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Purpose: Diflunisal is a nonsteroidal anti-inflammatory drug whose topical
delivery is constrained by low aqueous solubility and the stratum corneum barrier.
This study characterized a diflunisal-loaded transethosomal gel and evaluated its
ex vivo skin permeation, antinociceptive activity, and short-term physicochemical
changes during storage.

Method: Diflunisal-loaded transethosomal gel was evaluated for physicochemical
properties, ex vivo skin permeation, antinociceptive activity in Swiss mice (n =
8/group), and physicochemical changes during 12 weeks of storage. Permeation
profiles were analyzed using a linear mixed-effects model, whereas flux and
antinociceptive data were analyzed using one-way analysis of variance.

Results: Ex vivo permeation across excised mice skin demonstrated superior
delivery from the transethosomal gel, with a cumulative permeation (Q) 0of 279.789
+6.351 pg/cm? compared with 177.688 +9.173 pg/cm? for the non-transethosomal
gel. In vivo evaluation using the formalin-induced nociception model demonstrated
significant antinociceptive activity in both phases. Formalin-evoked licking/biting
times were lower in both diflunisal-treated groups than in the untreated formalin
group. No statistically significant difference was observed between the oral and
topically treated groups in this small experiment; this does not establish
equivalence between the routes. Storage at 40 + 2 °C produced greater changes in
color, pH, viscosity, and measured drug content than storage at 30 + 2 °C.
Conclusion: The diflunisal-loaded transethosomal gel enhanced ex vivo skin
permeation and was associated with reduced formalin-evoked nociceptive
behavior. These findings support further investigation of the formulation as a
topical delivery system for diflunisal. Further pharmacokinetic, safety, vehicle-
controlled, and disease-specific studies are required.
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used to manage inflammatory and
musculoskeletal pain because they inhibit cyclooxygenase enzymes, thereby reducing prostaglandin-mediated
inflammation and nociception.!? Diflunisal, a salicylic acid derivative, possesses potent analgesic and anti-
inflammatory activity and is used in the treatment of painful musculoskeletal conditions.’® However,
conventional oral administration of diflunisal is limited by intrinsic factors: low aqueous solubility, undesirable
pharmacokinetic characteristics, and poor biodistribution. These pharmacokinetic challenges reduce
bioavailability and therapeutic consistency, often necessitating higher doses that increase the risk of serious
systemic adverse effects such as gastrointestinal ulceration, renal dysfunction, and cardiovascular events,
particularly in elderly patients.®’

To circumvent systemic toxicity and improve localized pain control, alternative delivery strategies have been
explored. Topical and transdermal systems offer non-invasive routes for delivering drugs directly to peripheral
tissues, bypassing hepatic first-pass metabolism and reducing systemic drug exposure.®® Nevertheless, the stratum
corneum, the outermost layer of the skin, poses a formidable barrier to drug penetration, especially for
hydrophobic molecules like diflunisal. Conventional gel and cream formulations exhibit suboptimal permeation,
resulting in inadequate therapeutic concentrations at target sites. '

Advanced vesicular carriers have emerged as promising platforms for enhancing transdermal drug delivery.
Among these, ultra-deformable lipid systems such as ethosomes and transfersomes have demonstrated improved
skin permeation by enhancing lipid bilayer fluidity and facilitating passage through intercellular lipid regions.'!
However, traditional ethosomal and transfersomal systems still face challenges in maximizing both drug loading
and permeation efficiency concurrently, often requiring complex optimization that can compromise formulation
stability or scalability.'>!3 Transethosomes, hybrid vesicular systems combining ethanol, phospholipids, and edge
activators, represent a next-generation delivery platform that integrates the permeation enhancement mechanisms
of both ethosomes and transfersomes. The synergy between ethanol's skin-fluidizing effect and edge activators'
vesicle deformability results in substantially improved drug permeation across the stratum corneum.
Transethosomes have been successfully employed to increase the transdermal delivery of various pharmacological
agents, including peptides, analgesics, and anti-inflammatory drugs, with evidence of enhanced skin retention and
controlled release kinetics. '+

Despite these advances, the transethosomal delivery of diflunisal remains insufficiently characterized,
particularly through an integrated assessment of vesicle properties, ex vivo skin permeation, short-term
physicochemical stability, and in vivo antinociceptive activity. Previous studies have investigated diflunisal
nanoparticles or ethosomal formulations; however, evidence directly linking the physicochemical performance of
diflunisal-loaded vesicles with their biological activity remains limited. Therefore, the present study aimed to
characterize a selected diflunisal-loaded transethosomal gel, compare its ex vivo permeation across excised mice
skin with that of a non-transethosomal diflunisal gel, evaluate its effects on formalin-evoked nociceptive behavior
in mice, and assess short-term physicochemical changes during storage. The formalin test was used as a biphasic

model of acute neurogenic and inflammatory nociception.
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Materials and methods

