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A:z:(?;a:t Gel- Resveratrol is a potent polyphenolic antioxidant with poor aqueous solubility
D-optimal Mixture Design; and light sensitivity, which limit its topical application. This study developed
Franz Diffusion; and optimized a resveratrol self-nanoemulsifying drug delivery system
5;2‘%?”3 (SNEDDS), incorporated the optimized system into a gel, and compared its

physical characteristics, antioxidant activity, and in vitro release with those of a
conventional resveratrol gel. A 16-run D-optimal mixture design was employed
using virgin coconut oil (10-20%), Tween 80 (50-80%), and polyethylene glycol
400 (10-30%) as the oil, surfactant, and co-surfactant. The optimized
composition consisted of 13.8131% virgin coconut oil, 61.7834% Tween 80, and
24.4036% polyethylene glycol 400, with a desirability value of 0.829.
Experimental verification yielded a droplet size of 15.23 nm, emulsification time
of 8.12 s, transmittance of 99.63%, drug loading of 46.51 mg/mL, polydispersity
index of 0.157, and zeta potential of —11.77 mV, with no significant differences
from the predicted values (p>0.05). The optimized SNEDDS gel exhibited good
homogeneity and physical stability. DPPH radical-scavenging activity was
stronger for the SNEDDS gel than for the conventional resveratrol gel, with ICg,
values of 7.25+0.02 and 9.01+0.03 pug/mL and antioxidant activity indices of
5.45+0.012 and 4.38+0.013, respectively. At 120 min, cumulative resveratrol
e , release reached 155.28 pg/cm? (62.11%) for the SNEDDS gel compared with
Copyright: © 2023 by the authors. Submitted for
possible open access publication under the 134.35 pg/cm? (53.74%) for the conventional gel, representing a 15.6% higher
E\etg?;uj?:nc°”di“°(”csc°f“‘e C;j‘“ve commons  release (p=0.046). Overall, the optimized SNEDDS gel enhanced antioxidant
(https://creativecommons.org/licenses/by/4.0/).  activity and in vitro release, demonstrating potential for improved topical
resveratrol delivery.

The skin is the body's largest organ and its biochemical integrity is essential for cutaneous
primary interface with the external environment. Its homeostasis.

stratified epidermis, dermis, and subcutaneous tissue L o .
Photoaging is the premature, extrinsic ageing

of skin caused mainly by repeated ultraviolet
exposure. Ultraviolet radiation increases reactive
oxygen species, activates matrix metalloproteinases,

jointly provide physical, chemical, immunological,
sensory, and thermoregulatory protection while
limiting transepidermal water loss and the entry of

otentially harmful agents [1]. Because this barrier is
P y & L] and accelerates collagen and elastin degradation,

continuously exposed to solar radiation, pollution, . . >
producing wrinkles, pigmentary changes, dryness,

and oxidants, maintaining its structural and . o .
loss of elasticity, and chronic inflammation [2,3].
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When endogenous antioxidant defences are
insufficient to compensate for sustained oxidative
stress, topical antioxidants can help neutralize
radicals near the site of exposure and complement
photoprotection.

Resveratrol (3,5,4'-trihydroxystilbene) is a
naturally occurring stilbene polyphenol with direct
radical-scavenging, anti-inflammatory, and
photoprotective  activities that support its
development as an anti-ageing active [4]. Its three
phenolic hydroxyl groups donate hydrogen or
electrons and help modulate endogenous antioxidant
pathways. However, resveratrol has very low aqueous
solubility (<0.05 mg/mL), high permeability, and
therefore Biopharmaceutics Classification System
class Il behaviour; it is also photosensitive and
susceptible to trans-to-cis isomerization and
oxidative degradation [5,6]. These properties hinder
uniform dispersion, release, and effective topical
delivery from conventional hydrophilic vehicles.

