate of 0.75 ml/min, and a total gas flow of 101.3
ml/min. Detection was accomplished via electron ionization (EI)
within a mass range of 40-400 m/z. The total duration for each
sample analysis was 14 min. The constituents of the essential oils
were identified by comparing the obtained mass spectra with
reference data from the MS Library Index [14, 15].

Identification test of ethanol content of nutmeg EO and
gingergrass EO using GC-FID

A series of methanol standard solutions were systematically
prepared via the dilution of the methanol stock solution to yield
concentrations of 0.1, 0.3, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.5%. Nutmeg
and Gingergrass essential oils, as research samples, were each
supplemented with 2% methanol. To each standard solution and
sample, 2% n-propanol was incorporated to serve as an internal
standard. The analysis was executed using a GC-FID instrument with
an injector temperature of 250 °C and a detector temperature of 300
°C, utilizing split ratio of 1:50. The column temperature program was
commenced at an initial temperature of 50 °C for 2 min, followed by
a programmed ramp of 10 °C/min until reaching 200 °C, which was
maintained for 5 min. The column flow rate was set at 0.8 ml/min.
Meanwhile, the flow rates for the respective gases were as follows:
carrier gas (helium) at 1.2 ml/min, hydrogen at 35 ml/min, nitrogen
at 30 ml/min, and the airflow as oxidant at350 ml/min [16, 17].

Production of EO-NEs combination of nutmeg and gingergrass

The nanoemulsions were prepared using a modified high-energy
homogenization method. The formulation comprised essential oil
(EO) at concentrations ranging from 2.5-10%, Tween 80 surfactant
at a fixed 10%, and distilled water (aqua destillata) added to reach a
total volume of 100%. Tween 80 was first dissolved in distilled
water under magnetic stirring (500 rpm, 25 °C). Upon achieving
homogeneity, EO was gradually introduced while continuously
stirring for 20 min. The nanoemulsions were prepared using a high-
energy ultrasonication technique to achieve fine droplet dispersion.
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The emulsification process was performed using a QSonica Q500
ultrasonic processor (500 W, 20 kHz) equipped with a 13 mm
titanium probe. The sonication was performed at 10% amplitude,
corresponding to an approximate acoustic power output of 50 W,
with a 50% duty cycle (5 seconds on/5 seconds off) to minimize heat
buildup. The total sonication duration was 15 min for each 50 ml
batch, which was simultaneously immersed in an ice bath to strictly
control temperature (<30 °C) and thereby prevent oil volatilization
or thermal degradation [10].

Evaluation of EO-NEs characterization of nutmeg and ginger
grass combination

The characterization of nanoemulsions was conducted using a
Zetasizer (Malvern Instruments) to determine the average particle
size (droplet size), polydispersity index (PDI), and zeta potential.
Prior to measurement, nanoemulsion samples were diluted 100-fold
with distilled water and analyzed at 25 °C after reaching equilibrium
for 120 sec. Physical quality evaluation of the nanoemulsions
included measurements of pH, viscosity, and homogeneity. Before
pH measurement, the pH meter (Aqua Horiba) was calibrated using
standard buffer solutions at pH 4 (acidic), pH 7 (neutral), and pH 10
(alkaline) to ensure accuracy. pH values were determined by
immersing the electrode into the sample until a stable reading was
achieved. Viscosity was measured using a Brookfield DV-2
viscometer with a sample volume of 100 ml, spindle No. 63, and a
rotational speed of 30 rpm. Homogeneity was evaluated visually by
observing the presence or absence of phase separation or particle
dispersion irregularities within the samples. The morphology of the
nanoemulsions was examined using Transmission Electron
Microscopy (TEM, JEOL) to obtain visual images of particle
structures.  Turbidity =~ was measured wusing a UV-Vis
spectrophotometer at a wavelength of 600 nm and a temperature of
25 °C, employing samples that were diluted 10-fold [18-22].

Stability test of EO-NEs combination of nutmeg and ginger grass

Stability testing was first conducted using a cycling test method over
a duration of 16 days (8 cycles). The EO-NEs formulations were
stored at 4 °C for 24 h and thereafter transferred to 40 °C for an
additional 24 h [22]. Cycling, droplet size, polydispersity index, and
zeta potential were evaluated. To assess pH stability, 5 ml of
nanoemulsion was adjusted to the specified pH (4-8) using 0.1 mol/l
NaOH or HCIL The samples were then diluted 100-fold with distilled
water, after which droplet size and zeta potential were measured
[23]. Although cosmetic products are typically formulated within a
narrow pH range suited to skin compatibility (approximately pH 4.5-
6.5), this comprehensive assessment was conducted to determine
the formulation’s robustness and physicochemical behaviour under
stress conditions such as contamination, temperature fluctuations,
or contact with other formulation components. The objective was to
observe the system’s resilience to pH-induced destabilization,
particularly in terms of phase separation, particle size variation, and
visual appearance, rather than to propose pH adjustment as a
component of production. Future research should involve
complementing accelerated stability tests to provide a more
comprehensive evaluation of formulation stability under standard
cosmetic storage conditions.