Materials

Diflunisal was purchased from Sigma-Aldrich Pte. Ltd., Singapore, Singapore. Phosphatidylcholine
(Phospholipon® 90G) was sourced from Lipoid GmbH, Ludwigshafen, Germany. Span 80 and triethanolamine
were obtained from Croda Singapore Pte. Ltd., Singapore, Singapore. Ethanol, methanol, dichloromethane,
acetonitrile, potassium dihydrogen phosphate, sodium hydroxide, and formalin were supplied by Merck KGaA,
Darmstadt, Germany. Carbopol® 934 was obtained from Shree Chemicals, Mumbai, India. Distilled water was
purchased from PT Brataco, Jakarta, Indonesia. Swiss strain mice were obtained from the Research Hub,

Universitas Padjadjaran, Sumedang, Indonesia.

Formulation of Transethosomes

Transethosomes were prepared using the thin-film hydration method. The formulation composition was
adopted from the authors’ previously published optimization study and was not optimized de novo in the present
work.'® The current study used this previously selected composition as a fixed formulation. It generated a new,
independent dataset comprising physicochemical characterization, TEM imaging, ex vivo permeation, formalin-
evoked nociceptive responses, and short-term stability. None of these data were reported in the earlier
publications. The components and their respective quantities used in the formulation are outlined in Table 1.
Accurate amounts of diflunisal, Phospholipon 90G, and edge activators were mixed and dissolved in a solvent
mixture of dichloromethane and methanol (7:3 v/v), with a total volume of 20 ml. The organic solvents were then
evaporated using a rotary evaporator (HS-3005S-N, Hahn Shin Scientific Co., Bucheon, Republic of Korea) at
52°C under reduced pressure, forming a thin film. To hydrate the thin film, a mixture of ethanol and phosphate
buffer (pH 7.4) in a 3:7 (v/v) ratio was added, and the suspension was agitated for 1 hour using glass beads. For

size reduction, the transethosome suspension was sonicated at 30% amplitude for 5 minutes.

Table 1. Components used in the formulation of transethosomes

Components Amount (% w/v)
Diflunisal 1
Phospholipon 90G 2.5
Span 80 0.75
Ethanol: Phosphate buffer (pH 7.4) 3:7 (v/v) ad 10 mL

Determination of Particle Size, Polydispersity Index, and Zeta Potential

Particle size, polydispersity index (PDI), and zeta potential of the diflunisal-loaded transethosomes were
characterized using dynamic light scattering (DLS) with a Zeta-Sizer instrument (Malvern Zetasizer Nano ZS,
Malvern Panalytical Ltd., Malvern, UK) at 25 °C. Transethosome suspensions were diluted with sterile water for
injection at a 1:10 ratio and subsequently vortexed for 1 minute to ensure homogeneity. Each measurement was

performed in triplicate to ensure reproducibility and reliability of the data. !’

UV-Visible Spectrophotometry
Diflunisal was quantified by a validated UV-visible spectrophotometry method at 252 nm.2° A 100 pg/mL
stock solution was prepared, and the absorption spectrum was scanned over 200—400 nm to determine the

wavelength of maximum absorption. Calibration standards ranging from 4 to 13 pg/mL were subsequently
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analyzed. Linear regression yielded the equation (y = 0.0565x + 0.0137), with a coefficient of determination R?
of 0.9993. Accuracy was evaluated in triplicate at 80%, 100%, and 120% of the target concentration, yielding
mean recoveries of 98.594%, 99.696%, and 99.604%, respectively. Precision assessed at the corresponding
concentration levels produced relative standard deviations of 0.741%, 0.359%, and 0.260%. The limits of
detection and quantification were 0.3177 and 0.9627 ng/mL, respectively. Method selectivity was confirmed by

the absence of detectable blank absorbance at the analytical wavelength.

Apparent Entrapment Efficiency (%EE)

The total diflunisal content and the apparent entrapment efficiency of transethosome suspensions were
sequentially evaluated.?! Vesicles were first disrupted by adding methanol to 1 mL of the suspension to a final
volume of 5 mL, followed by vortexing for 5 minutes to ensure complete disruption. The solution was then diluted
1,250-fold with methanol for quantification of total diflunisal using UV—Vis spectrophotometry. Apparent
entrapment efficiency was assessed indirectly by centrifuging 1 mL of the suspension at 10,000 rpm for 60 minutes
at 4 °C. The supernatant (0.1 mL) was collected, diluted 500-fold with PBS, and the free diflunisal concentration
was measured at 252 nm using UV—Vis spectrophotometry. The value is conservatively reported as apparent
entrapment efficiency, representing an operational estimate of diflunisal association with the vesicular system
rather than definitive intravesicular localization. All analyses were performed in triplicate, and entrapment

efficiency (%EE) was calculated using the formula:

