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ABSTRACT

Introduction and background: Febuxostat and Probenecid are widely used urate-lowering agents for managing chronic
gout and hyperuricemia. However, their poor solubility and bioavailability present challenges in oral administration. To
overcome these limitations, ethosomal formulations offer a promising transdermal delivery system due to their high
deformability and penetration-enhancing properties.

Aim and objectives: This study aimed to formulate, optimize, and characterize ethosomal vesicles co-loaded with
Febuxostat and Probenecid, with the objective of enhancing transdermal delivery, improving entrapment efficiency, and
achieving sustained release.

Materials and methods: Ethosomal formulations (F1-F13) were prepared using the thin-film hydration technique with
varying concentrations of phosphatidylcholine, ethanol, and cholesterol. A Quality-by-Design (QbD) approach and Design
of Experiments (DoE) were employed for optimization. Key formulation parameters including vesicle size, polydispersity
index (PDI), zeta potential, drug content, and entrapment efficiency were characterized. Risk estimation matrix (REM)
analysis was performed to identify critical process parameters (CPPs) impacting formulation quality. Optimized batch (F5)
was further evaluated using SEM, TEM, and ex vivo skin permeation studies using goat skin.

Results: Among the tested formulations, F5 (10 mg phosphatidylcholine, 3 mL ethanol, and 10 mg cholesterol) exhibited
optimal physicochemical characteristics with a vesicle size 0of 291 + 3.2 nm, PDI of 0.21 = 0.01, zeta potential of —38.6 +
1.1 mV, and entrapment efficiency of 82.1 + 1.6%. SEM and TEM analyses confirmed spherical, smooth-surfaced vesicles
with unilamellar structure. The ex vivo permeation study demonstrated superior drug permeation from ethosomal gel
(90.57% at 24 h) compared to ethosomal suspension, supporting its potential in sustained transdermal drug delivery.
Conclusion: The optimized ethosomal formulation of Febuxostat and Probenecid significantly enhanced entrapment
efficiency, vesicle stability, and skin permeation, indicating its suitability for effective transdermal therapy. The study
establishes a robust, risk-assessed formulation strategy for co-delivery of anti-gout agents via the transdermal route.
Keywords: Febuxostat, Probenecid, Ethosomes, Transdermal delivery, QbD, Vesicle size, Entrapment efficiency, SEM,
TEM, Franz diffusion, Ex vivo permeation, Gout therapy.
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INTRODUCTION

Hyperuricemia, a condition characterized by excessive
levels of uric acid in the bloodstream, is commonly linked
to the onset of gout and can contribute to the progression of
cardiovascular, renal, and metabolic disorders.'?
Traditional  treatment  strategies for  managing
hyperuricemia primarily involve agents that either inhibit
the production of uric acid or increase its excretion through
the kidneys. Among these, Febuxostat and Probenecid have
been widely employed due to their distinct but
complementary mechanisms of action.>*

Febuxostat is a potent, non-purine-based xanthine oxidase
inhibitor that reduces uric acid synthesis by blocking the
enzyme responsible for its formation. It is often prescribed
in cases where patients are intolerant to purine analogs such
as allopurinol. Despite its effectiveness, Febuxostat exhibits
low water solubility and undergoes extensive hepatic

metabolism, which limits its oral bioavailability and
therapeutic efficiency.>”’

Probenecid, on the other hand, works by inhibiting the renal
tubular reabsorption of uric acid, thus promoting its
excretion. Though it plays an important role in lowering
uric acid levels, its gastrointestinal side effects and variable
pharmacokinetics limit patient compliance when taken
orally. Therefore, a more advanced and patient-friendly
delivery approach is required to enhance the performance
of these drugs.31°

In recent years, ethosomal vesicles have emerged as an
innovative nanocarrier system designed for effective
dermal and transdermal drug delivery. Ethosomes consist of
phospholipids, ethanol in high concentration, and water.
Their flexible and deformable nature allows them to
penetrate deep into the skin layers, making them

*Author for Correspondence: sugrivghodake@gmail.com
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Table 1: Organoleptic Properties of Febuxostat