RESULTS AND DISCUSSION
Preservative effectiveness test on multiple emulsion cream

The multiple emulsion cream formulation was developed from the
study conducted by [23], which served as the reference base
composition. This research involved the modification of the base
formula by incorporating 0.8% essential oil nanoemulsion (EO-NEs)

to boost the formulation's antimicrobial and antioxidant potential, as

well as evaluating its physical compatibility within the emulsion
matrix. Each sample container was inoculated with 1 ml of microbial
suspension, each containing 1.1 x 105cfu/ml for Aspergillus niger, 1.6 x
105cfu/ml for Candida albicans, 4.6 x 10¢cfu/ml for Enterobacter
aerogenes, 4.2 x 10¢cfu/ml for Pseudomonas aeruginosa, and 7.6 x
106cfu/ml for Staphylococcus aureus. Homogenization was performed
using a vortex mixer. Next, 20 g of each inoculated sample was
transferred into three distinct containers for evaluation at 7, 14, and
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28 d intervals. Microorganism quantification at each time point
involved serial dilutions from 10 to 10-4 using 1% peptone solution.
1 ml of each dilution was then inoculated into petri dishes containing
the appropriate media (Tryptic Soy Agar (TSA) for bacteria and
Sabouraud Dextrose Agar (SDA) for fungi). The bacterial cultures were
incubated at 30 °C for 2 d, while the fungal cultures were incubated at
25 °C for 5 d. Microorganism quantification was then conducted using
a colony counter. The log reduction of these microorganisms was then
calculated using the formula:

log reduction = Log number t0 — log number at product interval t1

w

Int J App Pharm, Vol 18, Issue 2, 2026, 387-397

Log number t0 represents the quantity of microorganisms on day 0,
while log number t1 indicates the quantity of microorganisms on
day 7, 14, or 28. According to the British Pharmacopoeia, a
preservative is considered effective in inhibiting the growth of
microorganisms if it demonstrates a decrease in bacteria of at least
99.90% (3 logs) on day 7. The quantity does not increase until day
28. The preservative can reduce the numbers of mold or yeast by at
least 99.00% (2 logs) on day 14, with no detection of mold or yeast
by day 28 of the challenge test [24].
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Fig. 1: Chromatogram of GC-FID analysis results. (A) Ethanol standard. (B) Ginger Grass essential oil. (C) Nutmeg essential oil

Table 1: Components of EO ginger grass and EO nutmeg compounds

Essential oil Peak Retention time Contents %
Ginger grass 1 2,87 Tricyclene 3,70

2 2,98 a-Pinene 5,19

3 3,15 B-Phellandrene 23,63

4 3,39 B-Myrcene 0,29

6 3,55 a-Phellandrene 1,54

8 3,98 p-Cymene 0,20

9 4,05 Limonene 511

11 4,94 Linalool 0,72
Nutmeg 1 2,90 a-Thujene 1,86

2 2,98 a-Pinene 16,83

4 3,14 Camphene 0,40

5 3,40 Sabinene 16,23

6 3,45 B-Pinene 14,91

7 3,55 B-Myrcene 2,38

8 3,75 I-Phellandrene 0,86

9 3,82 A-3-Carene 0,95

10 3,89 o-Terpinene 3,38

12 4,05 Terpinolene 6,64

13 4,42 p-Cymene 4,79

Table 2: Components and responses in EO-Nes optimization
Run Component 1 Component 1 Response 1 Response 2 Response 3 Response 4 Response 5 Response 6
A: Nutmeg (%) B: Ginger grass Viscosity pH Particle size PDI zeta potential Transmitter
(%) (Cp) (nm) (mV) (%)

1 5 5 8.64+0.12 3.92+0.09 86.72+20.85 0.44+0.15 -15.82+0.74 89.459+0,29
2 0 10 9.13+0.13 4.04+0.02 104.08+27.21 0.57+0.15 -14.69+1.02 90.512+0,18
3 10 0 8.4+0.06 3.72+0.03 204.9+43.18 0.57+0.05 -11.34+1.18 63.927+0,37
4 7.5 2.5 9.44+0.24 3.77+0.01 123.9+14.42 0.66+0.08 -15.61+4.65 83.392+0,31
5 10 0 8.4+0.32 3.68+0.035 185.7+31.75 0.55+0.08 -11.12+2.21 61.435+1,10
6 0 10 8.91+0.1 3.96+0.02 103.53+0.31 0.62+0.13 -14.96+1.08 82.924+0,31
7 5 5 8.46+0.24 3.7+0.02 177.43+6.16 0.48+0.07 -15.84+9.153 89.877+0,44
8 2.5 7.5 8.96+0.09 3.85+0.06 63.45+2.71 0.57+0.08 -9.72+8.97 88.966+0,17
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Data is expressed as mean and standard deviation. The sample size was 8 formula with 3 replications.