__ Total diflunisal (mg) — Free diflunisal (mg)

%EE = x100%

Total diflunisal (mg)

Transmission Electron Microscopy

Transethosome morphology was examined by transmission electron microscopy (TEM). A drop of the
suspension was diluted 1:100 with buffer, applied to a copper grid, and incubated at room temperature for
15 minutes. Samples were negatively stained with 1% phosphotungstic acid for 3 minutes and imaged under TEM

at 160 kV. Data are expressed as the mean + SD from three independently prepared batches (n = 3).'®

Formulation of Transethosome Gel

Diflunisal-loaded transethosome suspensions were incorporated into a gel base composed of 1% Carbopol
934. Carbopol was dispersed in distilled water and homogenized at 1,000 rpm. The gel pH was adjusted to 5 using
triethanolamine (TEA) to achieve gelation. Methylparaben, pre-dissolved in propylene glycol, was incorporated
into the gel matrix. The transethosome vesicles were then gradually added while continuously homogenizing at
1,000 rpm to obtain a uniform transethosomal diflunisal gel. For comparison, a non-transethosomal diflunisal gel
was prepared by dissolving diflunisal (1 mg/mL) in phosphate buffer, then following the same gel preparation

protocol.??

Ex Vivo Permeation Study

Fresh abdominal skin was excised from clinically healthy 2-month-old male Swiss mice weighing 30-35
¢ following hair removal and euthanasia, cleaned of adhering subcutaneous tissue, hydrated in phosphate-buffered
saline (PBS; pH 7.4) for 30 min at 4 °C, and mounted between the donor and receptor compartments of Franz
diffusion cells with the stratum corneum facing the donor compartment and the dermal surface facing the receptor
phase. The receptor compartment contained 15 mL of PBS (pH 7.4), was maintained at 37 + 0.5 °C, and was

continuously stirred at 300 rpm; the effective diffusion area was 2.0096 cm?. Gel containing 600 pg of diflunisal
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was applied to the epidermal surface. At this donor dose and receptor volume, the maximum theoretical receptor
concentration is approximately 89-fold below the reported diflunisal solubility in PBS at pH 7.4 (3.56 mg/mL),
supporting sink conditions.?’ Receptor samples (2.5 mL) were collected at 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 16,
20, and 24 h, with each withdrawn volume immediately replaced by an equal volume of fresh PBS. Diflunisal
concentrations were quantified by UV—Vis spectrophotometry at 252 nm, and the cumulative amount permeated

per unit area at sampling time n was corrected for serial sample removal using:

_{Cn.v+ ¥5iCS)
B A

where C,, is the receptor-phase concentration at time n, V is the receptor volume, S is the sampling volume,
C; represents the concentrations measured in all preceding samples, and Ais the effective diffusion area.
Cumulative permeation (pg/cm?) was plotted against time, and the steady-state flux (J, pg/cm?-h) was calculated
from the slope of the linear portion of the permeation profile.?»** The study was designed to compare receptor-
phase appearance and estimated flux between formulations under identical diffusion-cell conditions. Drug retained
in the skin, remaining in the donor compartment, and recovered in wash fractions was not quantified; therefore,

total mass balance was not established.

In Vivo Antinociceptive Study

All animal procedures were approved by the Health Research Ethics Committee of the Faculty of
Medicine, Universitas Indonesia—Cipto Mangunkusumo Hospital (approval No.
1172/UN2.F1/ETIK/PPM.00.02/2022). A total of 33 physically healthy, 2-month-old male Swiss mice weighing
30-35 g were used: 9 in the preliminary formalin-concentration study and 24 in the main experiment. Male mice
were selected to reduce variability associated with estrous-cycle hormonal fluctuations; this sex restriction limits
generalizability to female animals. Mice were housed at up to five animals per cage, provided food and water ad
libitum, maintained under a controlled 12-h light/12-h dark cycle, and acclimatized for 2 weeks before
experimentation.

A preliminary study was conducted to determine the optimal formalin concentration for inducing a
nociceptive response. Three groups of animals (n =3 per group) were used: a control group receiving 0.9% NacCl,
and two treatment groups receiving 2% and 2.5% formalin, respectively. Mice were individually placed in
transparent acrylic observation chambers (13 % 13 x 10 cm), and nociceptive behaviors, such as licking and biting
of the injected paw, were recorded during two phases: Phase I (0—5 min post-injection) and Phase II (20-30 min
post-injection). The formalin concentration that elicited clear hyperalgesic behavior was selected for subsequent

antinociceptive testing.

