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ABSTRACT

Objective: Lornoxicam is an effective oxicam-class non-steroidal anti-inflammatory agent administered in the
inflammatory conditions. However, its oral administration is inadequate by deprived aqueous solublhty exte
gastrointestinal adverse effects. Transdermal drug delivery offers a promising alternative by bypa:
drug release, although the stratum corneum restricts effective drug permeation. Transethoso
considerable potential in enhancing transdermal drug transport.

Methods: Lornoxicam-loaded transethosomes were obtained by the cold method and o

nm), improved (81.8%), and a favorable negative zeta potential (-34.6 mV) i . Transmission Electron Microscopy analysis
confirmed spherical vesicles with smooth morphology consistent with entrap a were fitted to zero-order, first-order, Higuchi,
and Korsmeyer-Peppas models. The highest correlation coefficient i i = 0.97), indicating diffusion-controlled
release. In vitro permeation studies showed significantly higher dru
conventional plain gel (45%). The gel showed acceptable pH, viscosi
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INTRODUCTION

ry drug (NSAID) of oxicam class that is broadly administered for managing acute and chronic
eumatoid arthritis, postoperative pain, and musculoskeletal disorders [1]. Since its clinical
0 its strong analgesic and anti-inflammatory activity at relatively low doses. Its pharmacological
e inhibition of cyclooxygenase (COX-1 and COX-2) enzymes, ensuing in reduced synthesis of
on, and edema [2]. Additional modulation of inflammatory mediators such as nitric oxide further
espite these advantages, the clinical utility of lornoxicam following oral administration is significantly

Lornoxicam is a potent non-steroida
inflammatory conditions, like oste
evaluation, lornoxicam has gai
action is primarily mediate
prostaglandins responsible f
contributes to its the i

limited by ifetic challenges [4]. The drug exhibits low water solubility and dissolution-rate limited absorption, causing
variable an temiC absorption [5]. Moreover, lornoxicam undergoes extensive first-pass hepatic metabolism, predominantly via
CYP2C9, whic oral bioavailability [4]. These limitations necessitate frequent dosing, increasing the risk of NSAID-associated
advi ointestinal irritation, ulceration, renal toxicity, and cardiovascular complications [6]. Consequently, long-term oral
therap atic in elderly patients and those with comorbidities, underscoring the need for alternative delivery strategies that
can impr

Transdermal ry offers a compelling substitute to oral NSAIDs by evading first-pass metabolism, reducing gastrointestinal exposure, and
enabling sustaine ug release [8]. Clinically successful transdermal NSAID products, including diclofenac, ketoprofen, and piroxicam gels and
patches, validate the feasibility of this route for inflammatory pain management [9]. However, the stratum corneum remains a major barrier to drug
permeation, particularly for molecules such as lornoxicam that possess suboptimal physicochemical properties for passive diffusion [10].
Conventional topical formulations therefore often fail to deliver therapeutically effective drug concentrations across the skin [11]. To overcome
these challenges, several novel formulation strategies have been explored for lornoxicam, including solid dispersions, cyclodextrin complexes,
nanosuspensions, lipid-based systems, and polymeric nanoparticles. While these approaches have shown improvements in solubility and
dissolution, many remain limited by stability issues, manufacturing complexity, or continued reliance on oral administration [12]. In contrast,
vesicular nanocarriers have developed as a capable platform for transdermal drug delivery because of ability to interact with skin lipids and
facilitate deeper penetration [13].

Transethosomes, an advanced class of ultradeformable vesicles composed of phospholipids, ethanol, and surfactants, have demonstrated superior
skin permeation compared with conventional liposomes and ethosomes [14]. Ethanol enhances vesicle flexibility and disrupts stratum corneum
lipid organization, while surfactants impart elasticity, enabling efficient transport through narrow intercellular pathways [15]. When incorporated
into a gel base, transethosomal systems offer additional advantages such as prolonged skin residence time, controlled drug release, improved
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stability, and enhanced patient compliance [16]. Although nano-vesicular transdermal formulations of several NSAIDs have shown promising
outcomes, commercially available lornoxicam transdermal products remain limited, highlighting a significant opportunity for innovation [17].

The novelty of the present work lies in the systematic design, optimization, and evaluation of a lornoxicam-loaded transethosomal gel using a Box-
Behnken experimental design to precisely elucidate the influence of formulation variables on vesicle size and entrapment efficiency. Furthermore,
incorporation of the optimized transethosomes into a Carbopol gel matrix was strategically employed to enhance formulation stability, prolong skin
residence time, and achieve sustained transdermal delivery. This combined approach addresses the limitations of existing lornoxicam delivery
systems and provides a scientifically robust and clinically relevant alternative to conventional oral and topical therapies.

The current study aims to develop and optimize a lornoxicam-oriented transethosomal gel for transdermal delivery to overcome the limitations of
oral therapy. The objectives include formulation and optimization of transethosomal vesicles, physicochemical and morphological characterization,
evaluation of in vitro drug release and permeation, incorporation into a suitable gel matrix, and assessment of formulation stability. This approach is
expected to enhance transdermal delivery efficiency, improve anti-inflammatory efficacy, and reduce systemic adverse effects, thereby offering a
clinically relevant and high-impact alternative for lornoxicam therapy.

MATERIALS AND METHODS

Materials

Lornoxicam was an attained gift sample from Hetero Drugs Ltd., Hyderabad, India. Soya lecithin was procured frg
Tween 80 was acquired from Merck Specialties Pvt. Ltd., India. Ethanol, Carbopol 934, triethanolamine, and othefja
sourced from Merck India Pvt. Ltd. Ultrapure water (Milli-Q grade) was used throughout study. All chemicals a

analytical grade and were used as received with no further purification.