Table 3: Results of ANOVA analysis of EO-Nes formulation with a combination of ginger grass and nutmeg using the simplex lattice design

method
Test Adjusted R? Predicted R? Adeq Precision
Viscosity 0.9105 NA 11.5443
pH 0.6851 0.5986 7.5969
Particle Size 0.4649 0.2865 5.0175
PDI 0.8840 NA 10.5203
Zeta Potential 0.9968 NA 55.199
%Transmitter 0.9284 0.8496 14.5153
PDI: Polydispersity index
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Fig. 2: Response graph generated based on component coding for EO-Nes formulation with a combination of ginger grass and nutmeg
using the Simplex Lattice Design. (A) Viscosity value. (B) pH value. (C) Particle size. (D) Polydispersity Index Values. (E) Zeta Potential
Values. (F) Transmittance percent values

Table 4: EO-Nes desirability value based on the optimization of the resulting solution

Number Nutmeg Ginger grass Viscosity pH Particle size PDI Zeta potential Transmitter Desirability

1 0.591 9.409 9.304 3.955 89.437 0.656 -10.954 88.038 0.915 Selected

Table 5: Physical characteristics of the selected EO-Nes formulation

Parameter MeantSD2 Lower-upper limit? Optimum formula valuec P-valued
Viscosity (cP) 8.59£1.44 8.4-9.44 8.59 0.404
pH 3.90+0.87 3.68-4.03 3.9 0.389
Particle Size (nm) 161.10£22.36 63.45-100 161.1 0.031
PDI 0.53+0.39 0.44-0.65 0.5357 0.033
Zeta Potential (mV) -7.59 £5.80 -15.84--9.72 -7.5907 0.421
Transmitter (%) 91.65+1.01 61.43-90.5 91.6523 0,025

a. Data are presented as mean+standard deviation (mean +SD) from 3 replications. b. The Lower-Upper Limit represents the predicted range from
the SLD model. c. The Optimum Formula Value is obtained from the optimized point of the SLD design. d. P-values indicate the comparison between
predicted and experimental values.
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Fig. 4: Results of the stability test of eight heat-cold cycles over 16 d. (A) pH value graph. (B) Viscosity value graph. (C) Particle size graph.
(D) Polydispersity index value graph. (E) Zeta potential value graph. (F) Transmittance percentage graph. The samples were analyzed
using One-Way ANOVA with 95% confidence, followed by post hoc testing to determine significant differences between each group

Table 6: Preservative effectiveness test on multiple emulsion cream

Microorganisms Day-1 (CFU/ml)  Day-2 (CFU/ml)  Day-7 (CFU/ml)  Day-14 (CFU/ml) Day-28 (CFU/ml)
Aspergillus brasiliensis ex A. niger 1.1x105 <10 <10 <10 <10
Candida albicans 1.6 x 105 <10 <10 <10 <10
Enterobacter aerogenes 4.6 x 10° <10 <10 <10 <10
Pseudomonas aeruginosa 4.2x106 <10 <10 <10 <10
Staphylococcus aureus 7.6 x 106 <10 <10 <10 <10

Table 7: Log reduction of preservative effectiveness on multiple emulsion cream
Microorganisms Log (t0) Log (t2) Reduction log (t7) Reduction log (t14)  Reduction log (t28)
Aspergillus brasiliensis ex A. niger 5.04 >4 >4 >4 >4
Candida albicans 5.02 >4 >4 NI>4 NI>5
Enterobacter aerogenes 6.66 >5 >5 NI>5 NI>5
Pseudomonas aeruginosa 6.62 >5 >5 NI>5 NI>5
Staphylococcus aureus 6.88 >5 >5 NI>5 NI>5

NI: No increase

The GC-MS analysis identified a total of 43 components in ginger grass
essential oil and 39 components in nutmeg essential oil (table 1).
However, a significant proportion of these compounds demonstrated
low similarity indices (35 out of 43 for ginger grass and 28 out of 39
for nutmeg), which hindered accurate identification. This limitation
indicates potential issues related to the analytical parameters or the
spectral library used for compound matching. The specific and
updated MS database, such as the NIST or Wiley library, should be
explicitly identified, as variations in database versions can significantly
affect the reliability of compound identification [25].

The presence of a major unidentified peak at a retention time (RT) of
12.93, comprising25.85% of the total composition of ginger grass
essential oil, represents a critical limitation in the chemical
characterization process. To address this issue, further studies are
advised to optimize the analytical method. Despite this limitation,
several essential components were successfully identified with high
similarity index (SI) values (SI>97). A higher SI value indicates a
stronger correlation with reference compounds [14].

In ginger grass essential oil, f-Phellandrene (23.63%), a-Pinene
(5.19%), and limonene (5.11%) were identified as the dominant
components, which is consistent with previous findings. Meanwhile,
in nutmeg essential oil, a-pinene (16.83%), sabinene (16.23%), and
B-pinene (14.91%) were identified as the primary components,
consistent with previous studies. o-Pinene and f-pinene are
recognized for their anti-inflammatory, antioxidant, and
antimicrobial effects [26, 27]. Whereas sabinene exhibits strong
antioxidant and antifungal activity. These findings highlight the
potential use of nutmeg essential oil as a natural preservative in
cosmetic formulations due to its antimicrobial activity [28].

