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ABSTRACT

The combination of ethyl acetate fraction of Begonia medicinalis and ethanol fraction of Moringa oleifera was developed into self-
nanoemulsifying drug delivery system (SNEDDS) to increase the solubility of combined fraction. This study aims to determine the
optimal concentrations of virgin coconut oil (VCO), Tween 80, and propylene glycol using the D-optimal mixture design (DMD)
method on Design-Expert software and phytochemical contents and anticancer activity by the in vitro MTT method. De-
termination of the optimal formula was determined by using ANOVA statistical analysis between components of material and the
response. The optimal formula was then chosen based on the desirability value close to 1. Formula optimization has resulted in
nine formulas. The optimum formula was found at Formula 5 (13% VCO, 60% Tween 80, and 22% propylene glycol). The
characteristic results showed that the optimum formula had a particle size of 17.3 £ 0.51 nm, a polydispersity index (PDI) of
0.17 £ 0.02, an emulsification time of 25+ 1.00s, and a transmittance percentage of 85.11% =+ 0.39%. Total phenolics, total fla-
vonoids, and total saponins were found to be 54.90 + 0.77 mg GAE/g, 43.85+2.18 mg QE/g, and 271.27 £ 7.10 mg EE/g, re-
spectively. The optimized formula was able to inhibit the proliferation of HeLa and T47D cancer cells with ICs, of 21.8 pg/mL and
117.3 pg/mL, respectively. Therefore, the study showed that the DMD effectively described and predicted an optimum SNEDDS
formula for the combined fractions.

1 | Introduction

Begonia medicinalis and Moringa oleifera are commonly used as
medicinal plants to treat several diseases in Central Sulawesi,
Indonesia. In silico studies have reported that alkaloid com-
pounds, flavonoid glycosides, steroid glycosides, and triterpenoid
glycosides in B. medicinalis have potential anticancer activity [1].
The methanol extract has demonstrated anticancer activity
against breast cancer cells (T47D) and cervical cancer cells
(HeLa) [2]. Several glycosides which were isolated from ethyl
acetate fraction have shown potential cytotoxic activity against
HCT-116 and MCF-7 cancer cells through an apoptosis induction

mechanism [3]. Studies have also reported that its ethyl acetate
fraction acts as an immunostimulant, providing the highest
stimulation to lymphocyte cells [4]. Additionally, it has dem-
onstrated potential antioxidant and antiviral activity, with a half-
maximal inhibitory concentration (ICsg) of 8.26 pg/mL [5].

Meanwhile, M. oleifera has been reported to possess diverse
pharmacological activities, including anticancer, antimicrobial,
antidiabetic, antifertility, antiasthmatic, anti-inflammatory, an-
tihypertensive, and antioxidant activities, which are attributed to
its high phenolic and flavonoid content [6-11]. The ethanol
fraction contains the most effective antioxidant compounds due
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to the higher dissolution efficiency of flavonoid compounds,
making them more soluble in ethanol [12]. Our previous study
showed that the combination of B. medicinalis and M. oleifera
ethanol extract at a dose of 100:100 mg/kg body weight exhibited
immunomodulatory activity by increasing the macrophage
phagocytic  activity and TNF-a and IFN-y cytokine
inductions [13].

Drug delivery systems play a crucial role in the discovery of
pharmaceutical therapies. Studies have shown that nanometer-
sized formulations are able to enhance the dissolution and oral
bioavailability of several active compounds [14]. The absorption
of active ingredients increases due to the improved solubility and
larger surface area of the particles. Particle sizes in the range of
10-20 nm may inhibit the spread of cancer [15].

The development of pharmaceutical preparations in the form of
a self-nanoemulsifying drug delivery system (SNEDDS) has great
potential for formulations that contain hydrophobic ingredients.
SNEDDS is an isotropic mixture of oil, surfactant, and co-
surfactant that forms a nanoemulsion spontaneously when
mixed with water through gentle agitation in the digestive tract
[16]. Upon mixing with water, SNEDDS typically forms
a nanoemulsion system with a globule size of less than 100 nm.
Several studies on SNEDDS formulations have demonstrated the
increased absorption and permeation of active substances by
forming nanometer-sized particles [17].