Methods
Compatibility studies

Compatibility among lornoxicam and the designated excipients was evaluated by m
Alpha-T-1020, Germany). Potassium bromide (KBr) pellets were prepared by intima
with dry KBr in a 1:100 (w/w) ratio, followed by compression in a stainless-steel die a
recorded in wavenumber range of 3500-500 cm™. Spectra were analyzed for pres ifti i earance of characteristic absorption
bands of lornoxicam to identify any possible drug-excipient interactions [18].

al FTIR) spectroscopy (Bruker
physical mixtures with excipients

Preparation of lornoxicam-loaded transethosomes

Lornoxicam-loaded transethosomes (LRNX1-LRNX14) were prepared by tl
ethosomal and transethosomal vesicular systems due to its simplici itability for thermolabile drugs. Briefly, accurately weighed quantities
of phospholipid (Soyalecithin, up t01.3% w/v) and surfactant (Twee ere dissolved in ethanol (10-35% v/v) in a closed glass
vial and maintained at 30+1 °C using a thermostatically controlle, (0.1-0.3% w/v) was then added to this ethanolic lipid

In parallel, ultrapure water was heated separately to the same te C) and maintained under continuous magnetic stirring to serve
as aqueous phase. Aqueous phase then placed dropwise i controlled rate under constant stirring at 700 rpm. Upon addition,

The dispersion was further stirred for 30 min plete vesicle formation and uniformity of the system, as reported in earlier
transethosomal formulation studies [20].

The freshly prepared transethosomal dispe sequently stored at 4 °C for 24 hr to let vesicle maturation, stabilization, and equilibration
of the lipid bilayers. Following this maturati i ispersion was exposed to probe sonication (Sonics Vibra-Cell, USA) for 3-5 min at with
30-s cooling intervals, 40% amplitudegwi i Ises to reduce vesicle size and achieve a narrow size distribution while avoiding
excessive thermal stress. All formul,
distilled water. The optimized lorno a ethosomal formulations were transferred into amber-coloured glass vials to protect them
from light and stored at 4 °Cu C emical characterization and evaluation (table 1).

ded formulations. All quantities are expressed per 100 ml final volume; the final volume of each
formulation was adjusted to 100 ml with distilled water

Lornoxicam Ethanol Tween 80

80 mg 15 ml 10 ml

80 mg 15 ml 10 ml
LRNX3 80 mg 10 ml 10 ml
LRNX 4 90 mg 80 mg 10 ml 10 ml
LRNX 5 110 mg 80 mg 20 ml 15 ml
LRNX 6 130 mg 80 mg 15 ml 10 ml
LRNX 7 90 mg 80 mg 15 ml 15ml
LRNX 8 110 mg 80 mg 15 ml 15ml
LRNX9 130 mg 80 mg 20 ml 10 ml
LRNX 10 90 mg 80 mg 10 ml 5ml
LRNX 11 110 mg 80 mg 20 ml 5ml
LRNX 12 130 mg 80 mg 20 ml 10 ml
LRNX 13 90 mg 80 mg 10 ml 15ml
LRNX 14 110 mg 80 mg 15 ml 5ml

Optimization
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Optimization of lornoxicam-loaded transethosomal formulations was performed by response surface methodology (RSM) method reliant on the
Box-Behnken design (BBD). On basis of an extensive review of previously reported ethosomal and transethosomal systems, three formulation
variables known to critically influence vesicle characteristics and transdermal performance were selected as independent factors. These included
phospholipid concentrations (X;), ethanol concentration (Xz), and surfactant concentration (Tween 80; X3). Each feature was evaluated at three
levels (low, medium, and high) to systematically study both individual and interactive impacts on formulation performance [21-23].

A 3-factor, 3-level BBD consisting of 14 runs, counting five centre-point replicates, was generated by Design-Expert® software (Version 7.1.6, Stat-
Ease Inc. and Minneapolis, USA). Inclusion of multiple centre points enabled estimation of experimental error and ensured the robustness,
reproducibility, and statistical validity of the developed quadratic model. The selected dependent response variables were particle size (Y1) and
entrapment efficiency (EE; Y;), as these parameters are critical determinants of skin permeation, stability, and therapeutic efficacy of transdermal
vesicular systems.

The experimental data obtained from the 14 formulation runs were tailored to a 2m-order polynomial equation to define relationship among
independent attributes and measured results. Response surface and contour charts were created to envision influence of formulation attributes and
their interactions on vesicle size and EE. Analysis of variance (ANOVA) evaluated significance of model, regression coefficiedts, and interaction
terms at a confidence level of 95%. The optimized formulation selected relying on desirability principles aimed at achieving leasyvesicle size and
maximum drug EE.

The coded and actual levels of the independent attributes used in BBD are summarized in table 2, while the correspong i EE values
obtained for each formulation are presented in Tables 2 and 3, respectively. All formulation variables were expresg 2 % w/v or
% v/v) relative to a final volume of 100 ml to ensure experimental reproducibility, regulatory relevance, and mea
effects.

Table 2: Independent dependent attributes for transethosomes formulation. All quanti
final volume of each formulation was adjusted to 100 ml wi

S are expre al volume; the

distilled wa

Independent attributes vel

Attribute Details Units -1) 0) High (+1)

A Lecithin amount % w/v . 1.30

B Ethanol amount % v/v 15 20

C Tween 80amount % v/v 1.0 1.5

Dependent variable

Y1 Particle size Minimize

Y2 Entrapment efficiency of lornoxicam Maximize

Table 3: Optimizing within dependent features and outco, ent attributes. All quantities are expressed per 100 ml final
volume; the final volume of each for: ted to 100 ml with distilled water
Std Run Factor 1 Factor 3 Response 1 Response 2
A: Soya lecithin (% w/v) C: Tween 80 (% v/v) Vesicle size (nm) % EE

15 1 1.10 1.0 150.8+6.7 73.8+8.1

13 2 1.10 1.0 152.6£5.1 73.5£6.9

2 3 1.30 1.0 210.6+£7.9 74.8+7.0

1 4 0.90 1.0 182.4+5.9 61.2+4.8

12 5 1.10 1.5 136.9+5.0 71.8+7.0

4 6 20 1.0 198.9+6.3 78.6£6.1

8 7 1.5 164.2+7.7 72.5+7.3

7 8 1.5 138.6 £7.1 59.8 +8.2

3 9 20 1.0 156.3+8.3 65.7+8.0
10 0.5 187.0£6.0 70.3+5.9
20 0.5 161.2+2.9 74.6%7.0
15 1.0 151.9+£7.3 72.9+6.5
10 1.5 149.7£2.7 66.2+6.2
15 0.5 158.7+3.7 63.4+4.4
15 1.0 151.2+7.0 73.2+3.9
15 1.0 149.6+4.9 74.1+0.9
15 0.5 203.5+8.1 76.9+6.9

Evaluation of lornoxicam-loaded transethosomes
Particle size, zeta potential and polydispersity index