A self-nanoemulsifying drug delivery system
(SNEDDS) can address these limitations by dissolving
a lipophilic active in an isotropic mixture of oil,
surfactant, and co-surfactant that spontaneously
forms afine oil-in-water nanoemulsion on dilution [7].
Nanometre-scale droplets increase interfacial area,
maintain resveratrol in a solubilized state, and can
improve wetting, release, and contact with the skin
surface. Incorporation of the optimized liquid system
into a hydrogel further improves handling,
application, and residence time while retaining the
solubilization advantage [8].

Because the total proportion of the oil,
surfactant, and co-surfactant must equal 100%, their
effects cannot be optimized independently. D-
optimal mixture design efficiently selects informative
compositions within constrained component ranges
and estimates both individual and interaction effects
with fewer experimental runs than exhaustive testing
[9]. Here, virgin coconut oil (VCO), Tween 80, and
polyethylene glycol (PEG) 400 were selected as the oil,
surfactant, and co-surfactant, respectively, and six
quality responses were optimized simultaneously.

Although resveratrol SNEDDS formulations
and their physicochemical optimization have been
reported [10-12], many studies remain focused on
preconcentrate characterization or non-topical
applications. Studies that progress from an optimized
SNEDDS to a topical gel and directly compare it with
a conventional gel in both radical-scavenging
capacity and in vitro release remain limited [13,14].
Accordingly, this study had four objectives: (1)
determine how the VCO-Tween 80-PEG 400
proportions affect droplet size, emulsification time,
transmittance, drug loading, polydispersity index,
and zeta potential; (2) obtain and verify an optimum
SNEDDS using D-optimal mixture design; (3) compare
resveratrol release from the SNEDDS and
conventional gels using a Franz diffusion cell; and (4)
compare their DPPH radical-scavenging activities
using ICs, and the antioxidant activity index.

Results and Discussion

Identity of the Resveratrol Raw Material and
Validation of the Analytical Method

The FTIR spectrum of the raw material
showed the characteristic functional groups of trans-
resveratrol. The principal bands occurred at 3190
cm™' (phenolic O-H stretching), 1585 and 1512 cm™'
(aromatic C=C stretching), 1444 cm™' (aromatic
skeletal vibration), 1147 cm™ (phenolic C-O
stretching), 966 cm™' (trans HC=CH), and 831 cm™’
(out-of-plane  aromatic C-H). These bands
corresponded closely to the literature values
reported in the thesis (3422, 1587, 1512, 1443, 1153,
965, and 831 cm™, respectively), with no new or
missing characteristic peaks. The small shifts were
within the range attributable to instrument, pellet
preparation, and intermolecular interactions,
confirming the identity and structural integrity of the
resveratrol raw material [4,15].

The UV-Vis method was specific at 306 nm because
the placebo containing the SNEDDS components and
gel base showed no interfering absorption. The
calibration relationship over 2-10 pg/mL was y =
0.0237x + 0.3068 (R* = 0.999). Mean recovery was
100.27%, repeatability at 6 ug/mL gave an RSD of
0.16%, and the limits of detection and quantification
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were 0.111 and 0.338 pg/mL, respectively. These
findings satisfied the acceptance criteria applied in
the thesis and supported the use of the method for
drug-loading and release measurements [16,17].

Effect of the Component Ratio on SNEDDS
Characteristics

Sixteen formulations were generated by the
D-optimal mixture design within the constrained

ranges of VCO 10-20%, Tween 80 50-80%, and PEG 400
10-30%. The wide response ranges - droplet size
14.01-286.20 nm, emulsification time 4.62-19.78 s,
transmittance 87.49-99.98%, drug loading 42.81-
49.08 mg/mL, PDI 0.1027-0.4918, and zeta potential -
7.35t0 -18.95 mV - demonstrate that SNEDDS quality
depended on component balance rather than on
absolute amounts alone (Table 1).

