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ABSTRACT

Boesenbergia rotunda (L.) extract is characterized by the presence of pinostrobin (PNS) as its major active
component. PNS expresses several pharmacological activities such as antioxidant, anti-inflammatory,
antiviral, anticancer, and anti-aromatase activities. Similar to other flavonoids, PNS has poor water solubility,
resulting in low bioavailability and limiting its clinical application. These physicochemical constraints pose
significant challenges for effective transdermal delivery, particularly in achieving sufficient drug penetration
across the stratum corneum. To address these limitations, the development of an effective drug delivery system
that can improve both the solubility and transdermal permeation of PNS is warranted. This study aimed to
develop an optimized microemulsion (ME) formulation for the transdermal delivery of B. rotunda extract,
focusing on PNS. Various oils, surfactants, and co-surfactants were screened, and different surfactant to co-
surfactant ratios were evaluated through pseudo-ternary phase diagrams and optimized using Design Expert
software. The developed ME was characterized for physical appearance, droplet size, polydispersity index
(PDI), zeta potential, pH, entrapment efficiency, in vitro release and ex vivo skin permeation. For the result,
the optimized formulation was with a fixed surfactant to co-surfactant ratio of 3:1. The optimized ME consisted
of 63.34% Labrasol® and Transcutol®, 18.33% limonene, and 18.33% water, which the mean droplet size, PDI,
zeta potential and entrapment efficiency were discovered as 156.0+0.80 nm, 0.21+0.02, 0.05+0.03 mV, and
99.79%, respectively. In vitro drug release studies demonstrated that the ME exhibited a higher release rate
than the oil solution but a lower release rate than the extract in ethanol solution over a 24-hour period. Ex vivo
skin permeation studies revealed that the optimized ME demonstrated significantly higher skin permeation
than the control formulations. In conclusion, these findings suggest that the developed ME is a promising
carrier system for enhancing the transdermal delivery of PNS.
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1. INTRODUCTION

Boesenbergia rotunda (L.) Mansf. (B. rotunda),
a member of the Zingiberaceae family and commonly
referred to as fingerroot or “krachai” in Thai, is a well-
known medicinal and culinary herb predominantly found
in tropical regions of China, South Asia, and Southeast
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Asia . The rhizome of B. rotunda is used as a food
ingredient in Thai cuisine and many countries. It has
been utilized as a traditional medicine to treat various
diseases, including gastrointestinal disorders, peptic
ulcers, flatulence, dyspepsia, rheumatism, muscle pain,
and fever reduction 2. B. rotunda extract is rich in several
bioactive compounds such as flavonoids, esters, terpenes,
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terpenoids, and chalcone derivatives 2. Pinostrobin (PNS)
or 5-hydroxy-7-methoxyflavanone is a naturally
occurring flavonoid primarily extracted from the
rhizomes of B. rotunda *. PNS has gained attention due
to its diverse pharmacological activities, which include
antioxidant >¢, anti-inflammation ©, anti-peptic ulcer ’,
anti-cancer, anti-microbial ®, anti-viral 8°, and anti-
obesity effects °. Furthermore, PNS has demonstrated
potential in against-osteoporosis !, reducing estrogen-
induced cell proliferation 2, neuroprotective effect 2,
and anti-aromatase activities 4. However, the
feasibility of PNS in pharmacological application is
limited, due to its poor water solubility and sensitivity
to environmental factors, including high temperatures,
light exposure, pH fluctuations, and enzymatic
degradation °. These limitations may decrease the
effectiveness and bioavailability of the bioactive
compound.