Vesicle size and polydispersity index (PDI) of lornoxicam-transethosomal formulations (LRNX1-LRNX14) were measured by a laser light scattering-
particle size analyzer (HORIBA PS-100, Japan). Prior to analysis, 1 ml of each transethosomal dispersion was suitably diluted tenfold with distilled
water to avoid multiple scattering effects and to ensure accurate measurement. The samples were gently mixed to maintain vesicle integrity and
analyzed at room temperature. Particle size was expressed as Z-average (Z-mean), which represents intensity-weighted mean hydrodynamic
diameter of vesicles. The PDI, a dimensionless parameter indicative of vesicle size distribution and homogeneity, was also recorded. Lower PDI
values indicate slender and uniform size dispersal, which is required for stable and reproducible transdermal vesicular systems [24]. In addition,
zeta potential (measured in distilled water) of optimized lornoxicam-loaded transethosomal formulation measured using same instrument to assess
surface charge and colloidal stability. The zeta potential value provides insight into electrostatic repulsion between vesicles, with higher absolute
values indicating improved physical stability of the transethosomal dispersion.
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Differential scanning calorimetry (DSC)

Thermal investigation of lornoxicam, individual excipients, the physical mixture, and the lornoxicam-loaded transethosomal formulation was
supported using differential scanning calorimeter. Accurately weighed samples (approximately 3-5 mg) placed in standard aluminum pans and
hermetically sealed, with an empty pan as reference. Samples heated over a temperature range of 30 to 400 °C at a constant rate of 10 °C per min at
constant nitrogen purge to prevent oxidative degradation. Resulting thermograms recorded and analyzed to identify characteristic thermal
transitions, such as melting endotherms, glass transition events, and changes in peak intensity or position. Comparison of the thermograms of pure
drug, excipients, physical mix, and drug-transethosomes was performed to assess the crystalline or amorphous nature of lornoxicam and to evaluate
possible drug-excipient interactions and thermal compatibility within the formulation.

Transmission electron microscopy (TEM)

The morphological characteristics of optimized lornoxicam-loaded transethosomal formulation were examined by transmission electron
microscopy. A small aliquot of the freshly prepared transethosomal dispersion was suitably diluted with water to get an appropriate particle
concentration. A drop of diluted sample was located onto carbon-coated copper grid and permitted to stand for a short period to facilitate
adsorption of the vesicles onto the grid surface. Extra liquid was cautiously removed by filter paper, and sample negatively stai with a suitable
contrast-enhancing agent to improve image clarity. The grids were then air-dried at room temperature and inspected un ission electron

Entrapment efficiency (EE)

EE was within transethosomal vesicles was measured using an indirect high-speed centrifugation method. B
(10 ml) of each transethosomal formulation (LRNX1-LRNX14) was subjected to high-spee
refrigerated centrifuge (C-24, Remi Instruments, India) to separate the unentrapped (fi
centrifugation, the clear supernatant containing the unentrapped lornoxicam was cautious
Concentration of free drug in supernatant quantified by UV-Visible spectrophotometer (Shima
an appropriate blank. Drug concentrations were calculated by a before constructed
The EE (%) of lornoxicam was calculated using following equation:

Total amount of drug — Amount of fr€e
EE (%) =

Total amount of drug

This method provides an accurate estimation of drug entrapment within trans
drug delivery systems.

nd is widely employed for evaluating vesicular

In vitro drug release from transethosomes

The in vitro drug release behavior of the optimized lornoxicam-trans (LRNX12) evaluated by a suitable diffusion method to
assess release profile over 24 h. A precisely measured quantity t to a known amount of lornoxicam, was placed in donor
section of dialysis membrane (effective diffusion area = 2.5 ¢ n was filled by an appropriate dissolution medium, such as
e sink conditions. At prearranged intermissions, aliquots were
withdrawn from receptor compartment and replaced wi h medium to preserve constant volume. Withdrawn samples suitably
diluted and examined for lornoxicam content by val ctrophotometric method at the drug’s characteristic wavelength.
Cumulative percentage of drug released got calcula ed against time to obtain release profile. The release data were further subjected to
kinetic modeling to elucidate mechanism of drug ineludi ation of diffusion-controlled behavior consistent with Higuchi kinetics.

Optimized lornoxicam-transethosomal suspe incorporated into a Carbopol934 gel base to develop transethosomal gel formulation
suitable for transdermal applicatio ersed in distilled water at several concentrations (0.5, 1.0, and 1.5% w/v) under
continuous magnetic stirring to ens ing of the polymer. The dispersions were allowed to hydrate and swell overnight at room
temperature to achieve complet d optimal gel consistency. Subsequently, triethanolamine was added dropwise under gentle
stirring to neutralize the di > gel formation, with pH adjusted to near-physiological choice of 6.8 to 7.4 to ensure skin
compatibility.

Among the tested co /v Carbopol 934 gel exhibited optimum clarity, smooth texture, appropriate viscosity, and good spread
ability, m ion of the transethosomal suspension. The optimized lornoxicam-loaded transethosomal dispersion
(LRNX12) into prepared base with continuous stirring to ensure even distribution of vesicles throughout the gel

matri i or aggregation. Stirring was sustained till a homogeneous and smooth transethosomal gel obtained. The final

Drug-excipient compatibility studies of transethosomal gel formulation were conducted by FTIR spectroscopy. The spectra of lornoxicam and the
physical mix of lornoxicam with formulation ingredients corresponding to the optimized gel formulation were recorded and compared. The spectra
were analyzed for occurrence, shifting, or disappearance of distinctive absorption peaks of lornoxicam [26].

Physical assessment

The prepared lornoxicam-loaded transethosomal gel was visually inspected for colour, clarity, transparency, and homogeneity. The formulation was
examined for the presence of any particulate matter, phase separation, or grittiness to ensure uniformity and acceptable aesthetic properties
suitable for topical application [27].

Viscosity

Viscosity of lornoxicam-loaded transethosomal gel was measured by Brookfield DV-I Viscometer (India). Measurement was done at 25+1 °C using
an appropriate spindle at a rotational speed of 60 rpm. A sufficient quantity of gel was placed in a beaker to ensure proper immersion of the spindle,
and the viscosity values were recorded once a steady reading was obtained [25].
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pH measurement

pH of lornoxicam-loaded transethosomal gel was measured by digital pH meter which has been standardized with buffer solutions of pH 4.0 and 7.0.
A precisely weighed amount of gel was diluted in 100 ml of distilled water and kept undisturbed for 2h at ambient temperature to allow
equilibration. The pH readings were recorded to evaluate formulation’s suitability for topical application and skin compatibility [26].