To ensure a rational formulation strategy, the selection of SNEDDS
components in this study was based on their physicochemical
properties and compatibility with phytoconstituents. The combi-
nation of virgin coconut oil (VCO), Tween 80, and propylene glycol
exhibited synergistic effects that facilitated efficient self-
nanoemulsification formulation. VCO, a medium-chain trigly-
ceride-rich oil, provides superior solubilization of phytocon-
stituents relative to many vegetable oils and has been widely used
in SNEDDS formulations for herbal extracts. Tween 80 effectively
reduced interfacial tension and promoted spontaneous O/W
nanoemulsion formation, consistent with prior reports demon-
strating its utility as a primary surfactant in SNEDDS. Propylene
glycol contributes to cosolvency and enhances the flexibility of the
interfacial film, enabling more uniform nanoemulsion formation.
These properties have been repeatedly validated in high-impact
SNEDDS studies involving natural products such as curcumin,
silymarin, quercetin, and naringenin [18-20].

The optimization of nanoemulsions is necessary to determine the
best formula with the desired product characteristics under
specific processes and conditions. Moreover, numerous possible
formula combinations require significant time and experimental
effort to identify the most appropriate formulation approach.
Therefore, it is essential to develop screening tools that enable
successful formulation determination within a short time and
with manageable experimental effort [21]. For this purpose, the
use of data processing software offers a practical solution.
Design-Expert software has been widely reported for its appli-
cations in drug delivery systems, such as slow-release tablets and
systems involving liposomes, ethosomes, and nanoparticles.
Furthermore, the use of a D-optimal mixture design (DMD)
allows efficient exploration of the formulation space under
constrained conditions, where the sum of component pro-
portions must equal 100%. This approach provides a systematic
and statistically robust method to identify the optimal

combination of components while minimizing experimental
runs [22, 23].

Despite the growing interest in nano-based delivery systems for
herbal medicines, research focusing on the combined formula-
tion of fractions from B. medicinalis and M. oleifera in a SNEDDS
system has not been conducted. Previous studies have developed
SNEDDS preparations combining ethanol extracts of both plants,
and the optimized formulation showed good characterization
and possessed anticancer and immunomodulatory properties
[24-26].

Therefore, the novelty of this study lies in the development of
a combined SNEDDS formulation of two plant bioactive frac-
tions, the application of DMD to efficiently optimize formulation
variables, and the evaluation of anticancer activity of the opti-
mized nanoformulation, providing insight into the relationship
between formulation characteristics and biological performance.

2 | Materials and Methods

2.1 | Materials

Begonia medicinalis was obtained from Toddopuli, Soyo Jaya
District, North Morowali, and Moringa oleifera was obtained
from Sibedi Village, Sigi Regency, Central Sulawesi, Indonesia.
Plant identification was carried out at the UPT. Sumber Daya
Hayati, Tadulako University (voucher no. 253/UN.28.UPT-
SDHS/LK/2024). HeLa (cervical adenocarcinoma; RRID:
CVCL_0030) and T47D (breast ductal carcinoma; RRID:
CVCL_0553) cell lines were obtained from a culture collection of
the Laboratory of Parasitology, Gadjah Mada University,
Yogyakarta. Distilled water, 70% ethanol, VCO, Tween 80,
propylene glycol, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were acquired from Sigma.

2.2 | Extraction and Fractionation

B. medicinalis (leaves and stems) and M. oleifera (leaves) were
extracted by maceration using 70% ethanol for 3-5days. The
collected filtrate was then evaporated by rotary evaporator until
obtained the viscous extract. Ethyl acetate fraction of
B. medicinalis was obtained by successive liquid-liquid extrac-
tion of ethanol extract using different solvents of n-hexane to
ethyl acetate following the method in our previous research [27].
Meanwhile, ethanol fraction of M. oleifera was obtained by
successive liquid-liquid extraction of ethanol extract using dif-
ferent solvents of n-hexane, dichloromethane, ethyl acetate,
acetone, and ethanol following the previous research
method [12].

2.3 | SNEDDS Preparation

The DMD method on Design-Expert was used to determine the
concentration of oil, surfactant, and cosurfactant used in the
formulation (Tables 1 and 2). Each fraction weighed 1:1 and was
dissolved in ethanol. After that, the solution was mixed with
VCO and stirred using a magnetic stirrer for 15 min (Mixture A).
Next, propylene glycol was added to Mixture A while stirring
with a magnetic stirrer for 15 min (Mixture B). Then, Tween 80
was added to Mixture B while stirring with a magnetic stirrer for
15min until the mixture becomes homogeneous. Then it was
sonicated for 30 min.
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TABLE 1 | Component values used in DMD.
Component Minimum (%) Maximum (%)
VCO 12 22
Tween 80 60 70
Propylene glycol 12 22

2.4 | Particle Size and Polydispersity Index (PDI)

The size of the sample droplets was measured using a dynamic
light scattering particle size analyzer (Malvern Instruments Ltd)
at a wavelength of 633 nm and 25°C with a scattering angle of 90°
[28]. The PDI is a measure of droplet size homogeneity and varies
from 0.0 to 1.0. The higher the polydispersity, the lower the
uniformity of droplet size in the formulation. The closer the
polydispersity value is to zero, the more homogeneous the
droplets are [29].