Table 2. Treatments for the antinociceptive study (n=8)

Group Treatment
Negative Control Formalin induction only
Treatment 1 Oral diflunisal (10mg/kg body weight) + formalin induction
Treatment 2 Transethosomal diflunisal gel (10mg/kg body weight) + formalin induction

For the antinociceptive study, mice were divided into three groups (n =8 per group), as summarized in

Table 2. Sample size was determined using the resource-equation approach for a one-way ANOVA design. For
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three experimental groups, an error degrees of freedom range of 10-20 corresponds to 5—7 animals per group.
Eight mice were included in each group, resulting in a degrees of freedom error of 21. Formalin was injected
subplantarly (20 pL) into the right hind paw 1 hour after treatment administration. Mice received either oral or
transdermal diflunisal at an effective dose of 10 mg/kg body weight, based on prior studies demonstrating
analgesic and anti-inflammatory efficacy. Transethosomal gel was applied to shaved dorsal skin (2 x 2 cm) using
a Finn chamber secured with an adhesive dressing, as seen in Figure 1, while oral formulations were administered
via gavage. Nociceptive responses were recorded in the same acrylic chambers, with the duration of paw licking
and biting measured separately for Phase I (acute, non-inflammatory pain) and Phase II (inflammatory pain).2*-2

The in vivo experiment was designed as an exploratory active-comparator proof-of-concept to compare
the formulated topical product with an established oral diflunisal treatment. For this reason, the design prioritized
an oral active comparator and did not include vehicle-gel or blank-transethosome groups. This choice permits
comparison with the oral-treatment group but does not isolate the contribution of diflunisal from possible effects
of the gel base, ethanol, surfactant, phospholipid, occlusion, or handling. The 10 mg/kg topical value represents
the nominal applied dose and was selected to match the administered oral dose pragmatically; it was not an
exposure-matched comparison. Plasma or tissue pharmacokinetics, absorbed-dose recovery, residual topical drug,
and validated dose-normalized exposure were not measured. Consequently, route equivalence, relative

bioavailability, and component-specific efficacy cannot be concluded.

Figure 1. Gel application. Mice dorsal skin after shaving (A), placement of the gel using a Finn Chamber (B), adhesion of
the gel and Finn Chamber (C).

Short-Term Storage Stability

Transethosomal gel, non-transethosomal diflunisal gel, and gel base were observed for 12 weeks at 30 + 2
°C and 40 + 2 °C, with assessments every 2 weeks. Recorded variables included appearance, homogeneity,
viscosity, pH, and UV-visible absorbance-based drug content. The experiment was an exploratory short-term

storage study and was not a formal shelf-life or ICH stability program.
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Statistical Analysis

Data were analyzed using IBM SPSS Statistics version 24. Ex vivo permeation profiles were evaluated
using a linear mixed-effects model with formulation, time, and their interaction as fixed effects. Flux data were
analyzed using one-way ANOVA. Stability data were summarized descriptively because replicate-level

observations were unavailable. Statistical significance was set at p < 0.05.

Results and discussion
Vesicle Size, PDI, and Zeta Potential

The thin-film hydration technique was employed for vesicle preparation, wherein a thin lipid film is first
formed on the flask wall and subsequently hydrated with a hydroethanolic solvent ?’. This method was selected
for its operational simplicity and for consistently yielding vesicles with optimal physicochemical characteristics,
including particle size, polydispersity index (PDI), zeta potential, and high drug entrapment efficiency.?®

Optimized diflunisal-loaded transethosomes displayed an average particle size of 78.23 £1.75 nm, a PDI
of 0.283+0.01, and a zeta potential of —31.83 £0.31 mV (Table 3). Nanoscale vesicles facilitate enhanced skin
penetration, as sizes below 100 nm promote traversal through the stratum corneum and deposition in deeper
dermal layers, which is critical for topical NSAID efficacy. Similar studies have reported that particle size in
transethosomal formulations of lipophilic drugs, such as baicalin and curcumin, is correlated with improved ex
vivo permeation and therapeutic outcomes.?*° The reduced vesicle size can be attributed to two key factors. First,
high surfactant concentrations coat the vesicle surface, lowering interfacial tension and thereby producing smaller
vesicles.’! Second, ethanol incorporated into the transethosomal system further reduces particle size by inducing
interpenetration of lipid hydrocarbon chains, resulting in more compact vesicular structures.3>33

A PDI value of 0.283 reflects a uniform vesicle population, ensuring predictable permeation and consistent
release profiles. The literature indicates that transethosomal systems with PDI <0.3 exhibit stable, reproducible
skin penetration, whereas higher PDI values are often associated with irregular drug delivery.’*