Drug content

For the estimation of drug content, 1 g of the lornoxicam-loaded transethosomal gel was exactly weighed and placed in a 50 ml flask. Methanol got
added to solubilize gel base, followed by sonication to facilitate complete extraction of lornoxicam. The obtained solution was then filtered and
appropriately diluted with methanol [27, 28]. Absorbance of final solution was recorded at 376 nm by UV-Visible spectrophotometer, employing
methanol as blank. The drug content quantified from a previously constructed calibration curve and expressed as a percentage of theoretical
content using the corresponding equation:

N rent (%) = Practical content X100
rug content (%) = Theoretical drug content

Spread ability
Spreadability, an important parameter influencing patient compliance and ease of application, was evaluated using g od. A fixed
glass slide was placed on a horizontal surface, and a known quantity of gel was placed at its center. A second slide 3 el, and a

standard weight was applied to facilitate spreading. Time taken for upper slide to move a specified distance re
calculated, reflecting ability of the gel to spread uniformly over skin surface [29].

In vitro skin permeation study using franz diffusion cell

In vitro permeation evaluation of lornoxicam-loaded transethosomal gel was carried out using
2.5 cm?) equipped with a Strat-M® synthetic membrane. A measured quantity of gel (1 g), co
donor chamber, whereas phosphate-buffered saline (PBS, pH 7.4) served as regeptor medi
controlled at 37+0.5 °C and kept under constant stirring for the entire duration of t
phase at prearranged intermissions over a 24 h period and instantly replaced with same
amount of lornoxicam permeated per unit surface area (ug/cm?) was determined
permeation parameters like steady-state flux (J), permeability coefficient (Kp), an
evaluate the transdermal permeation performance and sustained permeation potentia

ornoxicam, was placed in
mpartment was thermostatically
ml were taken out from receptor
eserve sink conditions. Cumulative
isible spectrophotometric analysis at 376 nm. Key
ment ratio (ER), were subsequently calculated to
ation [30, 31].

Stability studies
A short-term stability study of the optimized lornoxicam-loaded tra 0 nducted for three months at 2542 °C. Formulation was
assessed at 30-day intervals for variations in physical appearance, p d dru, ten assess its physicochemical stability and suitability for

topical use over time [32, 33].
RESULTS AND DISCUSSION
Optimization of lornoxicam-loaded transethosomes

The optimization of lornoxicam-loaded transethosom: stem y supported by a 3-factor, 3-level BBD to elucidate influence of
formulation attributes on critical quality, namely le 1, PShand EE (Y2, %EE). RSM enabled the development of statistically significant
quadratic models describing the complex, non-lj elationshi een phospholipid (soya lecithin), Tween 80, and ethanol concentrations and
the selected responses.

Effect of formulation variables on vesicle s

uadratic model was the most appropriate for describing the response. This was supported by
on-significant lack-of-fit (p = 0.9035), confirming excellent model adequacy. In contrast, the
equential p-value (0.0056), exhibited a highly significant lack-of-fit (p<0.0001) along with
cted R? (0.2904), indicating poor explanatory and predictive capability. Similarly, the 2F1 model
t sequential p-value (0.8923), significant lack-of-fit (p<0.0001), and a negative predicted R? (-
rformance. The cubic model was aliased and therefore not considered further (table 4 and table 5).

a highly significant sequential p-valu
linear model, despite a statj
comparatively low adjusted
was unsuitable, as reflected
0.4392), signifying uny

Table 4: Fit summary response 1-particle size

Source Lack of fit p-value Adjusted R? Predicted R? Model status
Linear <0.0001 0.5181 0.2904 Not suitable
2F1 <0.0001 0.4094 -0.4392 Not suitable
Quadratic 0.9035 0.9984 0.9977 Suggested
Cubic 0.9035 0.9975 Aliased

Table 5: ANOVA results obtained for size of transethosomes

Source Sum of squares df Mean square F-value p-value Remark
Model 8297.39 9 921.93 1098.85 <0.0001 significant
A-Soya lecithin 2492.18 1 2492.18 2970.42 <0.0001

B-Ethanol 729.62 1 729.62 869.63 <0.0001

C-Tween 80 1830.13 1 1830.13 2181.32 <0.0001

AB 51.84 1 51.84 61.79 0.0001

AC 92.16 1 92.16 109.85 <0.0001

BC 42.25 1 42.25 50.36 0.0002
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A? 1980.87 1 1980.87 2360.99 <0.0001

B2 841.85 1 841.85 1003.40 <0.0001

c? 186.76 1 186.76 222.60 <0.0001

Residual 5.87 7 0.8390

Lack of Fit 0.7050 3 0.2350 0.1819 0.9035 not significant
Pure Error 5.17 4 1.29

Cor total 8303.26 16

The selected quadratic model exhibited excellent goodness-of-fit, with a very high adjusted R* (0.9984) and predicted R? (0.9977), indicating that
more than 99% of the variability in the response was accurately explained and predicted by the model. The close agreement between adjusted and
predicted R? values further confirmed the robustness and reliability of the model. ANOVA results revealed that the quadratic model was highly
significant (p<0.0001), with a large F-value (1098.85), demonstrating strong statistical validity. The lack-of-fit was not significant, confirming that
the model adequately fits the experimental data within the studied design space.

enhanced bilayer thickness and vesicle expansion. The interaction terms AB, AC, and BC were also highly significa
strong synergistic and antagonistic interactions among formulation variables. Additionally, the significant quadrati
pronounced curvature effects, indicating that the response is governed by nonlinear relationships rather than simp
statistical findings confirm that the quadratic model provides an excellent balance of significance, explanatox
was therefore selected as the suggested model for describing the formulation behaviour. Ethanol
large quadratic coefficient. Moderate ethanol concentrations reduced vesicle size by enha
deformation, whereas excessive ethanol increased vesicle size due to bilayer expansion and ve
mechanism of ethanol-induced lipid fluidization reported in transethosomal literature.