2.5 | Percentage of Transmittance

The SNEDDS formula was taken in an amount of 40 pL, then
dissolved in 10 mL of distilled water, stirred until homogeneous,
and read for transmittance using a UV-Vis spectrophotometer at
A 650 nm [30].

2.6 | Emulsification Time

Self-emulsification efficiency is assessed by using dissolution
apparatus. About 1.0 mL sample was dissolved in 500 mL of
aquadest at 37°C + 0.5°C. Low stirring was performed by rotating
the paddle at 60 rpm, and samples were assessed visually based
on the emulsion rate of emulsification and final appearance [31].

2.7 | In Vitro Anticancer Activity

About 10 mg of optimized formula (F5) was weighed and dis-
solved in 100 pL DMSO. After that, dilution was carried out using
culture medium to make test solutions with several concentra-
tions of 12.5, 25, 50, 100, and 200 pg/mL. Both cells (HeLa and
T47D) with a concentration of 1 x 10* cells/uL were distributed
into wells (96-well plates) as much as 100 pL in each well and
incubated for 24 h in a 5% CO, incubator. After incubation, the
remaining media in the plate were removed and 100 pL of the test
extract solution was added to each well. Next, it was incubated
again in a 5% CO, incubator for 24 h. As a positive control, only

culture medium containing cancer cells was used without the
addition of the test solution. As an anticancer comparison
standard, doxorubicin was used with a concentration series of
100, 50, 25, 12.5, and 6.25 pg/mL. At the end of incubation, the
culture medium was removed from the wells. In each well,
100 pL of culture medium and 10 pL of MTT solution (5 mg/mL)
were added. Cells were incubated again for 4h in a 5% CO,
incubator. Living cells will react with MTT to form formazan
crystals (dark purple blue color). The MTT reaction was stopped
with 100 pL of SDS solution (10% in 0.01 N HCI), then the plate
was shaken on a shaker for 10 min, and then incubated at room
temperature in the dark overnight. Next, the absorbance of each
well was read with an ELISA reader at a wavelength of 595 nm.
ICs, was calculated by plotting the percentage of cell death and
concentration using linear regression equation [32]. The per-
centage of cell death was calculated as follows:

Abs(cellscontrol ) — Abs(treated cells)
Abs(cellscontrol)

% Celldeath = X 100 %.

@

2.8 | Determination of Total Phenolics

About 1 mL of the optimized formula (F5) was taken, and 0.4 mL
of Folin-Ciocalteu reagent was added. Then, shake until ho-
mogeneous and allow to stand for 4-8 min. After that, 4 mL of 7%
Na,COj; solution was added and shaken until homogeneous, and
aquabidest was added until the volume of 10 mL. After that, it
was left for 2 h at room temperature. Next, the absorbance of each
sample was measured. The experiment was performed in
triplicate [33].

2.9 | Determination of Total Flavonoids

The optimized formula (F5) was taken as much as 1 mL and then
mixed with 0.2 mL 10% AICl;, 0.2 mL 1 M potassium acetate, and
5.6 mL aquabidest. The mixture was incubated for 30 min at
room temperature. After that, the absorbance of sample was
measured using a UV-Vis spectrophotometer. The experiment
was performed in triplicate [33].

2.10 | Determination of Total Saponins

About 25puL of the optimized formula (F5) was taken (also
pipetted ethanol as a blank) and mixed with 250 pL vanillin (8 g/

TABLE 2 | Summary of SNEDDS optimization formula and respond from D-optimal mixture design.
Component Respond
Formula Tween 80 Particle size Emulsification time
VCO (%) (%) PG (%) (nm) (s) Transmittance (%)

1 12 70 13 13.83 32 91.83
2 12 65.5 17.5 14.36 29 92.25
3 22 61 12 16.86 33 24.49
4 18.83 62.33 13.83 16.56 41 67.29
5 13 60 22 17.30 25 85.11
6 14.33 61.83 18.83 16.53 36 86.69
7 17.5 60 17.5 15.56 34 90.99
8 17.5 65.5 12 19.53 38 91.20
9 13.83 66.83 14.33 20.23 37 91.20
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100 mL ethanol). Then, 2.5 mL of sulfuric acid (72%) was added.
After that, the mixture was heated at 60°C for 15 min and left
with cold water for 5 min. Then, the absorbance of sample was
measured using a UV-Vis spectrophotometer. The experiment
was performed in triplicate [33].