Table 1. D-optimal mixture-design compositions and experimental SNEDDS responses

Run VCo Tween PEG Droplet Emulsification Transmittance Drug PDI Zeta
(%) 80 400 size time (s) (%) loading potential

(%) (%) (nm) (mg/mL) (mV)
1 15.8927 68.0437  16.0636 27.67 8.86 99.39 45.46 0.177 -11.72
2 19.2371 70.7629 10 170.16 10.69 94.16 44.80 0.3613 -16.54
3 14.7357 63.2945  21.9698 24.77 8.95 99.52 46.57 0.1472 -11.86
4 10.8501 74.2232  14.9268 20.08 5.43 99.75 43.59 0.1235 -7.84
5 20 60.73 19.27 286.20 19.78 87.49 47.17 0.4918 -17.94
6 10 80 10 30.37 4.62 99.06 42.81 0.2074 -7.35
7 10 60 30 21.96 6.68 99.64 47.93 0.1423 -12.93
8 14.9514 55.0486 30 44.27 10.21 98.97 48.64 0.2543 -13.74
9 19.2371 60 20,7629 195.30 13.43 92.21 48.59 0.399 -10.88
10 10 69.2519  20.7481 14.01 6.09 99.98 46.59 0.1027 -8.16
11 14.9514 55.0486 30 43.61 10.71 98.03 48.62 0.251 -13.58
12 10 80 10 32.30 4.92 98.94 43.12 0.2134 -7.48
13 19.2371 70.7629 10 172.04 11.26 94.17 44.61 0.3667 -16.41
14 20 55.4607  24.5393 281.35 19.30 88.86 48.91 0.4882 -18.46
15 20 50 30 265.90 18.81 90.92 48.99 0.4655 -18.79
16 20 50 30 271.70 18.95 90.13 49.08 0.47 -18.95

The selected models were quadratic for droplet size, emulsification time, transmittance, and zeta potential, and special cubic
for drug loading and PDI. With A, B, and C denoting the proportions of VCO, Tween 80, and PEG 400, respectively, the fitted

equations were:

Y, (droplet size, nm) = 4096.92A + 22.04B + 133.48C - 5137.94AB - 5284.69AC + 2.25BC

Y, (emulsification time, s) = 132.99A + 4.08B + 8.26C - 150.56AB - 136.19AC + 11.80BC

Y, (transmittance, %) = -65.78A + 99.73B + 96.51C + 209.61AB + 212.20AC - 5.05BC

Y, (drug loading, mg/mL) = -322.42A + 42.99B + 44.75C + 674.93AB + 676.59AC + 15.47BC - 705.33ABC + 361.63AB(A-B) +

318.91AC(A-C) - 9.04BC(B-C)

Y (PDI) =5.54A + 0.2133B + 0.6760C - 6.99AB - 8.24AC - 1.15BC + 4.49ABC
Y¢ (zeta potential, mV) =-80.47A - 7.21B - 16.55C + 61.75AB + 84.43AC + 7.60BC

Table 2. Fit statistics for the six SNEDDS response models

Response Model E Lack of fit R? Adjus;ted Predizcted Ad?c!.

(p) R R precision
Droplet size Quadratic 17.06  0.0001 0.9015 0.8951 0.8426 0.6839 9.8823
Emulsification time Quadratic 21.91 <0.0001 0.7179 0.9164 0.8745 0.7538 13.2368
Transmittance Quadratic 11.13  0.0008 0.6948 0.8477 0.7715 0.5553 7.7575
Drug loading Special cubic 119.63 <0.0001 0.1928 0.9945 0.9861 0.9662 29.2021
PDI Special cubic 11.86  0.0008 0.9986 0.8877 0.8128 0.6385 9.4689
Zeta potential Quadratic 162.14 <0.0001 0.7574 0.9878 0.9817 0.9645 34.0613
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Table 2 summarizes the statistical adequacy
of the models selected to describe the effects of VCO,
Tween 80, and PEG 400 proportions on the six
SNEDDS responses. Quadratic models were selected
for droplet size, emulsification time, transmittance,
and zeta potential, whereas special-cubic models
were required for drug loading and PDI. The selection
of quadratic and special-cubic models indicates that
the SNEDDS characteristics were influenced not only
by the individual proportions of the three
components but also by interactions among them. All
models were statistically significant, with model p-
values ranging from <0.0001 to 0.0008. Therefore, the
variations observed in the responses were unlikely to
have resulted from random experimental error.