Surface charge plays a dual role, influencing both physical stability and interactions with the negatively
charged skin surface. The zeta potential of —31.83 mV observed in this study falls within the range commonly
associated with kinetically stable vesicles and aligns with numerous lipid-based carriers reported in the literature.
This negative charge is primarily attributed to the high ethanol content in the transethosomal formulation. Ethanol
interacts with the polar head groups of phospholipids, imparting a negative charge that, in turn, generates
electrostatic repulsion.’> Negative surface charge may also facilitate repulsion from the stratum corneum lipid
domains, reducing vesicle aggregation at the skin surface and favoring deeper penetration. In contrast, neutrally
or weakly charged vesicles often exhibit greater coalescence tendencies, lowering permeation efficiency and

supporting reliable performance in topical applications.3%

Table 3. Physicochemical Characteristics of Diflunisal-Loaded Transethosomes. Results are expressed as mean + SD (n = 3)

Parameter Value
Particle size (nm) 7823 £ 1.75
PDI 0.283 £ 0.01
Zeta potential (mV) -31.83 £ 0.31
Apparent Entrapment Efficiency 78.68 £ 1.23
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Apparent Entrapment Efficiency

Diflunisal-loaded transethosomes showed an apparent entrapment efficiency of 78.68 £ 1.23 % (Table 3),
indicating that a substantial proportion of diflunisal was associated with the vesicular fraction under the applied
separation conditions. This association may be related to the lipophilic nature of diflunisal, which favors
partitioning into the hydrophobic regions of the phospholipid bilayer.*®* However, the analytical procedure did
not distinguish drug incorporated within the vesicles from drug adsorbed onto vesicle surfaces or otherwise
retained in the separated vesicular fraction. Accordingly, the value should be interpreted as an operational estimate

of vesicle-associated diflunisal rather than definitive evidence of intravesicular encapsulation.

Transmission Electron Microscopy

Negative-stain TEM showed a heterogencous population of closely packed, approximately spherical
vesicular structures (Figure 2A). Some structures displayed internal electron-lucent regions or concentric contrast
patterns that may be compatible with multilamellar or multivesicular organization; however, these features are
not diagnostic of multivesicular vesicles. Negative-stain TEM provides a two-dimensional projection of stained
and dehydrated specimens, and the apparent morphology may therefore be influenced by specimen preparation
and stain-related contrast. Accordingly, the present image supports the formation of vesicular structures but does
not establish multivesicular architecture. Confirmation would require cryogenic TEM across multiple
representative fields, preferably complemented by electron tomography or another three-dimensional structural
method. Cryogenic TEM preserves vesicles in a near-native hydrated state, while tomography can provide

structural information that may not be resolved from individual two-dimensional projections.*’

Size Distribution by Intensity B
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2 140 B
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10 100 1000 10000

Size (d.nm)

Figure 2. TEM Image (A) and Particle Size Distribution (B)

The observed internal contrast may nevertheless be considered in the context of previous reports showing
that ethanol, phospholipid concentration, and preparation conditions can influence membrane curvature, lipid
packing, and vesicle lamellarity in transethosomal systems. Ethanol increases bilayer fluidity and may promote
structural heterogeneity, while phosphatidylcholine concentration and thin-film hydration conditions may affect
vesicle organization and morphology. 3% These mechanisms provide a plausible explanation for the internal
patterns observed in Figure 2A, but do not confirm multivesicular architecture in the present formulation.

Similarly, potential functional consequences commonly associated with multilamellar or multivesicular systems,
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such as enhanced drug retention or modified release, cannot be inferred from TEM images alone and require
dedicated structural and release studies.

The dimensions observed by TEM were broadly within the nanoscale range but were not considered
directly equivalent to the DLS results (Figure 2B). DLS derives an equivalent hydrodynamic diameter from the
translational diffusion of particles in dispersion, whereas TEM provides projected dimensions of the structures
visualized after specimen preparation. In addition, intensity-weighted DLS distributions are disproportionately
influenced by larger particles or aggregates. Therefore, DLS and TEM should be interpreted as complementary
measurements of distinct physical properties rather than as direct confirmation of each other. Quantitative
comparison would require image-based measurement of a sufficiently large and representative particle population

and comparison with the appropriate DLS size-distribution metric.*!

Ex Vivo Permeation Study

Ex vivo skin permeation was evaluated using a Franz diffusion cell, a widely accepted model for assessing
transdermal drug transport. In this system, excised skin was mounted between the donor and receptor
compartments to monitor drug diffusion across the skin over time and to determine the cumulative amount
permeated per unit area (Q) and flux (J).*> PBS pH 7.4 was used as the receptor medium without additional
surfactants or solubilizers, as diflunisal showed sufficient solubility in this medium (3.56 mg/mL),?® which was
substantially higher than the total amount of drug applied in the donor compartment (600 pg). This confirmed that
the study was conducted under sink conditions throughout the experiment, ensuring that the permeation profile
reflected the formulation's intrinsic performance rather than being limited by drug solubility.*?