2.11 | Data Analysis

All experiments were conducted in triplicate, and the results are
expressed as mean + standard deviation. Statistical analysis of
the SNEDDS formulation was performed using Design-Expert
software. The appropriate mixture model (linear, quadratic, or
special cubic) was selected based on sequential model sum of
squares, lack-of-fit tests, and model significance (p < 0.05).
Analysis of variance (ANOVA) was used to evaluate the sig-
nificance of the model, individual components, and their in-
teractions. Model adequacy was assessed using F values, p values,
lack-of-fit tests, and adequate precision.

The cytotoxic activity and data visualizations were performed
within the R software. The ICs, value was determined based on
the drc (dose-response curve) package. Standard base R statis-
tical functions were utilized to calculate linear regression
equations (y = bx + a). Finally, all high-resolution dose-response
plots and regression curves were generated using the ggplot2
package.

3 | Results and Discussion

3.1 | SNEDDS Optimization and Characterization

The formulation design in this study was guided by the balance
between oil, surfactant, and cosurfactant to achieve optimal
nanoemulsion characteristics [34, 35]. The selection of compo-
nent ratios plays a crucial role in determining the efficiency of
self-emulsification, droplet size, and overall system stability. A
higher surfactant concentration reduces interfacial tension and
facilitates the formation of smaller droplets, while the co-
surfactant enhances interfacial flexibility and prevents phase
separation [34].

The DMD enabled systematic evaluation of these interactions
and their effects on key responses. This approach not only re-
duces the number of experimental runs but also provides
a predictive model that can describe the relationship between
formulation variables and SNEDDS performance. D-optimal
design was selected due to its flexibility in handling con-
strained mixture systems and reducing experimental runs
compared to central composite design (CCD) and Box-Behnken
design (BBD), which are less suitable for mixture formulations
where component proportions must sum to 100% [22, 23].

The concentration ranges used in the DMD of each component
were derived from experimentally determined boundaries rather
than arbitrary selection. Solubility and miscibility screening
allowed the identification of a functional self-nanoemulsifying
region capable of producing clear and physically stable nano-
emulsions. The requirement for high surfactant content (60%-
70% Tween 80) in this study is consistent with reports indicating
that high-hydrophilic-lipophilic balance (HLB) surfactants are
required to overcome the interfacial tension associated with
natural extract solubilization and to promote spontaneous
nanoemulsification. Meanwhile, limiting VCO and propylene

glycol to 12%-22% aligns with typical SNEDDS compositions and
ensures adequate solubilization, physical stability, and safe ex-
cipient exposure [36-38].

As a respond, nine formulations were suggested and showed
particle size of less than 100 nm (Table 2). The results also
indicated that the ratio between the oil phase, surfactant, and
cosurfactant must be balanced to produce small particle sizes
with a low PDI. Tween 80, a surfactant characterized by a high
HLB value, exhibits strong water-attracting properties that
facilitate droplet formation and create an expansive surface
area, enabling rapid dispersion of formulations in aqueous
environments. Furthermore, surfactants play a crucial role in
reducing surface free energy, thereby decreasing emulsion
globule size when SNEDDS is mixed with water. Meanwhile,
cosurfactants enhance the solubilization of active ingredients
within the system and alleviate interfacial bending stress.
They also support the formation of a flexible interfacial film
[29]. Smaller particle sizes of nanoemulsions result in a larger
surface area, leading to faster drug absorption. The combi-
nation of surfactants and cosurfactants also improves per-
meability by disrupting cell membrane lipids, thereby
increasing drug absorption in the body.

The selection of the appropriate mixture model for each response
was based on statistical evaluation, including sequential model
sum of squares, lack-of-fit tests, and significance levels. The
results showed that emulsification time and transmittance were
best described by significant models (p < 0.05), while the particle
size response exhibited a nonsignificant model F5 (p > 0.05)
(Table 3).

The nonsignificant particle size model indicates that variations in
component proportions within the studied range did not sig-
nificantly influence droplet size. However, all formulations
consistently produced nano-sized droplets (< 100nm), con-
firming that the system remained within the acceptable SNEDDS
range [39]. Therefore, particle size was retained in the optimi-
zation as a practical quality constraint, not as a predictive re-
sponse variable, ensuring the final formulation meets
nanometric requirements.