The adequacy and robustness of the selected quadratic model were further confirnigd i sponse surface analyses (fig. 1 to
fig. 4). The predicted versus actual plot showed excellent agreement between expefithe ed vesicle size values, with data
points closely aligned along the 45° reference lines and predicted responses ranging fron . ndicating high predictive accuracy.
The internally studentized residuals versus predicted values plot exhibited a random erwithin acceptable limits, with no systematic trends or
extreme outliers, confirming homoscedasticity and the absence of model blas T pnal contour analysis revealed distinct elliptical
contours, demonstrating significant interaction effects among formulation va urvature in the response, with the minimum
vesicle size region observed at approximately 149.6 nm within the design sp, ensional response surface plot further illustrated a
smooth, well-defined curved surface, reflecting strong quadratic e of variables, consistent with the highly significant
model statistics (F = 1098.85, p<0.0001) and excellent goodness-of- =0.9984; predicted R? = 0.9977). Collectively, these
graphical diagnostics and numerical indicators confirm that the qua explains and predicts vesicle size variations across the
studied formulation range.

Normal Plot of Residuals

Vesicle size

Color points by value of,
esicle size:

1369 I 21 d

50 = .
L]

30 -
20 =
(]
10— n
5 —
q (]
4 —

-300 -200 -100 000 1.00 200 300
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0o

Externally Studentized Residuals

Fig. 1: Predicted versus actual plot for vesicle size
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Predicted vs. Actual
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Factor Coding: Actual
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Vesicle size (nm)

B Ethanol (ml) 12

10 90

Fig. 4: Three-dimensional response surface plot depicting the effect of for

Effect of formulation variables on entrapment efficiency

Model comparison statistics confirmed that the quadratic model was the most approp

improvement over the linear model (p = 0.9909), and the cubic model was ali
selected quadratic model demonstrated that the model was highly significa
indicating good model precision. Among the linear terms, soya leéithi ) €
ethanol (B) (F = 209.65, p<0.0001) and Tween 80 (C) (F = 140.51,
terms AB, AC, and BC were not statistically significant (p>0.05
quadratic terms A? (F = 191.87, p<0.0001) and C? (F = 117.73, p
showed a weaker, non-significant contribution (p = 0.0905). Imp
the quadratic model adequately fits the experimental datg

strongest effect (F = 1757.78, p<0.0001), followed by
their dominant influence on the response. Interaction
eractive effects within the studied range. However, the
ficant, indicating pronounced curvature effects, while B

istical outcomes validate the quadratic model as robust, reliable, and
space (table 6 and table 7).

ponse 2-entrapment efficiency

Source mean square F-value p-value Model status
mean vs Total 85172.41 Not suitable
Linear vs Mean 138.77 26.24 <0.0001 Not suitable
2FI vs Linear 0.2350 0.0345 0.9909 Not suitable
Quadratic vs 2FI 22.22 112.51 <0.0001 Suggested
Cubic vs Quadratic 0.1608 0.7148 0.5925 Aliased
Residual 0.2250 Not suitable
Total 7 5038.67 Not suitable

A results obtained for the entrapment efficiency of the transethosomal formulations

of squares df Mean square F-value p-value Remark

9 53.74 27211 <0.0001 significant
1 347.16 1757.78 <0.0001

B-Ethanol 1 41.41 209.65 <0.0001

C-Tween 80 27.75 1 27.75 140.51 <0.0001

AB 0.1225 1 0.1225 0.6203 0.4568

AC 0.1600 1 0.1600 0.8101 0.3980

BC 0.4225 1 0.4225 2.14 0.1870

A? 37.89 1 37.89 191.87 <0.0001

B? 0.7605 1 0.7605 3.85 0.0905

c? 23.25 1 23.25 117.73 <0.0001

Residual 1.38 7 0.1975

Lack of Fit 0.4825 3 0.1608 0.7148 0.5925 not significant

Pure Error 0.9000 4 0.2250

Cor total 485.06 16
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The statistical parameters further confirmed the robustness and reliability of the developed model. The model exhibited a low standard deviation
(0.444) relative to the mean response (70.78), resulting in a very low coefficient of variation (0.629%), which indicates excellent precision and high
experimental reproducibility. The coefficient of determination (R? = 0.9971) demonstrated that more than 99% of the variability in the response
was explained by the model. The close agreement between the adjusted R? (0.9935) and predicted R? (0.9812) values reflects strong model stability
and reliable predictive capability. Furthermore, the adequate precision value of 55.34, which is substantially higher than the desirable threshold of
4, indicates an excellent signal-to-noise ratio and confirms that the model can be effectively used to navigate and optimize the design space (table 8).

Table 8: Fit statistics for quadratic model

Statistical parameter Value
Std. Dev. 0.444
Mean 70.78

C. V. (%) 0.629
R? 0.9971
Adjusted R? 0.9935
Predicted R? 0.9812
Adequate Precision 55.3401

response. The predicted versus actual plot showed a strong linear correlation, with experimenta i t reference line and
predicted responses ranging from 59.8 to 78.6, indicating minimal prediction error. The int i exhibited random
dispersion around zero without any discernible trend or outliers, confirming homoscedasticity and the absen the model. The
two- dlmensmnal contour plot revealed smooth curved and nearly elliptical contour lmes demo r relatlonshlp between the

d surface with a gradual gradlent
factor levels. The close agreement
between experimental and predicted values, together with the narrow response ra
excellent model statistics (R? = 0.9971, adjusted R? = 0.9935, predicted R? =
collectively confirming that the model is robust, precise, and suitable for nav1gat1n the
(fig. 5 to fig. 8).

% EE

Color points by value of
% EE:

so.8 I 756

I\j.

000 1.00 200

%

Externally Studentized Residuals

Fig. 5: Predicted versus actual plot illustrating the agreement between experimental and model-predicted response values
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Fig. 6: Plot of internally studentized residuals versus predicted respo agnostic evaluation
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Fig. 7:;/Two-dimensional contour plot showing the combined effect of formulation variables on the response
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Fig. 8: Three-dimensional response surface plot depicting the influe ulation variables on the response

increase linearly beyond optimal concentrations.