Table 2: Melting Point of Febuxostat and Probenecid

and Probenecid Drug Name Observed Melting  Reported Melting
Drug Name Colour Odour Appearance Texture Point (°C) Point (°C)
Febuxostat Off- odourless Crystalline  Fine, Febuxostat 205-208 °C 205-208 °C
white powder smooth Probenecid 192-194 °C 192-194 °C
Probenecid White odourless Crystalline Fine, . .
powder smooth Table 3: Solubility study of Febuxostat and Probenecid
Solvent Febuxostat Probenecid
particularly effective for transporting poorly soluble Solubility Solubility
drugs.!12 Distilled Water ~ Practically Poorly soluble
The dual delivery of Febuxostat and Probenecid using insoluble
ethosomal technology offers the potential to improve Ethanol Soluble Soluble
bioavailability, reduce systemic side effects, and deliver a Methanol Freely soluble Freely soluble
combination therapy more effectively through the skin. Acetone Soluble Soluble
This approach could enhance the therapeutic impact while Phosphate Slightly soluble  Slightly soluble

increasing patient adherence to long-term treatment
regimens for chronic hyperuricemia.!>!3

The objective of the present research is to design, formulate,
and optimize an ethosomal system capable of co-delivering
Febuxostat and Probenecid transdermally. The formulation
process was guided by statistical design methods to identify
and control the key variables affecting vesicle
characteristics such as size, entrapment efficiency, and drug
release. The optimized formulation was further evaluated
for its physical properties, release kinetics, skin permeation
efficiency, and storage stability.

This study aims to offer a novel and more efficient
transdermal delivery platform for the combined
administration of anti-hyperuricemia agents, potentially
transforming current therapeutic strategies for better
clinical outcomes.

MATERIALS AND METHODS

Materials

Febuxostat and Probenecid, both of pharmaceutical grade,
were procured from Yarrow Chem Products and Ajanta
Pharma, Mumbai, India. Phospholipid
(phosphatidylcholine) was obtained from Lipoid GmbH,
Germany, and was used as the primary vesicle-forming
component in the ethosomal formulation. Cholesterol,
which served as a membrane stabilizer, was supplied by
HiMedia Laboratories Pvt. Ltd., Mumbai, India. Ethanol
(analytical grade), utilized for imparting flexibility and
enhancing the skin permeation of ethosomal vesicles, was
purchased from Loba Chemie Pvt. Ltd., Mumbai, India.
Organoleptic Properties

The organoleptic properties such as colour, odour, and
appearance of the pure drug powders were assessed visually
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Figure 1: Structure of Febuxostat

Buffer (pH 7.4)

and manually under natural light. The texture was evaluated
by gently rubbing a small amount of powder between the
fingers.!618

Determination of Melting Point

The melting point of each drug was determined using the
capillary tube method.!*?° A small quantity of the powdered
drug was filled into a sealed capillary tube and placed in a
digital melting point apparatus. The temperature at which
the drug sample completely melted was recorded.
Solubility Analysis

The solubility of Febuxostat and Probenecid was evaluated
in various solvents including distilled water, ethanol,
methanol, acetone, and phosphate buffer pH 7.4. An excess
amount of each drug was added to 10 mL of each solvent
and subjected to shaking in a water bath shaker at 25 £+ 2°C
for 24 hours. The solutions were filtered, and drug
concentration was determined spectrophotometrically after
suitable dilution.?!23

Drug Polymer Compatibility Studies

Drug—polymer compatibility was evaluated using Fourier
Transform Infrared (FTIR) spectroscopy to detect possible
interactions between Febuxostat, Probenecid, and selected
excipients. Physical mixtures (1:1 w/w) of each drug with
excipients such as phosphatidylcholine, cholesterol, and
Carbopol 934 were prepared by trituration and stored at
room temperature for 7 days. FTIR spectra of pure drugs,
excipients, and their mixtures were recorded using the KBr
pellet method in the 4000400 cm™ range. Spectral
comparisons were made to identify any significant shifts or
changes in characteristic peaks, which would indicate
chemical incompatibility.?4-2¢
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Figure 2: Structure of Probenecid
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Table 4: Risk analysis for the Febuxostat & Probenecid Ethosomal gel formulation