The characterization of SNEDDS formulations focused on critical
quality attributes relevant to nanoemulsion performance. Par-
ticle size and PDI were evaluated to assess droplet size distri-
bution and homogeneity, which are essential for stability and
drug absorption. Emulsification time was measured to evaluate
the efficiency of self-emulsification under mild agitation con-
ditions, simulating gastrointestinal motility. Meanwhile, per-
centage of transmittance was used as an indirect indicator of
nanoemulsion clarity and droplet size, where higher trans-
mittance values correspond to smaller droplet sizes and better
dispersion. These parameters are widely accepted as primary
indicators for evaluating SNEDDS performance in early-stage
formulation studies [39].

The selected characterization parameters collectively provide
a comprehensive evaluation of SNEDDS performance. Particle
size and PDI reflect the physical stability and uniformity of the
system, while emulsification time and transmittance indicate the
efficiency of nanoemulsion formation [39]. The combination of
these parameters ensures that the optimized formulation meets
the essential criteria for an effective SNEDDS system.
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TABLE 3 | Statistical analysis of SNEDDS parameters.

ANOVA parameters Particle size (nm)

Emulsification time (s) Transmittance (%)

(Y1) (Y2) (Y3)
Model (p < 0.05) 0.7928 (not significant) 0.0464 (significant) 0.0004 (significant)
R-squared 0.0745 0.9843 0.9999
Adj R-squared 0.2340 0.9371 0.9995
Adequate precision 1.2351 14.1802 154.6656

Mixture model Linear mixture

Special cubic mixture Special cubic mixture

Further ANOVA results (Table 4) revealed distinct effects of
formulation variables on the evaluated responses. For particle
size, the model was found to be not statistically significant (F
=0.2415, p =0.7928), indicating that variations in the pro-
portions of oil, surfactant, and cosurfactant did not significantly
influence droplet size within the studied formulation range. This
suggests that all tested formulations consistently produced nano-
sized droplets, confirming the robustness of the SNEDDS system
in maintaining particle size within the desired nanometer range
[40]. Therefore, particle size was considered a noncritical but
controlled parameter during optimization.

In contrast, emulsification time showed a statistically significant
model (F=20.88, p = 0.0464), indicating that formulation var-
iables significantly affected the self-emulsification efficiency. The
linear mixture component was significant (p = 0.0365), sug-
gesting that the individual proportions of components strongly
influence emulsification behavior [23]. Although interaction
terms (AB, AC, and ABC) exhibited relatively high Fvalues, their
p values were slightly above 0.05, indicating a moderate but not
statistically significant interaction effect. This implies that
emulsification performance is primarily governed by the indi-
vidual contribution of each component rather than their syn-
ergistic interactions.

For transmittance, the model was found to be highly significant
(F =2694.42, p = 0.0004), demonstrating a strong dependence of

nanoemulsion clarity on formulation composition [39, 41]. Both
linear mixture and interaction terms (AB, AC, BC, and ABC)
were statistically significant (p < 0.05), indicating that not only
individual components but also their interactions play a critical
role in determining the transparency of the system. The high F
values observed for these terms suggest that transmittance is
highly sensitive to formulation changes, making it a key pa-
rameter for optimization.

Overall, these results indicate that while particle size remained
relatively unaffected by formulation variations, emulsification
time and transmittance were the most critical responses influ-
enced by component proportions. The significant effect on
transmittance, in particular, highlights the importance of
achieving an optimal balance between oil, surfactant, and co-
surfactant to ensure efficient nanoemulsion formation and
clarity [39]. These findings support the reliability of the DMD in
identifying the optimal SNEDDS formulation with desirable
physicochemical characteristics [23].