The lack-of-fit p-values ranged from 0.1928 to
0.9986 and were greater than 0.05 for all responses. A
non-significant lack of fit indicates that the
differences between the experimental results and the
values estimated by the models were not significantly
greater than the pure experimental error. Thus, the
selected models adequately represented the
experimental data within the investigated mixture-
design space. In addition, the adequate-precision
values ranged from 7.7575 to 34.0613, exceeding the
minimum signal-to-noise ratio of 4. These results
demonstrate that all models provided sufficient
signals to navigate the specified ranges of VCO, Tween
80, and PEG 400.

The quadratic droplet-size model was

significant (F = 17.06; p = 0.0001) and explained 89.51%

of the observed variability (R* = 0.8951). Its adjusted
R? of 0.8426 and predicted R* of 0.6839 indicated
satisfactory agreement between the descriptive and
predictive capacities of the model. The adequate-
precision value of 9.8823 further confirmed that the
model had a sufficient signal for evaluating the effects
of the component proportions on droplet size.
Similarly, the emulsification-time model showed a
significant quadratic relationship (F = 21.91; p <
0.0001), with R?, adjusted R?, and predicted R* values
of 0.9164, 0.8745, and 0.7538, respectively. These
results indicate that the model explained most of the
variation in emulsification time and retained

satisfactory  predictive capability within the
experimental region.

The transmittance model was also significant
(F=11.13; p =0.0008), with an R? of 0.8477. However,
the adjusted R? of 0.7715 and predicted R? of 0.5553
showed a greater difference than those obtained for
droplet size and emulsification time. This suggests
that the model was adequate for describing the
experimental trend but had comparatively lower
predictive strength. Nevertheless, its non-significant
lack of fit (p = 0.6948) and adequate-precision value of
7.7575 supported its use for interpreting
transmittance within the studied component ranges.

Drug loading required a special-cubic model
and produced a high model F-value of 119.63 with p <
0.0001. The model showed an excellent descriptive fit,
as indicated by its R? of 0.9945 and adjusted R? of
0.9861. Its non-significant lack of fit (p = 0.1928) and
high adequate-precision value of 29.2021 also
demonstrated a strong signal within the experimental
design. Moreover, the predicted R* was high (0.9662),
indicating that the model had excellent predictive
capability and could reliably predict new
observations within the investigated design space.
The close agreement between the adjusted and
predicted R? values further supported the model’s
robustness and predictive reliability. This strong
model performance may be attributed to the ability of
the special-cubic model to adequately describe the
response across the constrained mixture region.
Therefore, the drug-loading model was considered
suitable for describing and predicting the response
within the investigated design space. Experimental
verification of the optimum formulation was
consequently essential to confirm the predicted drug-
loading value.

The special-cubic PDI model was significant (F
=11.86; p = 0.0008), with an R? of 0.8877, adjusted R?
of 0.8128, and predicted R* of 0.6385. The relatively
close adjusted and predicted R* values indicated
satisfactory predictive consistency, while the lack-of-
fit p-value of 0.9986 showed a very good agreement
between the fitted model and experimental
observations. Its adequate-precision value of 9.4689
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also confirmed that the model could be used to
navigate the design space.

Among the six responses, the quadratic zeta-
potential model exhibited the strongest overall
statistical performance. It produced the highest F-
value of 162.14 with p <0.0001 and explained 98.78%
of the observed variability (R? = 0.9878). The adjusted
R?0f0.9817 and predicted R? of 0.9645 were very close,

(a) Droplet size

A: VCO (%)

B: tween 80 (%) C: PEG 400 (%)
Ukuran Partikel (nm)

(c) Transmittance

A: VCO (%)

(e) Polydispersity index

A VCO (%)

demonstrating excellent agreement between model
fitting and prediction. The non-significant lack of fit (p
=0.7574) and the highest adequate-precision value of
34.0613 further confirmed the robustness of this
model. Overall, the statistical results support the use
of the selected models for simultaneous SNEDDS
optimization, although predictions for drug loading
require greater caution and confirmation through
experimental verification.