Transdermal drug delivery systems (TDDS)
offer an attractive alternative route for PNS
administration. Compared with oral administration,
TDDS can bypass gastrointestinal degradation and first-
pass hepatic metabolism, thereby improving
bioavailability and therapeutic effectiveness®®. In
addition, TDDS show several advantages over parenteral
administration, including painless, noninvasiveness, and
improve patient compliance ’. Importantly, TDDS can
provide controlled and sustained release, leading to
maintain steady plasma level and potentially minimizing
systemic side effects '® 19, Nevertheless, the stratum
corneum, which constitutes the outermost layer of the
skin, acts as a significant barrier that restricts the
penetration of many compounds, including PNS 2. To
overcome the obstacles, the development of novel
transdermal delivery strategies is being explored to
enhance the solubility and skin permeation of poorly
soluble bioactive, such as PNS.

In recent years, ME systems have emerged as
an advanced drug delivery platform. ME are
thermodynamically stable systems consisting of oil,
water, surfactant, and frequently co-surfactant, which
self-assemble into nano-sized droplets typically
ranging from 10 to 200 nm . ME have emerged as a
potential approach for poorly water-soluble drugs
delivery.  ME  significantly  enhances  drug
solubilization by forming nano-sized droplets that
provide a substantially increased surface area, thereby
promoting improved absorption and bioavailability 2.
Pseudo-ternary phase diagrams are commonly
employed to identify the ME region where a stable ME
forms, based on the proportions of oil, surfactant and
co-surfactant mixture, and water 2.  While
formulations are often not specially chosen from
within the region, employing experimental design
models enables a systematic determination of the most
optimal ME composition.
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The aim of the present study was to optimize
the formulation of B. rotunda extract-loaded ME,
focusing on PNS by an experimental design model.
Initially, the solubility of the extract, particularly PNS,
was assessed in various oils, surfactants, and co-
surfactants to determine the optimal components for
ME formation. Pseudo-ternary phase diagrams were
constructed to obtain the ME regions, and a simplex
lattice statistical design was employed to identify the
most effective formulation parameters. The optimized
ME was characterized in terms of droplet size,
polydispersity index (PDI), zeta potential, and
entrapment efficiency. Moreover, in vitro release
profile and ex vivo skin permeation properties of PNS
were investigated.

2. MATERIALS AND METHODS
2.1. Materials

The ethanolic extract of B. rotunda (L.) Mansf.
was obtained from the Faculty of Pharmaceutical
Sciences, Ubon Ratchathani University, Thailand 2.
Quantitative analysis by HPLC revealed a PNS content
of 452 mg/g of the crude extract. PNS standard and d-
limonene were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). Caprylocaproyl Polyoxyl-8
glycerides (Labrasol®) was kindly gifted by Gattefossé
Co. (Paramus, NJ, USA). Ethoxydiglycol (Transcutol®
CG) was purchased from Chanjao Longevity Co., Ltd.
(Bangkok, Thailand). Acetonitrile was from Fisher
Scientific (Seoul, Korea). Ortho-phosphoric acid,
absolute ethanol (99.9%) and methanol were acquired
from Merck & Co. (Darmstadt, Germany). All other
chemicals and solvents were of analytical reagent grade.

2.2. Solubility study

The solubility of PNS, derived from B. rotunda
extract in various oils, surfactants and co-surfactants was
evaluated as summarized in Table 1. An excess amount
of the extract was added to 1 mL of each solvent, and the
mixtures were shaken at 25 °C 150 rpm for 72 h. The
saturated samples were centrifuged at 14,000 rpm for 20
min. The supernatant was collected, and the solubility of
PNS was determined by high-performance liquid
chromatography (HPLC). The solvents, including oil,
surfactant, and co-surfactant, that provide the maximum
solubility of PNS were selected for further studies.