CQA

Formulation risks

CPPs
Febuxostat & Conc. of Conc. of Conc.of  Film formation Sonication Sonication
Probenecid amount  Phospholipid Ethanol  Cholesterol Temp. amplitude time
Vesicle size Medium High High High High Low Medium
(nm)
PDI Low High Medium Medium Medium Low Medium
Entrapment High High Medium Medium Low Low Medium
efficiency (%)
CQA: Critical Quality Attributes, CPPs: Critical Process Parameters, PDI. Polydispersity index.
Table 5: Optimization of Febuxostat and Probenecid Ethosomal Formulation
Formulation Drug (1:4 ratio) Formulation factors Responses
(Febuxostat: Phosphatidylcholine Ethanol Cholesterol Vesicle PDI Entrapment
Probenecid) mg (mg) (mL) (mg) size (nm) efficiency (mg)
F1 10 10 2 15 382 0.38 73.2
F2 10 20 2 15 722 0.66 64.1
F3 10 10 4 15 327 0.29 76.7
F4 10 20 4 15 691 054 653
F5 10 10 3 10 291 0.21 82.1
F6 10 20 3 10 526 0.61 66.4
F7 10 10 3 20 698 0.74 73.1
F8 10 20 3 20 815 0.74 639
F9 10 15 2 10 348 0.28 68.9
F10 10 15 4 10 324 042 745
F11 10 15 2 20 714 0.68 68.3
F12 10 15 4 20 682 062 712
F13 10 15 3 15 369 034 749
Independent Variables Level used, actual coded a probe Sonicator (Leela Sonic Industries). Formulations
Low Medium  High were then stored in the refrigerator until further
(@)) (0) (+1) characterization.
A= Phosphatidylcholine 10 15 20 Optimization of Febuxostat and Probenecid Ethosomal
(mg) Formulation through QbD-enabled BBD Technique
B= Ethanol (mL) 2 4 Employing a QbD-enabled Box-Behnken statistical design
C= Cholesterol (mg) 10 15 20 (BBD) technique and Design Expert (Ver. 13.0; Stat-Ease.,

Formulation and Development of Ethosomes

The ethosomal dispersion was prepared by a hot method
using  different  concentrations of  phospholipid
(Phosphatidylcholine) (10, 15, 20 mg) and Cholesterol (10,
15, 20 mg). Wherein a combination of drugs Febuxostat and
Probenecid were selected according to their dose.?”* As
reported, Febuxostat is more potent than Probenecid. A 1:4
ratio of Febuxostat: Probenecid (Equivalent to 2 mg of
Febuxostat and 8 mg of Probenecid) was selected for the
formulation. Further, Febuxostat: Probenecid (drug 10 mg)
and Cholesterol were dispersed in ethanol as an organic
phase. Simultaneously, the phosphatidylcholine was
dissolved in an appropriate amount of water, consisting of
an aqueous phase. The aqueous phase is then placed in a
water bath at 40 °C until a colloidal suspension is obtained.
At the same time, in another vessel, the ethanolic solution
is heated to 40 °C and then added dropwise to the
phospholipid dispersion under continuous stirring using a
magnetic stirrer. In order to achieve the vesicular dispersion
of Febuxostat and Probenecid, the dispersion was allowed
to remain undistributed at room temperature for two hours.
Then, the blend was subjected to probe sonication at 40%
amplitude and 10 secs on/off cycles for 4 minutes utilizing

MN, USA) software, the ethosomal formulations of
Febuxostat and Probenecid were improved.*!* The DoE
aids in showing how the formulation characteristics
(ethanol, cholesterol, and phosphatidylcholine) affect the
ethosome responses (vesicle size, PDI, and entrapment
efficiency). Three independent variables with low (—1),
medium (0), and high (+1) values were supplied by the
Design Expert for 13 experimental runs in order to optimize
the formulation. The software provided Eq. 1, which shows
a quadratic model formula.

Y=ay+ a;jA + a;B + a;C + a;AB + a;3AC + a;3BC + a11A2
+ apB? + a33C? ...(Eq. 1)
Where Y depicted the responses, the intercept was
described by ay, the regression coefficients were depicted
by a; to as3, and the formulation attributes were expressed
by A, B, and C for the Quadratic model.
Characterization of Optimized Ethosomal
Delivery Systems

pH Measurement

The pH of the optimized ethosomal formulation was
measured using a digital pH meter (Eutech Instruments,
Singapore). Approximately 1 mL of the ethosomal
dispersion was diluted with 10 mL of distilled water and
placed in a beaker. The pH electrode was immersed in the

Drug
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sample, and the reading was recorded at room temperature.
Measurements were carried out in triplicate to ensure
accuracy.3>3