(b) Emulsification time

A: VCO (%)

Waktu Emulsifikasi (detik)

(d) Drug loading

A:VCO (%)

Orug Load (mg/ml)

(f) Zeta potential

A VCO (%)

Zeta Potensial (mV)

Figure 1. Contour plots of the D-optimal mixture design for (a) droplet size, (b) emulsification time, (c)
transmittance, (d) drug loading, (e) PDI, and (f) zeta potential. A=VCO, B = Tween 80, and C = PEG 400.
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The equations and contour plots (Figure 1)
consistently show that VCO was the principal driver of
larger droplets, longer emulsification times, and
broader size distributions when its proportion
increased without a proportional increase in
interfacial stabilizers. Tween 80 lowered interfacial
tension, whereas PEG 400 increased interfacial
flexibility; their balance with VCO produced smaller,
faster-forming, and more uniform droplets [7,18,19].
Consequently, the droplets,
emulsification times, highest clarity, and lowest PDI

were found in the lower-VCO, higher-Tween 80 region.

smallest shortest

Transmittance decreased with increasing
VCO and increased with Tween 80 and PEG 400,
consistent with reduced light scattering by finer and
more uniform droplets. Drug loading followed the
more complex special-cubic model: the highest
loading occurred toward higher PEG 400 with low-to-
moderate VCO and intermediate Tween 80,
emphasizing that solubilization was governed by
interactions among components rather than by oil
content alone. Zeta potential ranged from -7.35 to -
18.95 mV. Because Tween 80 and PEG 400 are non-
ionic, stability was not expected to rely solely on large
electrostatic potentials; steric protection of the
droplet interface also contributes substantially
[18,20].

Determination and Verification of the Optimum
Formulation

Numerical optimization minimized droplet
emulsification time, and PDI,
transmittance and drug loading, and retained zeta
potential within the observed range. The best
compromise contained 13.8131% VCO, 61.7834%
Tween 80, and 24.4036% PEG 400, with an overall
desirability of 0.829 (Figure 2). This surfactant-rich but
balanced composition was consistent with the
response surfaces: sufficient Tween 80 promoted
rapid formation of clear nanodroplets, while PEG 400
flexibility and

size, maximized

supported interfacial resveratrol

solubilization [9].

Table 3 shows that the optimum SNEDDS
formulation consisted of 13.8131% VCO, 61.7834%
Tween 80, and 24.4036% PEG 400, with a desirability
value of 0.829. This formulation produced a small
droplet size of 15.23 nm, rapid emulsification time of
8.12 s, high transmittance of 99.63%, drug loading of
46.51 mg/mL, a low PDI of 0.157, and a zeta potential
of -11.77 mV. The verification results showed no
significant differences between the predicted and
experimental values for all responses (p>0.05),
demonstrating that the D-optimal model successfully
identified a reproducible optimum formulation within
the investigated component ranges

A: VCO (%)

40

Desirability 0.829

10 50
0.2
0.4 o
0.2 0.8¢ Jo4
80 10 40
B: tween 80 (%) C: PEG 400 (%)
Desirability

Figure 2. D-optimal desirability contour plot for simultaneous optimization of the six SNEDDS responses. A =VCO, B = Tween

80, and C = PEG 400.
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Table 3. Composition, experimental characteristics, and verification of the optimum resveratrol SNEDDS

Parameter Optimum/observed value Verification p-value

VCO (%) 13.8131 -
Tween 80 (%) 61.7834 -
PEG 400 (%) 24.4036 -
Desirability 0.829 -
Droplet size (nm) 15.23 0.400
Emulsification time (s) 8.12 0.532
Transmittance (%) 99.63 1.000
Drug loading (mg/mL) 46.51 0.518
PDI 0.157 0.537
Zeta potential (mV) -11.77 0.598

Physical Quality of the Gels

Table 4 demonstrates that both formulations
were initially odorless, smooth, and clear; however,
the SNEDDS gel showed better homogeneity than the
conventional gel. The SNEDDS gel also had lower
viscosity and adhesion but greater spreadability at all
applied loads, indicating that it was easier to
distribute across the application surface. After six

cycling-test cycles, the conventional gel became
slightly turbid and remained less homogeneous,
whereas the SNEDDS gel retained its clear and
homogeneous Although  both
formulations showed slight changes in pH and
viscosity, the overall observations indicate that the
SNEDDS gel maintained its physical characteristics
better during the cycling test.

appearance.