To determine the solubility of PNS in the
optimized ME, an excess amount of B. rotunda extract
was added to the 1 mL of the optimized ME formulation.
The mixture was shaken at 25 °C 150 rpm for 72 h,
followed by centrifugation at 14,000 rpm for 20 min.
The supernatant was then analyzed for PNS content
using HPLC.
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Table 1. Types of oils, surfactants, and co-surfactants used in the study
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Oils Surfactants Co-surfactants
Oleic acid Tween® 20 Ethanol
D-limonene Tween® 80 PEG400
Eugenol Brij® 010 Propylene glycol
Winter green oil Brij® 93 Transcutol®
Peppermint oil Labrasol®

Rice bran oil
Coconut oil
Almond oil
Olive il
Medium chain triglycerides (MCT)
Labrafac® PG

Labrafil® M 144 CS
Cremophor RH40

2.3. HPLC condition

The HPLC analytical conditions used in this
study were adapted from previously published methods
for the quantification of B. rotunda extract 24?5, The
HPLC system consisted of a pump (Thermo
Scientific™  Dionex™  UltiMate 3000 System,
Germering, Germany), VertiSep™ GES C18 column
(4.6 x 250 mm, 5 um; Vertical Chromatography Co.,
Ltd., Bangkok, Thailand) and a UV detector set at 285
nm. The mobile phase consists of a gradient system of
acetonitrile and phosphoric acid (0.1% v/v), starting
with 20% acetonitrile and reaching 80% in the final
phase. The flow rate was maintained at 1.5 mL/min,
with a total run time of 60 minutes. Under these
conditions, the retention time of PNS was
approximately 44 minutes.

2.4. Construction of the pseudo-ternary phase
diagrams

Pseudo-ternary phase diagrams were fabricated
using the aqueous titration technique to determine the
ME formation region. The system consisted of three
major components: oil phase, aqueous phase (distilled
water), and emulsifier phase. The emulsifier phase was
prepared by mixing surfactant (S) and co-surfactant
(CoS) at different weight ratios (3:1, 2:1, 1:1, and 1:2).
Each S/CoS mixture was combined with the oil phase at
varying weight ratios (1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3,
8:2, and 9:1) in glass vials at room temperature.

Subsequently, distilled water was gradually
added to each mixture using a burette under continuous
stirring with a magnetic stirrer. The titration process was
carried on until turbidity appeared, indicating phase
separation. The visual appearance of each mixture was
recorded throughout the titration process to determine the
formation of either a transparent ME or a turbid non-ME.

The percentage of each component in the
ternary phase system was calculated, and the phases
were plotted to generate a ternary phase diagram

distinguishing ME zones (clear) from non-ME zones
(cloudy), using CHEMIX School software (version
12.2). The resulting diagram delineated the ME region
from the non-ME region. The identified ME region
served as a guide for selecting the appropriate
component ratios for further experimental design and
formulation optimization.

2.5. Experimental design and optimization of
microemulsion formulations

To optimize the ME formulation, a mixture
design approach was employed using Design-Expert®
software version 13.0.5 (Stat-Ease Inc., Minneapolis,
MN, USA). The experimental design followed a simplex
lattice model, which is appropriate for formulations
composed of multiple components that sum to a fixed
total.

Three independent variables, representing the
major components of the ME system, were selected: oil
phase (X:), emulsifier phase (Xz), and aqueous phase (Xs).
The component limits were established according to the
ME region determined from the pseudo-ternary phase
diagrams. The defined constraints were as follows:

10 <.X; < 30% 1)
60% < X> < 80% @)
10 < X5 < 30% 3)
X+ Xo + X5 = 100% ()

The simplex lattice design was generated under
these constraints, yielding a total of 10 randomized
experimental runs. Each formulation was prepared
according to the predicted component ratios and
evaluated for the following response variables: PDI (Y3),
droplet size (Y2), and zeta potential (Y3). These
responses were selected as critical quality attributes
(CQAs) for the characterization and performance
assessment of the ME system.

The concentrations of the three formulation
components were simultaneously varied using computer
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design, while maintaining the total composition at a
constant 100%. A total of 10 ME formulations were
generated by Design-Expert® software (version 13.0.5)
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to investigate the relationship between the independent
variables (input factors) and the measured responses
(output factors), as summarized in Table 2.