This phenomenon is consistent with previously reported transet ere excessive ethanol or surfactant leads to membrane

thinning and drug leakage. Interaction analysis demonstrated a signi
between lipid rigidity and surfactant-induced elasticity required f

The polynomial equation generated for %EE confirmed tha id and antagonistic effects govern drug entrapment behavior,
emphasizing the necessity of multivariate optimization rather thangi

Optimization and selection of final formulation

Optimization via desirability function

The optimized formulation corresponded to 1 soya .13% v/v Tween 80, and 17.8% v/v ethanol, yielding nanosized vesicles with
high EE and overall desirability of 0.824. t among predicted and experimental values confirmed accuracy of optimization model.
LRNX12 formulation closely matched these o i jons and was therefore selected for further characterization.

nds corresponding to N-H stretching in region of 3300-3400 cm™, C=0 stretching around

Pure lornoxicam exhibited its
sulfonyl vibrations in the fingerprint region (1500-700 cm™), confirming the chemical integrity

1650-1700 cm™?, and charac
of the drug. The excipients (
ester or ether-related vi
were retained with

d wave numbers. In the physical mixture, all major characteristic peaks of lornoxicam and the excipients
ift, disappearance, or emergence of new peaks, indicating the absence of chemical interaction and
ilarly, the FTIR spectrum of lornoxicam-loaded transethosomes preserved the principal characteristic
| positions, with only minor changes in peak intensity attributable to entrapment and dilution effects. The lack of
demonstrates good compatibility between lornoxicam and the formulation components and confirms that the
within the transethosomal system. The FTIR spectra illustrates the characteristic functional group vibrations of pure
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Fig. 9: FTIR spectra of lornoxicam, formulation excipients, physical mixture, a aded transet! mes

Particle size determination

The transethosomal formulation showed a narrow and well-defined size distributi
reduction and vesicle formation. The marked decrease in particle size following t
physical stability, and supports better drug dispersion, which is advantageous for tra
particle size distribution analysis demonstrates a clear difference between pu

in the nanometer range, confirming effective size
al entrapment enhances surface area, improves
jvery and overall formulation performance. The
prnoxicam-loaded transethosomal formulation

(fig. 10).
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Fig. 10: Particle size distributio ofile o e lornoxicam (A), lornoxicam-loaded transethosomal formulation (B)

Polydispersity index
The lornoxicam-loaded transethosomal ions showed markedly lower PDI values ranging from 0.21 to 0.34, reflecting a narrow and

homogeneous vesicle size di ution. The optimized formulation (LRNX12) demonstrated a PDI of approximately 0.24, confirming excellent

The z onstrated a marked difference between pure lornoxicam and the lornoxicam-loaded transethosomal formulation.
Pure lornexi ed a zeta potential of -21 mV, indicating relatively low electrostatic stabilization and a greater tendency for particle
aggregation the lornoxicam-loaded transethosomes showed a significantly higher negative zeta potential of -34.6mV, reflecting
enhanced sur e and improved electrostatic repulsion between vesicles. The negative zeta potential (-34.6 mV) arises from ionized

phosphate head groups of soya lecithin and ethanol-induced surface charge redistribution, conferring strong electrostatic repulsion and enhanced
colloidal stability. The increase in negative zeta potential upon transethosomal entrapment suggests superior colloidal stability of the formulation,
which can be credited to combined impacts of phospholipids, ethanol, and edge activators. These results confirm that incorporation of lornoxicam
into transethosomes substantially improves its physicochemical stability, supporting the suitability of the formulation for further development (fig.
11).
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Fig. 11: Zeta potential distribution profiles of (a) pure lornoxicam and (b) lornoxicam-loaded transeth@s ulati

DSC thermograms

DSC thermogram of lornoxicam showed a sharp endothermic peak indicating its melting poin
Tween 80, and ethanol exhibited broad or weak thermal transitions characteristic of amo
associated with moisture loss or thermal relaxation rather than true melting. In
lornoxicam was retained at a similar temperature without any significant shift, indicating
the lornoxicam-loaded transethosomes displayed a marked reduction or suppression g
lornoxicam within transethosomal matrix and partial conversion of the drug to a
confirm good thermal compatibility of lornoxicam with the formulation compo
transethosomal system (fig. 12). Although DSC suggests partial amorphizati 1
requires XRPD analysis, which is recommended for future studies.

D 4 A

properties. Soya lecithin,

iquid components, mainly
racteristic melting endotherm of
ipient incompatibility. In contrast,
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Fig. 12: DSC thermograms of lornoxicam, soya lecithin, Tween 80, ethanol, physical mixture of lornoxicam with excipients, and
lornoxicam-loaded transethosomes

Transmission electron microscopy

Temi mages reveal morphological characteristics of optimized formulation at different magnifications. At the 200 nm scale, the particles appear
predominantly discrete with near-spherical to slightly irregular shapes, indicating successful formation of nanosized entities with relatively uniform
distribution, although mild aggregation is visible, which is common for lipid-or polymer-based nano systems during sample drying (fig. 13). The
observed contrast variations in TEM images indicate heterogeneity in electron density, which may be attributed to lipid bilayer organization and
vesicle thickness. However, definitive localization of the drug cannot be confirmed without elemental mapping, and therefore interpretations are
limited to morphological observations. At the lower magnification (500 nm scale), clusters of nanoparticles are observed, suggesting secondary
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aggregation; however, individual particles remain within the nanometric range, supporting the particle size data obtained from dynamic light
scattering (fig. 14). Overall, the TEM observations corroborate the nanoscale size, morphology, and structural integrity of the formulation, validating
the suitability of the developed system for further pharmaceutical application (fig. 13 and fig. 14).

y at 2 m scale

500 nm ; d

Fig. 14: TEM images of optimized fo la shoﬂosized particles with near-spherical morphology at 500 nm scale

ion of well-defined, spherical droplets with a uniform distribution, indicating successful
lation suitable for entrapment. The presence of discrete, circular droplets with smooth
acial tension by the formulation components, while the absence of extensive coalescence or
n of the dispersed phase. The variation in droplet size observed across the field is typical of
steps and supports the suitability of the formulation composition for nanoscale processing (fig.

emulsification and good droplet sta
boundaries suggests effectiv
irregular structures reflects
emulsified systems prior to
15).