Qualitative analysis using GC-FID was conducted by identifying the
retention times (RT) of the sample readings (fig. 1). The results
confirmed that ginger grass and nutmeg essential oils did not
contain alcohol, as no peaks indicating alcohol were detected at the
expected RT. The chromatograms shown in fig. 1 clearly identified
ethanol, with no interfering peaks observed near the ethanol peak,
which appeared at RT 2.58 min.

In Indonesia, the use of alcohol or ethanol in cosmetic products is
not strictly regulated. Although no specific limits are set for the
ethanol concentration in cosmetics, a fundamental principle must be
observed: ethanol used in cosmetic formulations must not originate
from khamr industries or fermentation processes involving
prohibited (haram) materials. Ethanol in cosmetics must comply
with safety and quality standards to ensure that products do not
pose harmful side effects to consumers [29, 30]. Thus, despite the
absence of explicit concentration limits, cosmetic manufacturers
must verify that the ethanol used passes safety testing and does not
endanger consumers. This analysis indicates that ginger grass and

nutmeg essential oils can be considered safe, as they have been
confirmed to be alcohol-free. This finding also supports their
compliance with halal product requirements, since the absence of
ethanol eliminates potential violations of halal standards.

Using the Simplex Lattice Design (SLD), formulations are optimized
to determine the optimal ratio of the two essential oils while keeping
a constant total oil concentration. The independent variables were
defined as A = % nutmeg oil and B = % ginger grass oil, with the
constraint A+B = 10% (w/w). Tween 80 was maintained as a fixed
surfactant level (10% w/w), while distilled water was added q. s. to
100% of the total formulation weight. Thus, the SLD focused on the
relative proportions of the two essential oils as the variables
influencing the physicochemical responses. Nutmeg (A) and ginger
grass (B) mixtures (table 2) demonstrated a significant influence of
compositional variations on product characteristics. The viscosity of
the formulations varied between 8.64 and 9.44 cP, with the
combination of 5% nutmeg and 5% ginger grass showing the most
stable viscosity. The pH values ranged from 3.72 to 4.04, which may
influence both product stability and user comfort. Particle sizes
varied from 63.45 nm to 204.94 nm, with smaller particles indicating
better potential for skin absorption. The polydispersity index (PDI)
reflected a relatively homogeneous particle size distribution, with
the lowest values recorded in runs 6 and 8. Zeta potential values
were between-11.34 and-15.82 mV, which means that the
suspension or emulsion was stable. Transmission values of the
formulations varied between 63.93% and 89.88%, with the highest
transparency observed inruns 1 and 6 [31].

The results of the ANOVA analysis indicated that the EO-NEs
formulations combining ginger grass and nutmeg exerted different
effects on each test parameter (table 3). The plots in fig. 2 illustrate
that the combination of ginger grass and nutmeg influenced various
physicochemical response parameters of the EO-NEs formulations.
In the graphs, the black line represents the model’s predicted values
(fitted line), while the dashed blue lines above and below denote the
95% confidence intervals of the predictions. The red dots
correspond to the actual experimental data. When the red data dots
are closely aligned with the black line and fall within the range of the
blue confidence interval lines, the model can be considered valid and
demonstrates good correlation with the experimental results.

For viscosity, the adjusted R? value of 0.9105 and Adeq Precision of
11.5443 indicated that the model was able to explain more than
91% of the data variation and was sufficiently reliable, even though
the predicted R? value was not available (table 3). This suggests that
formulation plays an important role in determining viscosity;
however, the validity of external prediction requires further
investigation. In fig. 24, the viscosity of the ginger grass and nutmeg
combination produced a curved pattern, with viscosity values
increasing at certain proportions. The red dots, which are relatively
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close to the black line, indicate that the model aligns completely with
the experimental data. A higher viscosity generally reflects a more
stable emulsion structure, although excessively high values may
reduce the flow ability of the formulation.

For the pH parameter, the adjusted R? value of 0.6851 and predicted
R? of 0.5986 indicated that the model could explain the data
variation at a moderate level. The Adeq Precision value of 7.5969
confirmed that the model was significant and valid, although the
effect of formulation on pH was not as strong as on other parameters
(table 3). This finding is understandable since pH is often influenced
by additional factors such as excipient composition or storage
conditions. Fig. 2B shows a decreasing trend in pH with increasing
proportions of ginger grass, while higher proportions of nutmeg
tended to maintain more stable pH values. The red dots closely
aligned with the black fitted line and stayed within the blue
confidence interval. This means that the model can be considered
reliable for predicting formulation pH.