Table 2. Experimental batches of B. rotunda extract-loaded MEs and output factors using D-optimal design

Input Factor

Input Factor 1 Input Factor 2 Output Output Output Factor 3
Run X1: Oil Xa: S/CoS Xa: Water Factor 1 Fagtor 2 YS:_Zeta
(% wiw) (% wiw) (% wiw) Ya: PDI Y2: Size (nm) potential (mV)
1 10.00 60.00 30.00 0.228 1435 +0.0336
2 10.00 70.00 20.00 0.330 366.7 +0.0216
3 20.00 60.00 20.00 0.183 107.7 +0.0645
4 13.33 63.33 23.33 0.237 163.3 +0.0532
5 20.00 70.00 10.00 0.287 173.7 +0.0468
6 16.67 66.67 16.67 0.330 182.3 +0.0312
7 30.00 60.00 10.00 0.184 134.2 +0.0244
8 10.00 80.00 10.00 0.816 924.3 -0.0171
9 23.33 63.33 13.33 0.213 119.4 +0.0683
10 13.33 73.33 13.33 0.778 861.7 -0.0529

2.6. Formulation of B. rotunda-loaded microemulsions

A 5% w/w solution of B. rotunda extract
dissolved in d-limonene was prepared using a vortex
mixer. Based on the ratios suggested by the
experimental design, predetermined amounts of the
S/CoS mixture (Labrasol® and Transcutol®) and water
were added to the mixture. The formulations were
stirred for 10 minutes to achieve homogeneous mixing.
Only clear and homogeneous formulations, without any
precipitated crude extract, were collected and
characterized.

2.7. Characterization of microemulsions
2.7.1- Droplet size, PDI, and zeta potential measurement

The droplet size, PDI, and zeta potential of the
ME formulations were determined using photon
correlation spectroscopy (PCS) with a Zetasizer Nano
Series analyzer (Malvern Instruments, Malvern, UK).
Measurements were carried out at 25 °C with a fixed
scattering angle of 90°. Al measurements were
performed in triplicate.

2.7.2 pH value

The pH of each ME formulation was measured
at room temperature using a digital pH meter (Mettler
Toledo, SevenCompact™ S220, Switzerland). The
measurements were conducted in triplicate.

2.7.3 Entrapment efficiency determination

The percent entrapment efficiency (%EE) of
PNS in the ME was determined following previously

reported protocols 26228, The entrapment of PNS from B.
rotunda extract-loaded ME was diluted with a known
volume of absolute ethanol. The extraction of PNS from
the ME was centrifuged at 10,000 rpm at 25 °C for 10
min. The supernatant was filtered through a 0.45 pum
nylon membrane filter, and the filtrate was analyzed
using HPLC. The PNS concentration in the supernatant
was assumed to represent the concentration of the
encapsulated drug (C) %. The entrapment efficiency was
then calculated according to the following equation:

% EE = (C/C)) x 100

Where C is the concentration of PNS in the
formulation, and Ciis the initial concentration of PNS.

2.8. Invitro release study

The in vitro release profile of PNS from the ME
formulation was investigated by the dialysis bag
method. Two milliliters of the B. rotunda extract-loaded
ME formulation was placed into a tightly sealed dialysis
membrane (molecular weight cut-off: 6-8 kDa;
Spectrum™  Spectra/Por™, Spectrum Laboratories,
Inc., CA, USA). The dialysis bag was immersed in 60
mL of a release medium composed of phosphate-
buffered saline (PBS, pH 7.4) with polysorbate 20 (5
g/L) and ethanol in a 1:1 (v/v) ratio with continuous
stirring. At predetermined time intervals of 1, 2, 4, 6, 8,
12, and 24 h, 1.0 mL of the release medium was
withdrawn and immediately replaced with an equal
volume of fresh medium. The collected samples were
filtered through a 0.45 pm nylon membrane filter and
analyzed for PNS content using HPLC. The cumulative
drug release at each time interval was calculated and
plotted to construct the release profile.
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2.9. Ex vivo skin permeation study