The permeation study, conducted at 14 sampling points, revealed a clear superiority of the transethosomal
gel over the non-transethosomal gel in promoting diflunisal transport across the skin. As presented in Figure 3A,
the cumulative amount of diflunisal permeated from the transethosomal gel containing Span 80 at 0.75% reached
279.789 £ 6.351 pg/cm? In contrast, the non-transethosomal diflunisal gel exhibited a substantially lower
cumulative permeation of 177.688 £ 9.173 pg/cm?. Cumulative permeation differed significantly over time, F(13,
40.419) = 157.624, p < 0.001, and between the two formulations, F(1, 5.396) =455.731, p < 0.001. A significant
formulation-by-time interaction was also observed, F(13, 40.419) = 20.310, p < 0.001, indicating that the
magnitude of the difference between the transethosomal and non-transethosomal gels varied throughout the 24-
hour study period. This marked difference demonstrates that incorporation of diflunisal into the transethosomal

vesicular system significantly improved its ability to traverse the skin barrier.

9 | Advanced Pharmaceutical Bulletin 2026



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

Transethosomal

<A B Diflunisal Gel
&~
?ﬁ e Non-Transethosomal
5 307 , Diflunisal Gel
3 7
2 250+ - *
E . 28 [
= i 4
= i I | -
= 200 X L ; _ 24e
g 1 — o
= 1504 il 3 £ 50-
1 T - s 2
E 1 P/;/} 2
& 100+ e = 16-
) J F =
= 4/ =
S sodt = 124
£ i
N s .
E
= 0 — r r r r 1. 1111511711 8 I
E 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 Transethosomal Non-Transethosomal
E| s Diflunisal Gel Diflunisal Gel
Q Time (hour)

Figure 3. Ex vivo permeation of transethosomal and non-transethosomal diflunisal gels: (A) cumulative amount permeated
(ng/cm?) and (B) flux (ug/cm?-h). Data are presented as mean + SD (n = 3). *p < 0.05.

The relatively low permeation observed for the non-transethosomal gel is most plausibly attributable to
the intrinsic physicochemical properties of diflunisal. Diflunisal is a lipophilic drug with a log P value of 4.44,%
and although lipophilicity generally favors partitioning into the stratum corneum, transdermal permeation is not
linearly improved by increasing lipophilicity. Rather, skin permeability is known to follow a parabolic relationship
with lipophilicity, with maximal permeation typically occurring at a log P of approximately 3-4.%> Therefore, the
lipophilicity of diflunisal, being slightly above the optimal range, may promote retention within the lipid-rich
stratum corneum while limiting its onward diffusion into the deeper, more aqueous epidermal and dermal layers.*°
In the absence of a specialized carrier system, this physicochemical constraint results in suboptimal permeation,
as reflected by the lower cumulative amount penetrated observed for the conventional gel. By contrast, the higher
amount of diflunisal permeated from the transethosomal gel can be attributed to the synergistic interplay among
the vesicular components and the unique biophysical behavior of the transethosomal system. !’

Another key parameter for interpreting permeation performance is flux, which represents the rate of drug
transport across the membrane per unit area per unit time and is calculated from the slope of the linear portion of
the cumulative permeation-time profile according to Fick's first law of diffusion. Flux, therefore, reflects the
efficiency with which a formulation can sustain drug movement through the skin under quasi-steady-state
conditions. As presented in Figure 3B, the transethosomal gel exhibited a flux of 25.129 £ 0.958 pg/cm?-h, which
was substantially higher than that of the non-transethosomal gel (10.074 + 0.698 pg/cm?-h), and this difference
was statistically significant (p < 0.05). This finding confirms that the transethosomal system not only increased
the total amount of diflunisal delivered across the skin but also substantially accelerated the rate of permeation.

The superior permeation and flux of the transethosomal gel are attributed to the synergistic effect of the
vesicular components and the unique structural characteristics of the transethosomal system.!” Span 80 acts as an
edge activator that increases vesicle deformability by reducing the rigidity of the lipid bilayer, thereby enabling

the vesicles to pass through narrow intercellular pathways within the stratum corneum. 44’

Ethanol also plays a
critical role as a penetration enhancer by interacting with skin lipids, disturbing their ordered packing, and
increasing membrane fluidity. In addition, phospholipids together with ethanol can loosen the intercellular lipid

structure of the stratum corneum and improve drug partitioning into the skin. Ethanol and surfactants are also
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known to reduce the phase transition temperature of skin lipids by intercalation into lipid bilayers, thereby
increasing lipid fluidity and decreasing diffusional resistance.*® Collectively, these effects facilitate deeper skin
penetration and more efficient transport of diflunisal, which explains the markedly higher cumulative permeation
and flux observed for the transethosomal gel compared with the non-transethosomal gel.