For particle size, the adjusted R? value of 0.4649 and predicted R? of
0.2865 indicated that the model explained only a small portion of the
variation. Although Adeq Precision (5.0175) remained above the
threshold for significance, the relatively low R? suggested that
particle size was influenced more strongly by external factors such
as homogenization method or processing conditions rather than
solely by formulation variations (table 3). As shown in fig. 2C,
particle size tended to increase with higher proportions of ginger
grass, whereas nutmeg contributed to smaller and more
homogeneous particles. While the red data dots followed the general
predicted trend, the wider spread of the blue confidence interval
indicates greater variability, further emphasizing the influence of
processing factors on particle size.

The polydispersity index (PDI) showed favorable results, with an
adjusted R? of 0.8840 and Adeq Precision of 10.5203, indicating that
the EO-Nes formulations consistently affected particle size
distribution (table 3). Fig. 2D PDI exhibits fluctuations across
different mixture proportions, but the red dots predominantly
followed the predicted line. Lower PDI values reflected more
consistent particle size distribution, while higher values indicated
heterogeneity. Specific formulation ratios produced low PDI values,
which are essential for achieving nanoemulsion stability. In contrast,
exceptionally high results were observed for zeta potential, with an
adjusted R* of 0.9968 and adeq precision of 55.199 (table 3). These
values indicated that the model nearly completely explained the
variation in colloidal stability, highlighting zeta potential as a critical
parameter for nanoemulsion physical stability. Although predicted
R? was not available, the strong relationship between the
experimental data and model predictions highlights the importance
of formulation in this parameter. Fig. 2E shows the zeta potential
exhibiting distinct peak patterns at specific dots, reflecting optimal
electrostatic stability. Nearly all red data dots aligned closely with
the fitted black line and stayed within the confidence interval,
confirming that the model was highly robust. High zeta potential
values are particularly important for preventing particle
aggregation.

For percent transmittance, the results provided strong conclusions
about the clarity of the system. The adjusted R? value of 0.9284 and
predicted R? of 0.8496 in table 3 indicated high predictive accuracy.
Adeq precision of 14.5153 further supported the validity and
reliability of the model in explaining nanoemulsion clarity. As shown
in fig. 2F, transmittance values decreased as ginger grass
proportions increased. High transmittance values indicated greater
clarity, while lower values reflected turbidity resulting from
increased particle size. The red dots aligned well with the fitted line,
and the narrow confidence intervals suggested strong reliability for
the model in explaining clarity variations.

Finally, the desirability value in table 4 was 0.915, indicating that the
EO-NEs formulation with 0.591 nutmeg and 9.409 ginger grass
approached optimal conditions across the evaluated parameters.
Desirability is a composite measure used to evaluate how well a
formulation meets the target criteria for each response, such as
viscosity, pH, particle size, PDI, zeta potential, and percent
transmittance. A value closer to 1.0 reflects better overall balance
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among the desired responses, confirming that this formulation
effectively achieved optimal performance. The stability test results
(fig. 4E) showed that the zeta potential values tended to become less
negative and increasingly fluctuated during the experimental cycles,
indicating a decline in the electrostatic stability of the system. The
shift of zeta potential values toward zero shows that the repulsive
forces between droplets are getting weaker and the droplets are
more likely to come together. However, the low PDI values still
indicate a homogeneous particle distribution. This finding is
consistent with previous reports showing that a decrease in absolute
zeta potential values correlates with reduced colloidal stability and
an increased risk of aggregation in nanoemulsion systems [32]. The
observed zeta potential fluctuations suggest that the effectiveness of
this mechanism in maintaining long-term stability still requires
further investigation. These findings may serve as a foundation for
formulation optimization in future studies to achieve more
consistent physical stability.

Overall, these results confirm that the optimization method based on
Response Surface Methodology (RSM) using the Simplex Lattice
Design (SLD) approach successfully identified the optimal
combination of nutmeg and ginger grass compositions capable of
balancing multiple physicochemical responses simultaneously. The
high desirability value (0.915) indicates that the formulation can be
considered optimal, as it integrates physical stability parameters
(viscosity, particle size, PD], and zeta potential) with favorable
product characteristics such as clarity and appropriate pH.
Therefore, the optimized formulation has strong potential to be
applied as an effective, stable, and safe nanoemulsion-based delivery
system [33, 34].

The physical characteristics of the EO-NEs nanoemulsion can be
explained by the interactions between raw material composition, the
concentration of each component, and the high-energy preparation
method using an ultrasonic probe (table 5). Nutmeg oil (5%) and
ginger grass oil (5%) served as the oil phase, acting as the core in the
formation of nanoemulsion droplets. Both essential oils possess
distinct chemical properties, including lipophilic compounds (such
as sabinene and myristicin in nutmeg and geraniol in ginger grass),
which are relatively insoluble in the aqueous phase without the aid
of surfactants. Tween 80, used at 10%, functioned as a nonionic
surfactant that reduced the interfacial tension between oil and
water, thereby facilitating the formation of smaller oil globules [35].