Abdominal porcine skin was obtained from an
intrapartum stillborn piglet sourced from a local farm
in Ubon Ratchathani Province, Thailand, with ethical
approval for collection granted by the Investigational
Review Board (27/2568/1ACUC, Animal
Experimentation Ethics Committee, Ubon Ratchathani
University, Ubon Ratchathani, Thailand). The
subcutaneous fat was carefully removed using surgical
scissors, yielding skin with a thickness of
approximately 600-700 um. The skin samples were
stored at —20 °C until further use.

Ex vivo skin permeation studies were conducted
using vertical Franz-type diffusion cells. The receptor
compartment was filled with 6 mL of PBS (pH 7.4)
containing polysorbate 20 (5 g/L) and ethanol in a 1:1
ratio. The receptor medium was continuously stirred with
a magnetic stirrer and maintained at 32 + 0.5 °C. Each
piece of skin was mounted between the donor and
receptor compartments. Two milliliters of the test
formulation were applied to the skin surface. After 24 h
of the skin permeation, the receiver medium was
collected for HPLC analysis. For the skin deposition
study, the surface of the skin was gently rinsed, sectioned
into small fragments, and subjected to extraction in
ethanol using an ultrasonic bath for 30 min. The amounts
of PNS that permeated through and remained deposited
in the skin were quantified in triplicate using HPLC.

2.10 Statistical analysis

All data were represented as mean values +
standard deviation (S.D). Statistical analysis of
differences among the tested formulations was performed
using one-way ANOVA followed by Tukey’s post hoc
test, utilizing SPSS Statistics software version 22.0 (IBM
Corp., Armonk, NY, USA). A p-value of less than 0.05
(p < 0.05) was considered statistically significant.
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3. RESULTS AND DISCUSSION
3.1 Pinostrobin solubility study

The solubility of PNS was investigated in various
types of oils, surfactants, and co-surfactants to identify the
most appropriate components for the ME formulation. The
solubility data are presented in Table 3. Among the oils, d-
limonene exhibited the highest solubility of PNS at
149.99 £4.90 mg/mL and was selected as the oil phase.
For the surfactant and co-surfactant screening, Labrasol®
(138.79+2.92 mg/mL) and Transcutol® (197.31+2.73
mg/mL) demonstrated the highest solubility of PNS,
respectively. Consequently, Labrasol® and Transcutol®
were selected as the surfactant and co-surfactant,
respectively, for the construction of the pseudo-ternary
phase diagrams.

3.2 Pseudo-ternary phase diagrams

Pseudo-ternary phase diagrams were generated to
identify the ME regions formed using d-limonene as the
oil phase, Labrasol® as the surfactant, and Transcutol® as
the co-surfactant at various surfactant/co-surfactant
(S/CoS) weight ratios. The ratios studied included 3:1, 2:1,
1:1and 1:2, with distilled water as the aqueous phase. The
ME regions are represented in gray area in Figure 1.

The area of the ME region varied significantly
depending on the S/CoS ratio. The combination of the
S/CoS at a 3:1 ratio presented the largest ME region as
shown in Figure la. At a 2:1 ratio of the S/CoS, the ME
region was still considerable but smaller than the 3:1 ratio
of S/CoS system. This trend continued with the 1:1 (Figure
1c) and 1:2 ratios (Figure 1d), where the ME regions
became notably narrower. The presence of higher amounts
of Transcutol® may increase interfacial fluidity and can
disrupt the structural integrity of the interfacial film 303,
thereby reducing the emulsification efficiency and limiting
the formation of stable MEs.