Overall, the ex vivo permeation data unequivocally demonstrate the advantage of the transethosomal
carrier system for the topical delivery of diflunisal. The significantly higher cumulative amount permeated and
the markedly greater flux indicate that transethosomes successfully overcame the permeation limitations
associated with the high lipophilicity of diflunisal. From a formulation perspective, these findings highlight the
ability of the transethosomal system to combine penetration enhancement, vesicle deformability, and favorable
drug-skin partitioning into a single delivery platform. From a therapeutic standpoint, the enhanced permeation
profile suggests that transethosomal gel may offer superior potential for achieving effective local drug levels in
the skin and underlying tissues, thereby supporting its further development as an advanced topical delivery system
for diflunisal in pain management applications. Interpretation remains limited by the absence of skin-retention,
donor-recovery, wash-fraction, and total mass-balance measurements. Mice skin is generally more permeable than
human skin; therefore, the magnitude of permeation should not be directly extrapolated to clinical performance.
Human or porcine skin with complete mass-balance assessment would provide a more informative barrier model

for subsequent studies.

In Vivo Antinociceptive Study

Formalin-induced nociception was selected as an in vivo pain model because it enables simultaneous
assessment of neurogenic and inflammatory components of pain within a single assay. Phase I (0—5 min) reflects
acute nociception caused by direct activation of peripheral C-fibers, whereas Phase II (20—30 min) represents

inflammatory pain associated with peripheral mediator release and central sensitization.*~!

Such a biphasic
response makes this model particularly relevant for diflunisal, an NSAID whose analgesic efficacy is closely
linked to inflammation-driven nociception.

Preliminary evaluation demonstrated that both 2% and 2.5% formalin induced significant nociceptive
responses in both phases compared with 0.9% NaCl (p < 0.05) as seen in Figure 4A. Formalin at 2.5% produced
a significantly greater response in Phase I and a numerically higher, but non-significant, response in Phase II than
formalin 2%. Comparable observations have been reported previously, indicating that increasing formalin
concentration mainly intensifies the early neurogenic component without substantially enhancing the late
inflammatory phase.’> Because the pilot was not powered for confirmatory statistical inference or formal
concentration optimization, statistical comparisons were not used to establish the superiority of either
concentration. Before the main experiment, 2% formalin was selected prospectively as the lowest concentration
to elicit a clear biphasic response and an adequate Phase II signal, while avoiding the stronger early-phase irritant
stimulus observed with 2.5% formalin. This selection was therefore exploratory and pragmatic and should not be

interpreted as evidence that 2% formalin was statistically optimal.
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Figure 4. In vivo antinociceptive activity in mice: (A) nociceptive responses to different formalin concentrations (n = 3) and
(B) treatment effects on formalin-induced pain (n = 8). Data are presented as mean + SD. *p < 0.05.

Robust antinociceptive activity was observed for both oral diflunisal and diflunisal-loaded transethosomal
gel, as shown in Figure 4B. During Phase I, licking and biting time decreased significantly (p < 0.05) from 79.664
+ 11.917 s in the negative control group to 49.495 + 9.307 s in the oral group and 46.731 £ 9.948 s in the
transdermal group, corresponding to reductions of 37.87% and 41.34%, respectively. More pronounced inhibition
was observed in Phase II, where nociceptive time declined from 120.963 + 20.586 s in the negative control to
48.336 + 16.846 s after oral administration and 44.090 £ 22.829 s after transdermal treatment, corresponding to
60.04% and 63.55% inhibition, respectively. The absence of a significant difference between oral and transdermal
diflunisal in either phase (p > 0.05) indicates comparable in vivo efficacy between the two delivery routes.

Preferential inhibition during Phase II is mechanistically consistent with the pharmacological action of
diflunisal. This study aligns with the findings of Kaur et al. (2017) and Sallam et al. (2013), which showed that
transdermal diflunisal formulations reduced pain in both phases I and II of the formalin test, with a notably
stronger effect in Phase I1 23, Diflunisal inhibits COX-1 and COX-2, thereby suppressing prostaglandin synthesis
and reducing nociceptor inflammatory sensitization. These enzymes convert arachidonic acid into inflammatory
mediators, such as prostaglandins. Inhibition of COX enzymes reduces prostaglandin synthesis, which plays a
crucial role in the inflammatory and pain pathways. The analgesic action of NSAIDs, such as diflunisal, stems
from decreased prostaglandin synthesis in peripheral tissues and the central nervous system. While prostaglandins
themselves do not directly cause pain, they sensitize peripheral nociceptors to mediators like bradykinin and
histamine.>*