Table 4. Physical quality and cycling-test results of the conventional and SNEDDS resveratrol gels

Parameter Conventional resveratrol gel Resveratrol SNEDDS gel

Appearance Odorless, smooth, clear Odorless, smooth, clear

Homogeneity Less homogeneous Homogeneous

pH 5.76+0.03 5.33+0.08

Viscosity (cP) 4465+ 37.51 2976 +£38.28

Adhesion (s) 5.47+0.08 4.21+0.04

Spread, 50 g (cm) 4,17+0.21 4.63+0.15

Spread, 100 g (cm) 5.37+0.06 5.57+0.06

Spread, 150 g (cm) 5.67 +0.06 6.10+0.10

After 6 cycling-test cycles Odorless, smooth, slightly turbid, less Odorless, smooth, clear,
homogeneous homogeneous

pH after cycle 6 5.42+0.04 5.28+0.01

Viscosity after cycle 6 (cP) 4715+93.55 3271+93.12

Antioxidant Activity

Both gels were odorless, smooth, and clear,
but the conventional gel was less homogeneous
because poorly water-soluble resveratrol remained
incompletely dispersed. In the SNEDDS gel,
already  solubilized  within
nanodroplets and more uniformly through the HPMC
matrix. The pH values remained within the topical

resveratrol  was

range applied in the thesis, while the lower viscosity
of the SNEDDS gel was consistent with the fluid
contributions of Tween 80 and PEG 400. Its adhesion
remained above the 4-s criterion, and its greater
spreadability supported easier distribution over the
skin [21,22].
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Independent-samples  testing  showed
differences between the gels in pH, viscosity, and
adhesion (all p<0.001) and in spreadability (p=0.035).
These statistical differences did not indicate physical
failure: both formulations remained within the stated
suitability ranges. After six alternating-temperature
cycles, the SNEDDS gel remained clear and
homogeneous, whereas the conventional gel became
slightly turbid. The modest changes in pH and
viscosity did not cause phase separation, supporting
the superior physical robustness of the solubilized
system under the study conditions [23].

The gel base showed only weak activity by AAl,
whereas both resveratrol-containing gels were very
strong antioxidants (Table 5). One-way ANOVA found
significant differences among all three groups for ICs,
and AAl (both p<0.001), and Tukey analysis separated
the SNEDDS gel, conventional gel, and base. Relative
to the conventional gel, the SNEDDS gel reduced ICs,

by approximately 19.5% and increased AAl from 4.38
to 5.45. The improvement is consistent with
molecular solubilization of resveratrol and its more
uniform availability to interact with DPPH; in the
conventional gel, undissolved material can limit
access to the phenolic hydroxyl groups responsible
for hydrogen- or electron-donation [24,25].

In Vitro Release Across a Synthetic Membrane

Cumulative release increased throughout 120
min for both formulations, but the SNEDDS gel was
consistently higher at every sampling point (Figure 3).
At 120 min, the amount released was approximately
155.28 pg/cm? from the SNEDDS gel and 134.35
ug/cm? from the conventional gel, representing an
improvement of about 15.6%. The corresponding
percentages were 62.11% and 53.74%, and the
difference in percentage release was significant by
Mann-Whitney testing (p=0.046).

=8= Resveratrol SNEDDS gel
160 Conventional resveratrol gel

o
o
s

Cumulative amount released (pg/cm?)
=
o

N
o
s

155.27

920 120

Time (min)

Figure 3. Cumulative resveratrol released from the SNEDDS gel and conventional gel across an HT-Tuffryn synthetic
membrane into phosphate buffer pH 7.4 at 37 + 1 °C. Values are mean cumulative amounts from the thesis diffusion

dataset.