Table 3. PNS solubility in different types of oils, surfactants, and co-surfactants

Oils Solubility (mg/mL) Surfactants Solubility (mg/mL)  Co-surfactants  Solubility (mg/mL)
Oleic acid 99.39 £1.33 Tween® 20 118.95 £ 3.72 Ethanol 122.52 £ 2.08
D-limonene 149.99 +4.90 Tween® 80 97.70 £ 3.50 PEG 400 99.37 £1.07
Eugenol 123.70 + 2.09 Brij® 010 86.33 + 3.66 Propylene glycol 64.18 + 1.64
Winter green oil 90.83+4 .51 Brij® 93 112.74 + 4.33 Transcutol® 19731 +2.73
Peppermint oil 126.11 +2.58 Labrasol® 138.79 £2.92
Rice bran oil 77.10+1.47 Labrafil® 106.85 + 2.80
Coconut oil 125.94 +2.90 Cremophor RH40 55.13+2.70
Almond oil 94.13+4.72
Olive oil 57.40£2.76
MCT 118.95+3.72
Labrafac® 137.45 + 3.49
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Figure 1. Pseudo-ternary phase diagrams of d-limonene, water, and various S/CoS (a) 3:1, (b) 2:1, (c) 1:1, and (d) 1:2. The ME regions are presented

by the gray shaded areas.

These findings highlight the crucial role of the
S/CoS balance in optimizing ME systems. While co-
surfactants assist in flexibility and interface formation,
a dominant surfactant ratio (3:1) appears to offer the
best compromise between interfacial tension reduction
and interfacial film stability. Accordingly, Labrasol® is
a non-ionic surfactant which is excellent in
emulsification efficiency. When used in higher
proportions, it enhances the solubility of poor water-
soluble compounds and produce a physically stable of
ME system 32 33, The pseudo-ternary phase diagrams
study confirmed that the system comprising d-limonene
(oil), Labrasol®: Transcutol® (3:1, S/CoS), and water
provided the widest ME region, suggesting the superior
potential for wuse in the development of ME
formulations. This system was selected for further
formulation optimization and evaluation.

3.3 Optimization of microemulsions

The formulation components of selected MEs
(with an S/CoS ratio of 3:1) were optimized using a D-

optimal mixture design. The levels selected for mixture
design were oil 10-30 %, S/CoS 60-80 %, and water 10-
30 %, creating a total of 10 experimental runs. The
results of output factors such as PDI (Y1), droplet size
(Y2), and zeta potential (Y3) are shown in Table 2.

In this study, the PDI of B. rotunda extract-
loaded ME ranged from 0.183 to 0.816. The lowest PDI
was observed at 20% oil, 60% S/CoS, and 20% water
(Run 3), indicating a more homogenous droplet size
distribution. Higher PDI values, such as in Run 10 (PDI
= 0.778), were associated with increased S/CoS
concentrations, possibly due to droplet coalescence or
system instability as presented in the contour and 3D
surface plots (Figure 2a, b). Correspondingly, droplet
sizes varied from 107.7 nm to 924.3 nm. Contour and
3D plots (Figure 2c, d) revealed that higher S/CoS
concentrations (X:) tend to increase droplet size. The
smallest droplet size was also shown in Run 3 (107.7
nm), indicating that balanced compositions can promote
nano-scaled droplets. Larger sizes observed at higher
S/CoS levels in Run 8 and 10, may be attributed to
excessive surfactant concentrations, which can increase
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Figure 2. 2D contour plot and 3D response surface area of (a,b) PDI,
formulations

the viscosity of the ME system and promote droplet
aggregation. Moreover, zeta potential ranged from
—0.0529 to +0.0683 mV, suggesting neutral surface
charge behavior consistent with the use of non-ionic
surfactants, Labrasol® and Transcutol®. The contour and
3D plots (Figure 2e, f) showed a tendency for higher oil
and water levels to increase the zeta potential toward
slightly positive values. In contrast, higher S/CoS
concentration decreased the zeta potential.