Fig. 15: Optical microscopy image of the formulated system showing spherical, uniformly distributed emulsion droplets, indicating
effective emulsification and structural stability of the formulation (10X magnification)
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Entrapment efficiency

The %EE of lornoxicam in the transethosomal formulations (LRNX1-LRNX14) ranged from approximately 58.4% to 81.8%, indicating effective drug
incorporation across the formulation batches. Among these, the optimized formulation LRNX12 exhibited the highest EE of about 81.8%,
demonstrating a clear improvement compared with other formulations. The high EE can be attributed to the optimized phospholipid-ethanol ratio
and the fluidizing effect of ethanol, which enhanced drug solubilization and accommodation within the vesicular bilayer. In contrast, formulations
with lower lipid content or suboptimal ethanol levels showed comparatively reduced entrapment, likely due to insufficient bilayer capacity to retain
the drug. Overall, the high EE achieved with LRNX12 highlights the advantage of the transethosomal system in maximizing drug loading, minimizing
drug loss, and supporting sustained transdermal delivery of lornoxicam.

In vitro drug release from transethosomes

Lornoxicam-loaded transethosomal formulation (LRNX12) exhibited a characteristic biphasic release profile, consisting of an early eruption by
sustained drug release over 24 h. Approximately 22% of lornoxicam was released within first hour, which can be accredite drug molecules
loosely associated with the vesicle surface or present in the outer lipid bilayer. This initial release is advantageous for ra onset of anti-
inflammatory action. Subsequently, a controlled and prolonged release phase was observed, reaching 94.7% cumulative r (table 9, fig.
16). The release data were fitted to zero-order, first-order, Higuchi, and Korsmeyer-Peppas models. The highestge
obtained for the Higuchi model (R? = 0.97), indicating diffusion-controlled release. An n value of approximately 0.48
Peppas model indicates a Fickian diffusion-controlled release mechanism, wherein drug transport is primarily d
This diffusion-dominant behavior is attributed to the organized vesicular structure, with lornoxicam either e

Table 9: Percentage drug release of the lornoxicam-loaded transethos

Time (h) Cumulative % drug release of lornoxi -loaded ti S
0 0.00+ 0.00
1 22.8+0.05
2 34.6+0.26
4 48.9+ 0.34
6 53.1+1.28
8 59.5+0.22
10 64.5+0.11
12 73.1+0.39
14 77.0+ 1.14
16 82.2+0.21
18 84.4+1.22
20 86.9+0.18
21 89.7+0.19
22 91.3+ 1508
24 94.7,

10 15 20 25 30
Time (h)

Fig.16: Cumulative % drug release of the lornoxicam-loaded transethosomal formulation (LRNX12), All values are articulated as
meanSD (n = 3)

Evaluation of transethosomal gel parameters

Transethosomal gel compatibility
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The FTIR spectra showed the characteristic functional group vibrations of pure lornoxicam, Carbopol 934, the physical mixture, lornoxicam-loaded
transethosomes, and the transethosomal gel formulation. Pure lornoxicam displayed its typical N-H stretching (3300-3400 cm™), amide C=0
stretching (1650-1700 cm™), and aromatic/sulfonyl vibrations in the fingerprint region, confirming its structural integrity, while Carbopol 934
exhibited broad O-H stretching and characteristic carboxylic acid and C-0 vibrations. In physical mixture, all distinguishing peaks of lornoxicam
and Carbopol 934 were retained without any significant shift or new peak formation. Similarly, both the lornoxicam-loaded transethosomes and the
transethosomal gel formulation preserved the major drug peaks at their original positions, with only minor intensity variations due to entrapment
and polymeric matrix effects. These findings indicate absence of chemical interaction and confirm good compatibility and chemical stability of
lornoxicam within transethosomal and gel formulations (fig. 17).
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Fig. 17: FTIR spectra of lornoxicam, Carbopol 934, physical mixture, ica ade nsethosomes, and lornoxicam-loaded

transethosomal gel on

Physical parameters

to slightly translucent appearance. The formulation was free

The lornoxicam-loaded transethosomal gel exhibited a umform
i ting gopd clarity and stability. Overall, the gel showed excellent homogeneity

from visible partlculate matter grittiness, or phase separa

The optimized lornoxicam-loaded transethos
summarized in table 10. pH of formulation es within acceptable physiological choice of the skin, indicating minimal risk of
irritation upon topical application. Maintai pH is particularly important for long-term use, as deviations may compromise skin
integrity and patient compliance. The f the lornoxicam-loaded transethosomal gel revealed uniform drug distribution, with

the drug content found to be 98.4+1. i od content uniformity and minimal drug loss during formulation (table 10).

Table 10: Transethosomal gel parameters

Parameter Result

6.2+0.05
5210+25.8 cP
98.4+1.2%
10.82+0.3 g. cm/s

All value ted as mean*SD (n = 3)

Viscosity of gel got recorded as 5210+25.8 cP, suggesting an optimal balance between ease of application and sufficient consistency to ensure
prolonged residence time at site of applying (table 10). Adequate viscosity prevents rapid runoff from the skin surface while allowing smooth
spreading under minimal shear stress. The spreadability value of 10.82+0.3 g-cm/s further confirms good rheological behavior, indicating that the
gel can be evenly distributed over the skin with minimal applied force. Collectively, these gel parameters demonstrate that incorporation of
transethosomes into Carbopol matrix did not adversely affect the mechanical or aesthetic properties of the formulation and resulted in a patient-
friendly dosage form.

In vitro skin permeation study using franz diffusion cell

The in vitro skin permeation profile showed a markedly enhanced and sustained permeation of lornoxicam from transethosome-loaded gel
compared with the plain gel over a 24 h period. The transethosomal formulation exhibited an initial controlled permeation, reaching 19.2% within 1
h, followed by a gradual and continuous increase in drug permeation, achieving 58.4% at 12 h and a maximum of 93.3% at 24 h. In contrast, the
plain gel showed significantly lower permeation at all time points, with only 29.2% permeation at 12 h and 45.0% at 24 h (table 11; fig. 18). The
substantially higher permeation from the transethosomal gel can be attributed to the nanosized vesicular structure, enhanced drug solubilization,
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and improved diffusion through the gel matrix, confirming the superiority of the transethosome-based system for prolonged and efficient
lornoxicam permeation.