The higher release from the SNEDDS gel can
be explained by the larger interfacial area of its
nanodroplets and maintenance of resveratrol in a
dissolved state, which sustain the concentration
gradient at the donor-membrane interface. Tween 80
and PEG 400 also improve wetting and reduce
resistance to mass transfer [11,26]. The HT-Tuffryn

membrane provides a controlled formulation-
comparison model rather than a biological skin
barrier; therefore, the result supports improved in
vitro availability but should be confirmed in future
studies using skin models, irritation assessment, and
in vivo efficacy testing [27].
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Table 5. DPPH radical-scavenging activity of the gel base and resveratrol gels

Sample 1C5, (ng/mL) IC;, category AAI AAI category
Gel base 118.82+0.50  Moderate 0.33+0.001 Weak
Conventional resveratrol gel 9.01+0.03 Very strong 4.38+0.013 Very strong
Resveratrol SNEDDS gel 7.25+0.02 Very strong 5.45+0.012 Very strong

Conclusion

The D-optimal mixture design identified a

reproducible resveratrol SNEDDS containing 13.8131%

VCO, 61.7834% Tween 80, and 24.4036% PEG 400,
with a desirability of 0.829 and verified nanometre-
scale characteristics. Incorporation into an HPMC gel
produced a homogeneous, physically stable topical
formulation. Compared with the conventional
resveratrol gel, the SNEDDS gel showed stronger
DPPH radical-scavenging activity and greater
cumulative in vitro release across the synthetic
membrane. These findings answer the four study
objectives and demonstrate that optimizing the oil-
surfactant-co-surfactant balance can improve
resveratrol solubilization, formulation uniformity,
antioxidant performance, and release from a topical
gel. Biological skin-permeation, irritation, and
efficacy studies remain necessary before clinical
application.

Materials and Methods

Resveratrol (Tokyo Chemical Industry), VCO,
Tween 80, PEG 400, HPMC, propylene glycol, glycerin,
methylparaben, propylparaben, DPPH, analytical-
grade methanol and ethanol, phosphate buffer, and
distilled water were used. Instruments included an
FTIR spectrophotometer, Shimadzu UV-1800 UV-Vis
spectrophotometer, HORIBA Nano Partica SZ-100
particle-size/zeta-potential analyzer, Mettler Toledo
XS205 analytical balance, magnetic stirrer, vortex
mixer, ultrasonicator, centrifuge, Brookfield
viscometer, pH meter, adhesion and spreadability
apparatus, and Franz diffusion cell.

Identification of resveratrol by infrared
spectroscopy

Resveratrol (5 mg) and KBr (500 mg) were
homogenized and compressed into a transparent
pellet at 2 ton-cm™2. The spectrum was recorded from

400 to 4000 cm™" with 400 scans at 4 cm™" resolution,
using a KBr pellet as the background. Characteristic
functional-group bands were interpreted and
compared with the thesis literature reference [15].

Calibration curve and validation of the analytical
method

A 100 pg/mL resveratrol stock solution was
prepared in methanol. A 10 pg/mL solution was
scanned from 200 to 400 nm, and 306 nm was selected
as the analytical wavelength; absorbance stability
was evaluated from 0 to 60 min. Calibration standards
of 2, 4,6, 8, and 10 pg/mL were measured at 306 nm.
Validation included placebo specificity, linearity,
accuracy at 4, 6, and 8 pg/mL in triplicate,
repeatability at 6 pg/mL in six replicates, and
calculation of LOD and LOQ from the calibration slope
and response variation [16,17,28].

Experimental design

A 16-run D-optimal mixture design was
generated in Design-Expert version 13. The
independent mixture components were VCO (10-
20%), Tween 80 (50-80%), and PEG 400 (10-30%), with
their proportions constrained to sum to 100%. The
responses were droplet size, emulsification time,
transmittance, drug loading, PDI, and zeta potential.
Replicated design points were included to estimate
experimental error [9].