The SNEDDS characterization results (Table 5) show that all
formulations produce nano-sized particles and exhibited
a transparent appearance (Figure 1). The PDI values ranged from
0.17 £0.03 to 0.4 £ 6.79, indicating that the system has a ho-
mogeneous particle size distribution and remains physically
stable over time [35]. The transmission percentage of all for-
mulations (except Formula 3) was close to 100%, indicating that

TABLE 4 | ANOVA summary for SNEDDS optimization responses.
Sum of Regression Mean F P
Response Source squares coefficients df square value value Remark
Model 2.68 2 1.34 0.2415 0.7928
Particle size Linear mixture 2.68 2 1.34 0.2415 0.7928  Not significant
Residual 33.34 6 5.56
Model 185.92 6 30.99 20.88 0.0464
Linear mixture 78.28 2 39.14 26.37 0.0365
AB 15.88 25.55 1 15.88 10.7 0.0821
Emulsification time AC 24.67 31.85 1 24.67 16.62 0.0552 Significant
BC 1.69 8.33 1 1.69 1.14 0.3982
ABC 19.84 176.7 1 19.84 13.37 0.0673
Residual 2.97 2 1.48
Model 3974.83 6 662.47 2694.42 0.0004
Linear mixture 2425.57 2 1212.78 4932.66 0.0002
AB 809.73 182.48 1 809.73 3293.37 0.0003
Transmittance AC 1102.5 212.93 1 1102.5 4484.1 0.0002 Significant
BC 40.57 40.84 1 40.57 164.99 0.006
ABC 214.41 —580.9 1 214.41 872.04 0.0011
Residual 0.4917 2 0.2459
Journal of Nanotechnology, 2026 50f 10



TABLE 5 | Characterization of SNEDDS.
Formula Particle size (nm) PDI Emulsification time (sec) % transmittance
1 13.7+£0.41 0.21 +0.04 32+£2.00 91.20 £ 0.21
2 14.3+£0.35 0.134+0.03 29 +2.08 90.99 £0.21
3 16.8 £0.45 0.17 +£0.03 33+2.08 24.48 £0.15
4 16.5 4+ 0.05 0.23 +£0.01 41+1.52 67.29 +£0.31
5 17.3£0.51 0.17 +£0.02 25+1.00 85.11 +0.39
6 16.5+0.11 0.21 + 0.06 36 +2.00 86.69 + 0.40
7 15.5+£0.11 0.16 +0.02 34+2.00 90.99 £+ 0.21
8 19.5+£0.25 0.40 4+ 0.004 38 +£2.00 91.20 £0.42
9 20.2+0.20 0.38 +0.01 37+1.00 91.20 £0.21

Note: Data represent mean + SD, n =3.

FIGURE 1 | Visual appearance of F1-F9 formulas of SNEDDS.

the droplet size was within the nanometer range. Emulsion
droplet size plays a critical role in self-emulsification perfor-
mance, as it affects the rate and extent of drug release and ab-
sorption [36]. Meanwhile, the low transmittance of Formula 3
(24.48%) indicates larger droplet size or partial emulsification
and possible incomplete dispersion. This reflects suboptimal
surfactant/cosurfactant ratios in certain formulations and sup-
ports the importance of optimization using D-optimal design.

A:VCO (%)
23

71
B: Tween 80 (%)

71
B: Tween 80 (%)

12

23
C: propylene glycol (%)

(@)

FIGURE 2

A:VCO (%)
23

(b)

To assess the ability of SNEDDS to form stable and transparent
nanoemulsions after dispersion in gastrointestinal fluids, an
emulsification time test was conducted. A good emulsification
time is less than 1-2 min. Exceeding 2 min usually causes the
emulsion system to become cloudy, which is not recom-
mended for SNEDDS formulations. The results showed that all
formulations exhibited emulsification times of less than
1 min [21].

A:VCO (%)
23

Prediction 25.2417;

C: propylene glycol (%)  B: Tween 80 (%) C: propylene glycol (%)

©

| Three-dimensional response plot on (a) particle size, (b) emulsification time, and (c) transmittance.
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TABLE 6 | Respond criteria and importance.

Parameters Goal Lower limit Upper limit Importance
VCO In range 12 22 3
Tween 80 Minimize 60 70 3
Propylene glycol In range 12 22 3
Particle size Minimize 13.70 20.20 3
Emulsification time Minimize 25 41 3
% transmittance Maximize 24.49 92.25 3

For SNEDDS optimization, the response analysis was illustrated
using contour plot models (Figure 2). The particle size response
contour plot showed that the material components had no sig-
nificant effect on the particle size response, though the results
remained within the acceptable nanometer range. The contour
plot for emulsification time indicated that the blue regions
represented the lowest emulsification times, while the red re-
gions corresponded to the highest times. The blue area suggested
that propylene glycol concentration influenced emulsification
time. In the transmittance response diagram, gradients of green,
yellow, and red were observed, where red areas indicated that
Tween 80 and propylene glycol concentrations increased
transmittance, while blue areas suggested that VCO reduced
transmittance.