Vesicle Size Determination

The average vesicle size of the ethosomal formulation was
determined by dynamic light scattering (DLS) using a Zeta
sizer Nano ZS90 (Malvern Instruments, UK). A small
volume of the ethosomal dispersion was diluted with
filtered distilled water and analyzed at 25°C. The results
were reported as the mean particle diameter in nanometers

(nm), and each measurement was performed in
triplicate.’”-38
Zeta Potential

Zeta potential, indicating the surface charge and stability of
vesicles, was measured using the same Zetasizer Nano
7590 instrument. The sample was appropriately diluted and
placed in a zeta cell for electrophoretic mobility analysis. A

100.0

Table 6: Final composition of optimized Febuxostat and
Probenecid ethosomal formulation (10 mL)

S. Category Optimized ethosomal
No. composition

1  Febuxostat 2 mg

2 Probenecid 8 mg

3 Phosphatidylcholine 10 mg

4 Ethanol 3mL

5  Cholesterol 10 mg

6  Water 7mL

zeta potential value above +30 mV was considered
indicative of good physical stability.*

Polydispersity Index (PDI)

The PDI value, representing the uniformity of vesicle size
distribution, was also obtained during the DLS analysis
using the Malvern Zetasizer. A PDI value below 0.3 was
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Figure 6: FTIR Spectra of Cholesterol
considered to indicate a monodisperse and homogeneous  spectrophotometrically.  Entrapment efficiency  was

formulation.***!

Drug Content

Drug content was determined by accurately measuring 1
mL of the ethosomal dispersion, followed by lysis using
ethanol to release the encapsulated drugs. The solution was
filtered, suitably diluted,**** and analysed using a UV-
Visible spectrophotometer (Shimadzu, Japan) at respective
Amax values for Febuxostat and Probenecid. The drug
content was calculated from the standard calibration curve.
Entrapment Efficiency (%)

Entrapment efficiency was assessed by the centrifugation
method. The ethosomal formulation was centrifuged at
15,000 rpm for 1 hour at 4°C using a refrigerated centrifuge
(Remi Instruments, India).*** The supernatant containing
unentrapped drug was collected and analyzed

calculated using the formula:
EE (%) = [(Total drug

— Free drug) / Total drug] x 100
Scanning Electron Microscopy (SEM) Analysis
The surface morphology of the optimized ethosomal
vesicles was observed using Scanning Electron Microscopy
(SEM). A drop of the ethosomal dispersion was placed on
a carbon-coated aluminium stub, dried under vacuum, and
gold-coated using a sputter coater. The sample was then
examined under a SEM instrument (JEOL JSM-6390,
Japan) at different magnifications.*®4’
Transmission Electron Microscopy (TEM) Analysis
The internal structure and vesicle shape were further
evaluated using Transmission Electron Microscopy (TEM).
A small drop of diluted ethosomal dispersion was placed on
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Table 7: Characterization of Febuxostat and Probenecid Ethosomal Formulations

Formulation pH Vesicle Size Zeta Potential PDI Drug Content (%) Entrapment
(nm) (mV) (FEB/PRO) Efficiency (%)

F1 6.41 +0.05 382 +4.7 -312+£12  0.38+0.02 945+1.8/923+1.6 732+1.5

F2 6.37 +£0.04 722 +£5.2 28713  0.66+0.03 92.8+2.0/90.6+19 64.1+1.8

F3 6.52+0.02 327+3.6 -349+1.1 0.29 +£0.01 95.7+15/938+13 76.7+13

F4 6.48 £0.06 691 £6.1 —-295+14  0.54+0.02 93.9+1.7/91.5+1.8 653+1.6

F5 6.43 +0.03 291 +£3.2 —38.6+1.1 0.21 +0.01 99.1+15/98.6+1.7 82.1+1.6

F6 6.38 £ 0.04 526+4.3 -30.8+1.0 0.61+0.02 932+14/91.0+1.6 66.4+1.5

F7 6.45 +£0.05 698 £5.6 —-274+1.6 0.74+0.03 94.1+19/927+17 73.1+1.2

F8 6.39 +£0.06 815+74 -252+14 0.74+£0.02 91.8+1.8/894+16 639+19

F9 6.47 +£0.04 348+3.9 -33.1+£1.2  0.28+0.02 96.2+13/942+12 689+14

F10 6.50+0.03 324 +4.0 -36.5+1.0 0.42+0.01 97.5+1.1/951+14 745+1.3

F11 6.36 £0.05 714 £5.8 26715 0.68+0.03 92.1+1.7/90.8+15 683+1.6
F12 6.42 £0.04 682 +6.3 -29.1+£1.2  0.62+0.02 93.8+14/913+12 712+1.5
F13 6.44 +£0.02 369 £3.8 —-324+£13 0.34+£0.01 95.6+12/934+14 749+14
(Mean + SD, n = 3)