Preparation of the resveratrol SNEDDS

For each run, VCO, Tween 80, and PEG 400
were combined according to the design to a total
volume of 3 mL. Resveratrol was added progressively
to saturation, and the mixture was stirred at 500 rpm
for 10 min, sonicated for 10 min, and centrifuged at
5000 rpm for 15 min. The clear supernatant was
collected and stored at room temperature before
characterization [29].
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Characterisation of the SNEDDS

For droplet size and PDI, 0.1 mL SNEDDS was
diluted with 10 mL distilled water and measured by
dynamic light scattering. Zeta potential was
determined from the same dilution. Emulsification
time was measured after adding 0.1 mL SNEDDS to 10
mL water at 37 + 1 °C under 500 rpm stirring. The
dispersion was stirred for a further 5 min and
transmittance was measured at 650 nm. Drug loading
was determined by diluting 0.1 mL SNEDDS to 10 mL
with methanol and quantifying resveratrol at 306 nm.

Determination and verification of the optimum
formulation

Response values were fitted in Design-Expert
and combined by numerical desirability. Droplet size,
emulsification time, and PDI were minimized;
transmittance and drug loading were maximized; zeta
potential was retained within the observed range. The
highest-desirability composition was prepared in
triplicate and all six responses were remeasured.
Experimental values were compared with predicted
values by one-sample t-tests.

Preparation of the gels

The conventional formulation contained 0.2%

resveratrol, 2% HPMC, 15% propylene glycol, 10%
glycerin, 0.02% methylparaben, 0.01%
propylparaben, and water to 100%. The SNEDDS gel
used 0.2% resveratrol-loaded optimum SNEDDS with
the same gel base. HPMC was dispersed in water at
80-90 °C and allowed to hydrate. Parabens were
dissolved in propylene glycol, glycerin and the
respective active phase were added, and this mixture
was incorporated gradually into the hydrated HPMC
before adjustment to final mass with water [21].

Evaluation of physical quality

Appearance, odor, texture, and homogeneity
were inspected visually. pH was measured with a
calibrated meter. Viscosity was determined using a
Brookfield viscometer at 50 rpm. Adhesion was
measured with 0.5 g gel between glass slides after a
50-g preload, and spreadability was measured with
0.5 g gel after 50-, 100-, and 150-g loads. Physical
stability was assessed over six 24-h cycles alternating
between 5 and 35 °C, after which appearance,

homogeneity, pH, and viscosity were reassessed
[22,30].

DPPH radical-scavenging assay

DPPH stock solution (0.2 mM) was prepared
by dissolving 19.7 mg DPPH in methanol to 250 mL
and protecting it from light. Each gel sample was
prepared as a 100 pg/mL stock and diluted to 2, 4, 6,
8, and 10 pg/mL. One millilitre of each dilution was
mixed with 1 mL DPPH solution, incubated in the dark
for 30 min, and measured at 517 nm. Inhibition was
calculated against the DPPH control, IC5;, was
estimated from linear regression, and AAl was
calculated as the final DPPH concentration (39.5
pg/mL) divided by IC5, [31,32].

In vitro release using a Franz diffusion cell

Resveratrol release was measured across an
HT-Tuffryn synthetic membrane in a Franz diffusion
cell. Gel (0.25 g) was spread on the donor-facing
membrane surface, and the receptor compartment
contained 25 mL phosphate buffer pH 7.4 maintained
at 37 + 1 °C with continuous stirring. Samples (5 mL)
were collected at 5, 15, 30, 45, 60, 90, and 120 min and
quantified by UV-Vis spectrophotometry at 306 nm
[27].

Data analysis

The 16-run response data were analysed by
ANOVA in Design-Expert version 13; model
significance and lack of fit were evaluated, and the
optimum was selected by the highest desirability.
Verification used one-sample t-tests in SPSS version
25. Between-formulation  comparisons  used
independent-samples t-tests for normally distributed
data or Mann-Whitney tests otherwise. One-way
ANOVA with Tukey post-hoc analysis was used for
antioxidant comparisons. The significance threshold
was 0.05.
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