The components optimized in the SNEDDS formulation were
VCO, Tween 80, and propylene glycol, each assigned an im-
portant level of 3. Higher importance value corresponds to
a greater priority (Table 6) [37]. VCO and propylene glycol were
optimized with a target value of 3, as these components fall
within the SNEDDS requirements for nanoemulsion formation.
Tween 80 was optimized with a minimized target (importance
value 3) to achieve a lower surfactant concentration. The particle
size response was also optimized with a minimize target (im-
portance value 3), ensuring the final SNEDDS formulation
achieved a nanometer size. The transmittance response was
optimized with a maximized target (importance value 3) to
achieve the highest transmittance. The emulsification time re-
sponse, with an important value of 3, was optimized with
a minimized target to ensure the fastest emulsification time. The
predicted and experimental values of the formulations were
closely aligned, with minimal differences (Table 7). The bias
percentages were 7.32% for particle size, 0.9% for emulsification
time, and 0.2% for transmittance, all below the 10% threshold,
confirming the reliability of the optimal formula [38].

ANOVA analysis using Design-Expert software was performed to
identify the optimal formula based on a desirability value close to
1 (Table 8). The first solution suggested by the DMD was selected
as the optimal formula. This formula had the highest desirability
value (0.862), comprising 13% VCO, 60% Tween 80, and 22%
propylene glycol, corresponding to Formula 5. It was predicted to
yield a particle size of 16.12 nm, an emulsification time of 25.24 s,
and a transmittance of 84.93%. Nanoemulsions with high oil
content tend to be unstable or prone to phase separation due to
insufficient surfactant concentration to reduce the interfacial
tension between the oil and water layers. The addition of co-
surfactants reduces particle size by dissolving larger amounts of
hydrophilic surfactants or hydrophobic drugs [38]. A high sur-
factant concentration can also reduce the interfacial tension by

TABLE 7 | Measurement results comparing DMD predictions with
experiment.

Response Prediction Experiment % bias

Particle size 16.12nm 17.30 nm 7.32%
Emulsification time 25.24s 25.00s 0.90%
% transmittance 84.93% 85.11% 0.20%

surrounding oil droplets during emulsification, leading to
nanometer-sized droplets [39].

Overall, the integration of rational component selection and
statistical optimization strengthens the reliability of the de-
veloped SNEDDS formulation and supports its potential appli-
cation for enhancing the delivery of hydrophobic herbal
compounds [34, 35]. The results demonstrate that the balance
between oil, surfactant, and cosurfactant plays a crucial role in
determining SNEDDS performance. The use of DMD enabled
efficient identification of the optimal formulation with minimal
experimental runs, while maintaining desirable physicochemical
characteristics. The close agreement between predicted and
experimental values further confirms the reliability and pre-
dictive capability of the statistical model [23, 34].

However, this study has several limitations. First, zeta potential,
cloud point, and robustness to dilution were not evaluated, which
may provide additional insights into the physicochemical sta-
bility of the SNEDDS system. Second, no pseudo-ternary phase
diagram was constructed, as the formulation space was explored
using a DMD approach. Third, comprehensive stability studies
under different storage conditions were not conducted due to the
scope of this work being limited to formulation optimization.
Therefore, future studies should focus on extended physico-
chemical characterization, stability evaluation, and in vivo
performance to further validate the applicability of the developed
SNEDDS system.

3.2 | InVitro Anticancer Assay and Phytochemical
Compounds of Optimized SNEDDS Formula

The anticancer assay was in vitro tested on HeLa and T47D cell
lines. Both cells were selected as they represent two of the most
common hormone-related cancers in women: cervical cancer
and breast cancer, respectively. HeLa cells are widely used as
a robust model for screening cytotoxic activity due to their ag-
gressive proliferation and high sensitivity to chemotherapeutic
compounds [42]. T47D cells provide a representative model of
estrogen receptor—positive breast cancer, enabling evaluation of
the potential effect on hormone-dependent tumors [43].
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TABLE 8 | D-optimal mixture design for optimum formula.
Particle size Emulsification time
VCO Tween 80 PG (nm) (s) Transmittance (%) Desirability
13 60 22 16.12 25.24 84.93 0.862
12.5 60.5 22 16.04 24.68 81.13 0.844
19.5 63.5 12 17.44 36.77 68.79 0.468
17.5 65.5 12 17.14 37.78 91.34 0.452
Dose vs. % mortality (HeLa cells) Dose vs. % mortality (T47D cells)
100 100
90 30
80 60
70
40
2 60 B
= = 20
g 50 g
g g 0
=40 <
30 "o -0
e SNEDDS F5: y = 0.3193x + 33.6769 |r = 0.8754 20
20
SNEDDS base: y = 0.0824x + 47.2704|r = 0.7871 ]
10 -60 SNEDDS F5: y = 0.2107x + 6.7735|r = 0.7827
0 80 | | SNEDDS base: y = 0.1919x + -44.0858 |r = 0.7871
0 100 200 300 400 500 0 100 200 300 400 500