(c,d) size and (e,f) zeta potential of B. rotunda extract-loaded ME

To identify the optimal B. rotunda extract-loaded
ME formulation, Design-Expert® version 13.0.5 software
was employed to analyze the data using desirability-based
multi-response optimization criteria, as summarized in
Table 4. The optimal formulation comprised 18.33% oil
(d-limonene), 63.34% S/CoS (Labrasol®: Transcutol® at
3:1), and 18.33% water, with an overall desirability score
of 1.000, indicating an excellent match to the optimization
goals. In general, desirability values between 0.8 and 1.0
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are considered indicative of high-quality formulations,
supporting the suitability of the selected composition.

To validate the optimized formulation, the
predicted values were compared with the experimentally
observed values, and the differences were statistically

Pharm Sci Asia 2025; 52(4), 506-517

assessed using a t-test. As presented in Table 5, the
experimental results showed no significant difference
from the predicted values across all measured responses,
confirming the reliability and accuracy of the
optimization model.

Table 4. Criteria for optimized B. rotunda extract-loaded ME formulation

Factors Criteria Solutions Desirability
X1 Oil (%w/w) is in range 18.33 % 1.000
X2 S/ICoS (Yow/w) is in range 63.34 %
X3 Water (%ow/w) is in range 18.33 %
PDI Minimize 0.2533
Size (nm) Minimize 181.63
Zeta potential None

Table 5. Comparison between predicted and experimental values of response parameters for the optimized B. rotunda extract-loaded ME

formulation

Output Factors

Results - -
PDI Size (nm) Zeta potential (mV)
Predicted value 0.391 + 0.000 181.63 £ 0.00 +0.0828 + 0.00
Actual value 0.219 +£0.010 156.00 + 0.80 +0.0312 + 0.0186
t-test (p-value) 0.076 0.863 0.422

3.4 Characterization of microemulsions

The optimized B. rotunda extract-loaded ME
formulation was characterized to evaluate its
physicochemical properties, including droplet size, PDI,
zeta potential, pH, and entrapment efficiency, as
presented in Table 6.

The optimized ME formulation exhibited an
average droplet size of 156.0 £ 0.80 nm, indicating
nano-scaled droplet, which is favorable for transdermal
delivery. The reduced droplet size enhances surface area
and facilitates drug permeation across the skin barrier.

The PDI was found to be 0.219 + 0.010, reflecting a
narrow and uniform droplet size distribution. This
suggests good physical stability and homogeneity of
formulation. Additionally, the zeta potential was
+0.0312 + 0.0186 mV, indicating a near-neutral surface
charge. As expected from the use of non-ionic
surfactants (Labrasol® and Transcutol®). The measured
pH was 6.83 = 0.12. Importantly, the entrapment
efficiency was remarkably high at 99.79 £+ 0.60%,
demonstrating that this ME system is highly effective
for encapsulating and retaining PNS when incorporated
at 5% B. rotunda extract.

Table 6. Size, PDI, zeta potential, pH, and entrapment efficiency of optimized ME

Formulation Size (nm) PDI

Zeta potential (mV) pH %EE

Optimized ME 156.00 + 0.80

0.219+£0.010

0.0312 £ 0.0186 6.83+£0.12 99.79 £0.60

3.5 In vitro drug release study

The in vitro drug release profile of B. rotunda
extract-loaded ME was assessed by the dialysis bag
method over 24 h. For comparison, control formulations
containing the B. rotunda extract in ethanol and oil
solutions were also examined. The cumulative drug
release percentage at each time point is illustrated in
Figure 3.