The low viscosity value obtained (8.59+1.44 cP) was influenced by
the relatively low concentration of the oil phase (a total of 10%) and
the high proportion of the aqueous phase. Such low viscosity is
characteristic of oil-in-water (0/W) nanoemulsions, where the
continuous phase is dominated by water. The 10% surfactant
concentration was sufficient to stabilize the dispersion, although it
was insufficient to significantly increase the system’s thickness. This
indicates that the oil-surfactant ratio used produced a system with
favorable flow properties.

The relatively acidic pH value of the nanoemulsion formulation
(3.90+0.87) was primarily attributed to the natural properties of
nutmeg and ginger grass essential oils, which contain phenolic and
terpenoid compounds. Constituents such as myristicin, sabinene,
and terpinene-4-ol in nutmeg, as well as geraniol and linalool in
ginger grass, possess weakly acidic characteristics that tend to lower
the formulation’s pH [36, 37]. In addition, the absence of buffering
agents in the formulation further contributed to the reduction in pH
[38]. Without a buffer system, the acidic properties of the active
compounds in the essential oils could not be neutralized, resulting in
a lower overall pH. Although the pH of the formulation was slightly
below the physiological skin range (4.5-5.5), the value of 3.90+0.87
remains within an acceptable range for short-term topical
application [39]. However, long-term use may still pose a risk of
irritation. Therefore, irritation testing and skin stability assessments
are necessary to ensure the safety of the formulation.

The particle size of the nanoemulsion produced in this study was
161.10£22.36 nm. This size falls within the range generally
considered optimal for nanoemulsions, namely 50-200 nm. Particle
sizes within this range offer several advantages, including increased
surface area for solubility and bioavailability of active compounds,
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as well as enhanced penetration through semipermeable
membranes such as the skin [40]. The use of probe ultrasonication
as a high-energy technique played a critical role in achieving this
particle size. Ultrasonication generates high-frequency sound waves
that induce cavitation, characterized by the formation and collapse
of gas bubbles within the liquid. This process produces shear forces
and turbulence that break oil droplets into nanometer-sized
particles. Although the particle size obtained was within the optimal
range, it was slightly larger than the ideal value, which is
approximately 89 nm. This discrepancy may be attributed to the
limited surfactant-to-oil ratio in the formulation. The 10%
concentration of Tween 80 may not have been sufficient to fully
cover the oil droplet surfaces, leading to the formation of larger
droplets or partial aggregation. Increasing the surfactant
concentration could potentially reduce particle size further and
improve the overall stability of the nanoemulsion [41, 42].

The PDI value of 0.53+0.39 indicated a heterogeneous particle size
distribution. This result is closely related to the ultrasonic
homogenization process. Although probe ultrasonication is effective in
producing nanosized particles, parameters such as sonication
duration, amplitude, and duty cycle strongly influence the final
outcome. Insufficient sonication time or inadequate amplitude may
lead to non-uniform particle formation. In addition, the complex
nature of essential oils, comprising numerous compounds with
varying polarities, can compromise system homogeneity, thereby
broadening the particle size distribution [43, 44]. The polydispersity
index (PDI) reflects the uniformity of particle size distribution, ranging
from O (indicating perfectly uniform particles) to 1 (indicating highly
polydisperse samples with a wide particle size distribution) [45]. The
particle size distribution of the nanoemulsion, as shown in fig. 34,
exhibited a monomodal pattern with a narrow peak in the tens-to-
hundreds nanometer range, accompanied by a right-hand tail
indicating the presence of a fraction of larger droplets. This pattern
suggests that the probe ultrasonication process successfully
fragmented the oil phase into nanosized globules through cavitation
mechanisms; however, some droplets underwent recoalescence once
the sonication process ceased. This phenomenon may be influenced by
the chemical properties of nutmeg and ginger grass essential oils,
which are rich in monoterpenes and volatile compounds, making them
more susceptible to ostwald ripening. In addition, the surfactant-to-oil
ratio (10% Tween 80 to 10% oil) may not have been sufficient to fully
coat the droplet surfaces, causing some globules to merge and
resulting in a more heterogeneous particle size distribution. This
condition is consistent with the relatively high PDI values, which
further indicate that particle size distribution was not yet optimally
uniform [46, 47].

The relatively low zeta potential value (07.59 mV+5.80) can be
explained by the nature of the materials used. Tween 80 is a
nonionic surfactant that stabilizes emulsions primarily through
steric stabilization rather than electrostatic stabilization. As a result,
the formed particles do not carry a high surface charge; instead,
their short-term stability is maintained by the steric barrier
provided by the polyoxyethylene chains of Tween 80. The finding
explains why the zeta potential values were relatively low, despite
the system remaining physically stable in the short term. For strong
electrostatic stability, a zeta potential below -30 mV or above+30
mV is generally considered good stability [48]. In this study, the
measured zeta potential (fig. 2B) displayed a narrow curve with a
peak around -10 mV, indicating that the nanoemulsion droplets
carried only a low surface charge, thus providing weak electrostatic
stability. This outcome is consistent with the use of Tween 80 as the
main surfactant, since its non-ionic nature means stabilization
occurs mainly via steric hindrance rather than electrostatic
repulsion. Additionally, the relatively acidic pH of the formulation
(#3.9) may have contributed to the low zeta potential values.
Terpenoid compounds found in nutmeg and ginger grass essential
oils are generally neutral, so they do not impart significant charges
to the droplet surface. Consequently, the low zeta potential in this
system is best explained by the dominance of steric stabilization
mechanisms over electrostatic effects [41, 49].