Concentration (ug/mL)

-~ SNEDDSF5
<% SNEDDS base

Concentration (ug/mL)

-~ SNEDDSF5
<% SNEDDS base

FIGURE 3 | Cytotoxic activity of the optimal SNEDDS formula (F5) and SNEDDS base against HeLa (left) and T47D cell lines (right).
TABLE 9 | Total phenolics, total flavonoids, and total saponins of optimal formula (F5).
Total Total Total
Formula phenolics (mg GAE/g) flavonoids (mg QE/g) saponins (mg EE/g)
5 54.90 +0.77 43.85+2.18 271.27 +7.10

Together, they provide complementary evidence for anticancer
activity across two distinct cancer types.

The cytotoxicity of the optimized SNEDDS formula (F5) was
stronger against HeLa cells (ICso=21.8 pg/mL) compared to
T47D cells (ICso =117.3 pg/mL) (Figure 3). This difference may
be attributed to the intrinsic biological characteristics of the cell
lines. HeLa cells are highly proliferative and generally more
sensitive to compounds that interfere with DNA replication and
cell division [44]. In contrast, T47D cells, being estrogen
receptor—positive breast cancer cells, often require specific
hormonal or receptor-mediated pathways to exhibit stronger
responses [43]. This could partially explain the reduced sensi-
tivity observed. These findings suggest that the SNEDDS for-
mulation might be more suitable for targeting fast-proliferating,
hormone-independent cancers. Nonetheless, broader validation
in additional cancer and noncancer cell lines is necessary to fully
interpret these differences [45].

The optimized SNEDDS formula (F5) also exhibited significantly
improved anticancer activity compared with the SNEDDS base,
as demonstrated by markedly lower ICs, values in both HeLa and
T47D cancer cell lines (Figure 3). In HeLa cells, F5 achieved
approximately two-fold lower than the SNEDDS base formula

(41.6 pg/mL), indicating enhanced cytotoxic potency. In T47D
cells, the SNEDDS base showed limited activity (ICso = 587.4 pg/
mL), and it was significantly different with F5 (p < 0.05),
reflecting a pronounced enhancement in anticancer efficiency.
This improvement is consistent with previous reports showing
that SNEDDS can increase the solubility, stability, and mem-
brane permeability of phytochemical-based compounds, thereby
enhancing their biological activity in vitro and in vivo [46]. The
likely mechanism involves increased solubilization and nano-
sized droplets facilitating enhanced uptake of hydrophobic
bioactive compounds into cancer cells, overcoming limitations
associated with poor water solubility and bioavailability [46].

The determination of phytochemical compounds concentrations
in the optimized SNEDDS formula revealed that the optimized
formula (F5) contained higher total saponins (271.27 + 7.10 mg
EE/g) compared to total phenolics (54.90 & 0.77 mg GAE/g) and
total flavonoids (43.85 + 2.18 mg QE/g) (Table 9). This result was
supported by previous research that saponins from
B. medicinalis, which are triterpenoid and steroid glycosides, had
been reported to exhibit anticancer activity [3, 27].

Finally, the inclusion of HeLa and T47D cell lines strengthens the
reliability of our findings, as both are well-established,
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authenticated cancer models. However, because this study is
limited to two human cancer cell lines, the conclusions regarding
anticancer efficacy remain preliminary. Additional evaluations
in other cancer models and in vivo studies are required before
definitive translational claims can be made.

4 | Conclusion

The DMD was employed as an optimization tool for the SNEDDS
formulation. The optimized SNEDDS formula (F5), combining
the ethyl acetate fraction of B. medicinalis and the ethanol
fraction of M. oleifera, consisted of 13% VCO, 60% Tween 80, and
22% propylene glycol. This optimal formulation exhibited good
SNEDDS characteristics including particle size of 17.3 £ 0.51 nm,
a PDI of 0.17 +0.02, an emulsification time of 25 4+1.00s, and
percent transmittance of 85.11 +0.39% with potent cytotoxic
activity against HeLa and T47D cancer cells. It also has high
levels of saponin, phenolic, and flavonoid compounds.
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