The B. rotunda extract in ethanol solution
exhibited the highest cumulative drug release, reaching
14.33 + 0.44% at 24 h. In contrast, the B. rotunda extract

in oil solution showed minimal drug release, with only
about 2.11 + 0.38% cumulative release at 24 h. The slow-
release rate from the oil phase is due to the lipophilic
nature, which restricts drug diffusion across the
hydrophilic dialysis membrane. The ME formulation
demonstrated a moderate release profile, with cumulative
drug release peaking around 8.63 + 0.63 % at 24 h. The
result demonstrated that the ME system provided a more
controlled and sustained release of PNS than ethanol
solution, while significantly faster release than the oil
solution (p-value < 0.05). The controlled released
observed from the ME formulation can be explained by
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Figure 3. In vitro release profiles of PNS from ME (@), ethanol (A) and oil (@) at 24 h. Data are presented as the mean + S.D. (n=3). * mentioned

a significant difference relative to the oil formulation (p-value < 0.05).

the structural characteristics of ME. The interfacial film is
formed by the surfactant and co-surfactant, which not only
stabilizes the droplets but also acts as a diffusion barrier 3.
PNS molecules located near the interfacial region were
released rapidly, giving rise to an initial burst, whereas the
molecules that were entrapped within the droplet core
diffused more slowly across the interfacial layer, resulting
in a sustained release pattern of PNS .

3.6 Ex vivo skin permeation and deposition study
An ex vivo skin permeation study was performed

to compare the transdermal delivery performance of
B. rotunda extract from the formulations. The optimized

ME formulation exhibited higher PNS permeated
through and deposited in the skin than oil formulation
(Figure 4). Although the ethanol formulation exhibited
the highest release of PNS (Figure 3) and enhanced skin
permeation and deposition (data not shown) by acting as
a skin penetration enhancer, its application may be
limited due to the potential risk of skin irritation and
contact dermatitis commonly associated with ethanol .
The B. rotunda extract dissolved in the oil formulation
exhibited the lowest ability to deliver PNS into and
through the skin, suggesting that the lipophilic nature of
the oil limited PNS release and skin permeation. The
absence of a permeation-enhancing effect, combined
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Figure 4. Skin permeation and deposition of PNS from the oil and ME formulation at 24 h. Data are presented as the mean + S.D. (n=3).
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with poor partitioning into the medium, likely explains
the limited delivery observed with the oil formulation®’.
The optimized ME formulation improved the skin
permeability of PNS by facilitating its passage through
the stratum corneum, thereby enhancing transdermal
delivery.

These MEs contain optimized oil (D-limonene),
surfactant (Labrasol®)/co-surfactant (Transcutol®) and
water, along with the small droplet size, acting as
permeation enhancers and potentially enhancing the
skin permeation and deposition 3. D-limonene acts as a
skin penetration enhancer, and its incorporation into
nanovesicles has been reported to modify the lipid chain
conformation in the stratum corneum and increase lipid
lamellae fluidity, thereby improving skin permeability
% As a non-ionic surfactant, Labrasol® facilitates skin
permeation by enhancing the fluidity of the stratum
corneum %, Transcutol®, used as the co-surfactant, is
also widely recognized for its ability to enhance drug
solubility, improve transdermal absorption, and
promote drug retention within the skin layers *. The
nanoscale droplet size of the ME further facilitates their
transport across the skin barrier “°. Therefore, these
characteristics suggest that the optimized ME system
has the potential to serve as an effective carrier for
enhancing the solubility and transdermal delivery of
poorly water-soluble compounds, such as PNS.

4. CONCLUSIONS

In this study, the ME system incorporating B.
rotunda extract was successfully developed and
optimized for transdermal delivery using an experimental
design model. The optimized formulation, composed of
d-limonene, Labrasol®, and Transcutol®, exhibited
desirable physicochemical characteristics, including
small droplet size, low PDI, high entrapment efficiency,
and pH suitable for skin application. In vitro drug release
and ex vivo permeation studies demonstrated that the ME
formulation significantly enhanced PNS release and skin
permeation compared to ethanol and oil formulations.
These findings highlight the potential of ME systems as
an effective carrier for improving solubility,
permeability, and improve therapeutic efficacy of poorly
water-soluble compounds, PNS.
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