Comparable activity between oral diflunisal and transethosomal gel further suggests that transethosomal
delivery provided sufficient skin penetration to achieve a pharmacologically meaningful antinociceptive response.
However, because vehicle-gel and blank-transethosome-gel groups were not included, the observed response
cannot be attributed specifically to diflunisal. Possible contributions from ethanol, surfactant, phospholipid, the
gel base, occlusion, and handling cannot be excluded. Moreover, although no statistically significant difference
was detected between the oral and topical diflunisal groups, the study was not designed or powered as an
equivalence or non-inferiority trial. Therefore, the findings do not establish comparable efficacy between the two
administration routes. Previous studies have suggested that ethosomal systems may enhance the dermal delivery
of NSAIDs.? However, this mechanism was not directly demonstrated in the present study because skin
deposition, local exposure, and systemic exposure were not quantified. Accordingly, the results should be
interpreted as preliminary evidence of the antinociceptive activity of the tested diflunisal-loaded transethosomal

formulation.
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Short-Term Storage Stability

Short-term storage stability demonstrated that storage temperature markedly influenced the physical and
chemical integrity of the gel systems. During 12 weeks of storage at 30 = 2 °C, transethosomal gel, non-
transethosomal gel, and gel base retained their original organoleptic characteristics, with no detectable change in
color, odor, or homogeneity. Transethosomal gel remained white with a characteristic odor, whereas non-
transethosomal gel remained colorless and odorless, and gel base remained colorless with the characteristic odor
of Carbopol. In contrast, accelerated storage at 40 + 2 °C induced visible discoloration in the transethosomal gel
from week 8 onward, progressing from white to yellowish white and eventually to pale yellow at week 12, while
the non-transethosomal gel and gel base remained visually unchanged. Such selective discoloration strongly
suggests reduced stability of the phospholipid-based vesicular system under thermal stress. Phosphatidylcholine
is known to undergo hydrolytic degradation in the presence of heat and moisture, generating
lysophosphatidylcholine and free fatty acids, which may contribute to both color alteration and overall
physicochemical instability.>®

Rheological analysis (Figure 5A, 5B) further confirmed temperature-dependent instability. Viscosity
progressively decreased in both gel formulations over the storage period at 30 + 2 °C and 40 + 2 °C, with a more
pronounced decline under accelerated conditions. Such behavior is consistent with the pH-dependent nature of
Carbopol gels, whose viscosity is maintained by ionization and expansion of the polymeric network. Progressive
acidification of the formulations would therefore reduce polymer swelling and compromise gel structure, leading

to lower viscosity.>’
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Figure 5. Short-term storage stability profiles of transethosomal and non-transethosomal diflunisal gels during 12 weeks of
storage: viscosity at (A) 30 =2 °C and (B) 40 + 2 °C; pH at (C) 30 =2 °C and (D) 40 + 2 °C; and drug content at (E) 30+ 2 °C
and (F) 40 £ 2 °C.

pH monitoring revealed a gradual decline in both formulations during storage; however, all values
remained within the physiologically acceptable skin pH range of 4.5-6.5 (Figure 5C, 5D). Most pronounced
acidification occurred in the transethosomal gel stored at 40 + 2 °C, in agreement with the greater color instability
observed under the same condition. Such findings support the occurrence of phospholipid degradation during
storage, particularly in the transethosomal system, where formation of free fatty acids could account for the shift
toward a more acidic environment.*

Drug content analysis showed a gradual reduction in diflunisal concentration in both formulations during
storage, with the greatest loss observed in the transethosomal gel under accelerated conditions (Figure SE, 5F).
This pattern was fully consistent with the physical and chemical changes observed in the same formulation,
namely discoloration, a decline in pH, and a reduction in viscosity. Taken together, these results indicate that
diflunisal-loaded transethosomal gel remained acceptably stable at 30 = 2 °C for up to 3 months. In contrast,
elevated temperatures accelerated degradation of the vesicular system and compromised formulation stability.
Such findings underscore the importance of controlled storage conditions for preserving the performance of

phospholipid-based transdermal delivery systems.
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Taken together, short-term stability data suggest that the transethosomal gel remained sufficiently stable at
30 £ 2 °C throughout the 12-week study period. More pronounced changes under accelerated conditions suggest
that elevated temperature may promote the degradation of vesicular phospholipids and adversely affect the
formulation's physicochemical characteristics. These findings are exploratory and do not establish shelf life, room-
temperature stability, or an appropriate commercial storage condition.
Conclusion
Under the tested conditions, the diflunisal-loaded transethosomal gel increased receptor-phase
permeation across excised mice skin relative to the non-transethosomal diflunisal gel and was associated with
reduced formalin-evoked nociceptive behavior in mice. Physicochemical changes during 12 weeks of storage
were less pronounced at 30 & 2 °C than at 40 + 2 °C. These findings support further evaluation of the formulation
but do not establish efficacy in osteoarthritis, superior safety, or equivalence to oral diflunisal. Further studies

should incorporate appropriate pharmacokinetic and safety assessments, and disease-relevant pain models.
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  % EE =   Total   diflunisal    ( mg ) − Free   diflunisal   ( mg )  Total   diflunisal   ( mg ) x   100 %
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