Table 11: Drug permeation profiles of transethosomal gel versus plain gel

Time (h) Cumulative drug permeated (%) from lornoxicam-loaded transethosomal gel Drug permeated from plain gel
0 0.00£ 0.0 0.00£0.0
1 19.2+0.13 8.2+0.13
2 21.5£0.27 9.8+0.29
4 24.5+0.43 13.3+0.29
6 35.4+0.28 15.8+0.25
8 42.7+1.58 18.2+0.36
10 49.2+ 0.59 25.4+1.29
12 58.4+ 0.85 29.2+0.42
14 61.8+0.75 30.5+0.3
16 65.4+0.13 32.0+0.72
18 67.4%0.27

20 70.3% 0.99

22 74.6%0.71

24 93.3+1.13

All values are articulated as mean#SD (n = 3)
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Fig. 18: Cumulative drug permeated (%) p. e e: drM formulation; orange: plain gel), All readings are articulated as mean (n
= 3)

At early points, transethosomal gel $
This behavior can be accredi
facilitates penetration throu
manner, reflecting the reser
observed with the plai

te igher drug permeation associated to the plain gel, indicating faster onset of drug transport.
pacts of ethanol-induced lipid fluidization and ultradeformable nature of transethosomes, which
ays. As time progressed, the permeation from the transethosomal gel continued in a sustained
within the gel matrix and controlled release of lornoxicam. In contrast, the limited permeation
0 poor aqueous solubility and low diffusivity of free lornoxicam across membrane. These confirm that
improves transdermal flux and supports prolonged drug availability, which is desirable for chronic

Stabilit i imized formulation (LRNX12) over 3 mo at 25+2 °C demonstrated minimal changes in EEand drug content, as
trapment efficiency decreased marginally from 87.3% to 83.65%, while drug content showed only a slight reduction from
minor variations are within acceptable limits and indicate good physicochemical stability of the formulation.

Table 12: Effect of stability on entrapment efficiency and drug content

Days % Entrapment efficiency %Drug content
Before (252 °C) After (252 °C) Before (252 °C) After (252 °C)
3 mo 87.3+5.57 83.65+4.34 92.05+7.21 91.28+7.32

All values are articulated as mean#SD (n = 3)

The observed stability can be attributed to the negative zeta potential of the transethosomal vesicles, which provides electrostatic repulsion and
avoids vesicle aggregation, as well as protective environment of the gel matrix that minimizes drug leakage and degradation. The stability data
suggest that the lornoxicam-loaded transethosomal gel is capable of maintaining its structural integrity and drug-loading capacity during storage,
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supporting its potential for practical pharmaceutical application. Overall, the optimized formulation demonstrated favorable gel characteristics,
enhanced permeation performance, and satisfactory stability, confirmatory its suitability as an effective transdermal delivery system for
lornoxicam.

The stability evaluation performed in the present study represents a short-term preliminary stability assessment conducted at 25+2 °C over a
period of three months to assess physical appearance, drug content, and entrapment efficiency. While the results indicate acceptable short-term
stability under ambient conditions, comprehensive stability profiling in accordance with ICH guidelines, including accelerated stability testing at
40%2 °C/75+5% RH, is required to establish long-term stability and shelf-life. Such accelerated stability studies are planned as mandatory future
work to support regulatory translation and product development.

The observed formulation outcomes can be mechanistically explained by the synergistic interplay between phospholipid concentration, ethanol
content, and edge activator presence in the transethosomal system [27]. The significant increase in entrapment efficiency with rising soya lecithin
concentration is attributable to enhanced bilayer availability and increased hydrophobic domains capable of accommodating the lipophilic
lornoxicam molecule. Similar trends have been reported in previously optimized transethosomal and nanoethosomal systems, where higher
phospholipid content resulted in improved drug loading due to increased vesicular volume and bilayer thickness [28]. Howev@r, the presence of
statistically significant quadratic terms indicates that beyond an optimal concentration, further increases may compromise vesic tegrity, leading
to drug leakage and reduced EE.

Ethanol played a critical dual role by improving drug solubilization and increasing bilayer fluidity, thereby facilitag
transdermal penetration. Moderate ethanol concentrations resulted in reduced vesicle size due to enhanced me
ethanol caused bilayer expansion and vesicle fusion, leading to size enlargement [29]. This non-linear behav10
reported transethosomal systems, where ethanol-mediated lipid fluidization enhances skin permeation but
structural destabilization.

The markedly enhanced in vitro permeation observed with the transethosomal gel compar
complementary mechanisms. Ethanol disrupts the ordered lipid structure of the stratu
ultradeformable nature of transethosomes enables passage through narrow intercellular path
into a Carbopol gel matrix provides a reservoir effect, ensuring prolonged skin contdet and sustal drug rele@ise [30] Compared with previously
reported lornoxicam ethosomal, niosomal, and conventional topical formulationsjJthe presen mal gel demonstrated superior
cumulative permeation at 24 h, highlighting the advantage of ethanol-edge activator e anced and sustained transdermal
delivery.

When compared with other reported vesicular systems for lornoxicam delivery,
competitive or superior performance in key formulation parameters. Lornoxi
~1.125 pm, entrapment efficiency of ~52.4%, and enhanced permeation of
approximately 4-fold improvement in skin permeation for the n
formulations have demonstrated vesicle sizes around 233.5%12.5
permeation and physical stability compared with non-transferso
~74.2% cumulative drug permeation at 24 h, reflecting enhan
contrast, the optimized transethosomal gel in this study produc
increase in cumulative skin permeation compared with ombining the permeation-enhancing effects of ethanol and Ve51cle

transfersomal platforms, offering a balanced profile of siz ermeation for effective lornoxicam transdermal delivery.

Overall, these findings confirm that the optimiz not only improves drug loading and vesicle stability but also significantly
enhances transdermal flux and release co 1. erefore represents a rational and effective approach for improving the
therapeutic performance of lornoxicam e ially reducing dosing frequency and systemic adverse effects associated with oral
administration.

CONCLUSION

ated'markedly enhanced transdermal drug delivery, characterized by improved skin permeation,
effective anti-inflammatory therapy. Optimization using a BBD revealed that vesicle size and EE

etration and sustaining lornoxicam delivery. Quantitatively, the optimized transethosomal gel exhibited an
in cumulative drug permeation compared with the plain gel, along with sustained drug release over a 24 h period,
ilability at the site of action. Short-term stability evaluation over three months at 25+2 °C confirmed acceptable
ontent retention, and entrapment efficiency, supporting formulation robustness under ambient storage conditions. The
1 gel achieved 2-fold higher cumulative permeation compared with plain gel and sustained release over 24 h, supporting
aily transdermal therapy. These quantitative improvements justify further pre-clinical evaluation.
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