The high transmittance value (91.65+1.01%) indicated that most
particles were within the nanometer range and were
homogeneously dispersed in the continuous phase. This level of
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clarity was achieved by combining probe ultrasonication to reduce
particle size and Tween 80 to make the dispersion clear. However,
since the particle size remained slightly above 100 nm and the
distribution was not completely narrow, the transmittance was less
than 100% [40].

The morphological analysis of EO-NEs using TEM demonstrated that
the droplets were generally spherical in shape, with particle sizes
varying within the nanometer range. Fig. 3C shows a relatively dense
particle distribution, with most droplets appearing small and
homogeneous; however, larger droplets (aggregates) were also
observed, as indicated in the red-marked area. This phenomenon
aligns with the Dynamic Light Scattering (DLS) measurements,
which produced a PDI value of 0.53, indicating a still-heterogeneous
particle size distribution [50, 51]. The formation of spherical
droplets can be attributed to the amphiphilic nature of Tween 80, a
nonionic surfactant that reduces the oil-water interfacial tension
and enables the stabilization of oil globules. Tween 80 stabilizes the
system primarily through steric mechanisms, in which its
polyoxyethylene chains form a physical barrier to prevent
coalescence between droplets. However, the 10% surfactant
concentration used in this formulation may not have been sufficient
to completely coat the entire surface of the oil globules, particularly
under conditions of intensive homogenization. This limitation
explains the presence of larger droplets, which likely formed due to
recoalescence, where smaller droplets merged into larger ones after
the ultrasonication process [52].

The stability test results for the EO-Nes formulation, shown in fig. 4,
revealed significant fluctuations in several parameters after
undergoing eight heat-cold cycles. Based on the analysis using one-
way ANOVA with a 95% confidence level, followed by post-hoc
testing, significant differences were observed in pH values between
cycle 0 and cycles 1 to 5 (p<0.0001), indicating a drastic pH change
after the formulation underwent heat-cold cycles. This change may
be due to the interaction between the active ingredients, nutmeg and
ginger grass oils, and Tween 80 as the surfactant in the
nanoemulsion system, which affects pH stability during high-and
low-temperature cycles. For the viscosity parameter, significant
differences were found between cycle 0 and cycle 1 (p<0.0001),
cycle 5 (p<0.001), and cycles 6 to 7 (p<0.05). However, no significant
differences were observed between cycle 0 and cycles 2, 3, or 4.
These viscosity fluctuations are likely influenced by changes in
water content and thickening agents in the formulation, which
undergo high and low-temperature cycles [32,39]. A similar trend
was observed for particle size (p<0.0001 for cycle 0 compared to
cycles 1 and 2, p<0.0001 for cycle 0 compared to cycle 5, p<0.0001
for cycle 0 compared to cycle 7, but not significant for cycle 0
compared to cycles 4 and 8). Significant changes in particle size
during several cycles suggest possible coalescence or droplet
aggregation due to temperature fluctuations, which could affect the
stability and quality of the nanoemulsion [53]. However, the particle
size remained under 200 nm, thus meeting the criteria for
nanoemulsions and within the acceptable range for pharmaceutical
and cosmetic applications.

The Polydispersity Index (PDI) and zeta potential also showed
significant results (p<0.0001 for all cycles), indicating the particle
size distribution and electrostatic charge stability on the particle
surface due to the temperature cycles. A decrease in zeta potential
may indicate reduced stability in the nanoemulsion system due to
lower repulsion forces between droplets, increasing the likelihood of
coalescence. The PDI remained low, ranging from 0.10 to 0.24, which
suggests that the particle size distribution is sufficiently
homogeneous and complies with nanoemulsion standards, which set
PDI<0.3 as an indicator of stability [54]. The zeta potential value
theoretically falls below the electrostatic stability limit (30 mV)
[19]. However, such a result does not necessarily indicate instability,
as the system uses Tween 80, a nonionic surfactant that operates via
steric mechanisms. Thus, despite the zeta potential falling outside
the ideal range, the system can remain practically stable.

Furthermore, the transmittance values measured in each cycle showed
significant changes (p<0.0001 for all cycles), indicating changes in
transparency or turbidity of the formulation, which are related to
physical instability caused by fluctuations in particle size and
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distribution. This indicates the formation of larger droplets or
temporary aggregation due to extreme temperature cycles. However,
the transmittance increased again in subsequent cycles and remained
above 80% for most cycles, indicating that the formulation remained
within the acceptable range for nanoemulsions with transparent or
semi-transparent characteristics [55].

Overall, the stability test results indicated that the EO-NEs
nanoemulsion formulation, consisting of 0.591% nutmeg oil, 9.409%
ginger grass oil, 10% Tween 80, and distilled water up to 100 ml, can
still be categorized as physiochemically stable, despite showing a
tendency toward particle size enlargement and fluctuations in zeta
potential during storage. The main factors influencing these
parameter changes were the chemical properties of the essential
oils, which are prone to Ostwald ripening; the borderline surfactant-
to-oil ratio, which may have been insufficient to fully cover the
droplet surfaces; and the extreme storage conditions applied during
the cycling test. Nevertheless, all evaluated parameters except for
zeta potential in some cycles remained within the acceptable range
for nanoemulsion systems. These findings confirm that the
developed formulation has strong potential as a nanoemulsion-
based delivery system with adequate stability, although further
optimization of surfactant concentration and strategies to prevent
ripening are required to ensure long-term stability.

The preservative effectiveness test in this study uses a method based
on BPOM regulations [24]; the method refers to the challenge test
method. One of the advantages of the challenge test method
compared to other methods in assessing the effectiveness of
preservatives is that the challenge test can provide strong empirical
data on the effectiveness of preservatives in preventing
contamination of pathogenic microorganisms. Challenge tests can
also provide accurate and objective data on the effectiveness of a
preservative under controlled conditions. Consumers use multiple
emulsion cream products; the risk of contamination does not come
from just one type of bacteria. Instead, it may come from several
types, both g-negative and g-positive. Therefore, the study used a
mixed test technique, or multispecies inoculation, to simulate the
practicalities that may occur when consumers use the product. The
types of bacteria to be tested are five microorganisms: Aspergillus
brasiliensis ex A. niger, Candida albicans, Enterobacter aerogenes,
Pseudomonas aeruginosa, and Staphylococcus aureus.

On day 1, the sample was exposed to a certain number of
microorganisms. Table 6 showed no bacterial growth<10 CFU/ml
for 28 d, indicating that the preservative was effective in the
multiple emulsion cream preparation. In line with the data, table 7
showed excellent microbial reduction with a reduction of at least
99.0% (2 log) on day 2 and 99.9% (3 log) on day 7 and no further
increase during subsequent tests within normal data variations, and
for molds showed a reduction of 90.0% (1 log) on day 14 and 99.0%
(2 log) on day 28. This fig. shows that the mixed bacterial population
was reduced by more than 2 log units, indicating very high
preservative effectiveness. The result indicates that EO-NEs have a
potent bactericidal effect on bacteria so that they can kill bacteria
very quickly. The success of all formulas in achieving log reductions
of>4 and>5 at the end of the challenge test period indicates that the
developed formulations have a strong and stable preservative
system, enabling them to overcome potential microbial growth
problems. The ability to maintain this effectiveness until day 28 is an
important indicator of the product's long-term stability against
bacterial contamination during its shelf life.

In general, several factors influence the antimicrobial activity of EO-
NEs. First, the composition of active compounds: nutmeg oil is rich
in sabinene, myristicin, and elemicin, which possess antibacterial
properties, while ginger grass oil contains geraniol, citronellol, and
borneol, known for their antibacterial and antifungal activities.
Second, the nanoemulsion formulation: nanosized particles (<200
nm) increase the surface contact area with microorganisms and
improve the solubility of hydrophobic compounds in aqueous media.
Third, synergistic mechanisms among active compounds: the
combination of both essential oils produces stronger effects
compared to their individual use. Fourth, the structural
characteristics of the target microorganisms: Gram-positive bacteria
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are generally more susceptible than Gram-negative bacteria due to
the latter’s more complex cell wall, while fungi such as Candida
albicans are highly sensitive to lipophilic compounds that disrupt
ergosterol biosynthesis [56].

CONCLUSION

The successful optimization of Nutmeg and Gingergrass Essential Oil
Nanoemulsions (EO-NEs) using the Simplex Lattice Design (SLD)
method demonstrated a significant improvement in the stability and
effectiveness of the active compounds. Optimization of the
formulation with varying compositions of nutmeg and ginger grass
resulted in an optimal particle size (161.10+22.36 nm), which
enhanced the solubility, penetration, and bioavailability of the active
constituents. The nanoemulsion formulation also exhibited stable
viscosity, pH, and particle size distribution, meeting the required
standards for cosmetic applications. The SLD method proved
effective in determining the optimal combination of essential oils
and surfactant, yielding a nanoemulsion system with good stability
and a desirability value of 0.915, indicating strong potential for
contributing to the development of halal cosmetic products based on
essential oils. Stability testing under temperature cycling (4 °C and
40 °C) revealed only minimal changes in physical properties, with
the formulation remaining stable over time. Antimicrobial testing
further confirmed that EO-NEs displayed significant inhibitory
activity against Gram-positive bacteria, Gram-negative bacteria, and
fungi, with inhibition zones comparable to those of the positive
control, demonstrating enhanced antimicrobial effectiveness of the
essential oils. In addition, the formulation exhibited excellent
spreadability and optimal stability without any significant phase
separation.
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