a copper grid, negatively stained with 1% phosphotungstic Table 8: Permeability parameters of FEthosomal

acid, and air-dried. The sample was visualized under a TEM
instrument (Philips CM 12, Netherlands) to confirm vesicle
size and morphology.*+

Ethosomal Gel Formulation for the Optimized Batch
Carbopol was mixed with the optimized ethosome batch.
Briefly, the gel was prepared using 2% w/w of carbopol-
974P and agitated at high speed using a mechanical stirrer
until no lumps were visible. After that, the stirring speed
was lowered to break up the froth. Triethanolamine and
NaOH were added to the gel to increase its pH to 6.8 to 7.4.
The gel (F5) was left to stand under a vacuum for the whole
night to get rid of the trapped air.>*->8

RESULTS AND DISCUSSIONS

Preformulation Studies

Organoleptic Properties

Both drugs exhibited typical crystalline appearance with no
strong or distinct odour. These characteristics suggest that
the APIs are stable and do not possess any volatile
impurities or strong reactive groups that could affect
formulation acceptability.

100

aae T LTI,

Transmittance %]
88 90 92 94 96 98

86

2919.90 -
285111

3500 3000 2500 2000

formulation and Febuxostat and probenecid ethosomal gel

Ethosomal Febuxostat and Probenecid
Time formulation ethosomal gel
(Hrs) Drug Permeated (%) Drug Permeated (%)
1 10.153+0.2 6.862+0.2
2 25.275+0.4 13.642+0.5
4 36.854+0.2 23.105+0.3
6 48.654+0.2 39.861+0.2
8 56.486+0.1 45.872+0.1
10 64.174+0.3 57.637+0.3
12 71.639+0.3 68.352+0.4
18 77.658+0.4 79.216+0.5
24 83.684+0.1 90.571+0.3

Determination of Melting Point

The experimentally observed melting points of both drugs
were found to be in close agreement with their reported
literature values, indicating purity and absence of
polymorphic transitions. Consistent melting points confirm
that the drugs are chemically stable under standard
laboratory conditions.

173191
105746

1500 1000

Wavenumber cm-1

Figure 7: FTIR Spectra of Phosphatidylcholine
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Figure 9: DSC thermogram of Febuxostat, Probenecid and excipients
Fourier Transforms Infrared Spectroscopy (FTIR) of
Solubility Analysis Drug and Excipients

Both drugs exhibited poor aqueous solubility, which
justifies the need for a novel formulation strategy such as
ethosomal vesicles to enhance their permeability and
solubility. Their high solubility in ethanol and methanol
also supports the use of ethanol as a primary solvent in
ethosomal system preparation.

The organoleptic evaluation confirmed the physical
stability and suitability of both drugs. Melting point data
indicated good purity, while solubility studies highlighted
the necessity of formulating a lipid-based nanocarrier
system to improve aqueous solubility and transdermal
permeability. These findings validated the choice of
ethosomal formulation as a viable delivery platform for
Febuxostat and Probenecid.

Drug-Polymer Compatibility Studies

The FTIR spectra of Febuxostat, Probenecid, their mixture,
Cholesterol, Phosphatidylcholine, and the physical mixture
can be interpreted by analysing key functional group
regions. The FTIR spectrum of Febuxostat reveals
characteristic peaks for -OH stretching (~2850-2950 cm-1),
C=N stretching of nitrile group (~2260-2222 c¢m-1), and
strong C, O stretching of carboxylic acid (~1678-1668 cm-
1). Probenecid displays comparable O-H stretching
vibration (~3300-2500cm-1) -OH stretching, aliphatic C-H
(~3000-2800 cm-1), and C=0 vibrations. For the mixture of
Febuxostat and Probenecid, slight shifts or broadening in
the -OH and C=0O regions suggest the potential for
intermolecular interactions. Cholesterol contributes peaks
for -OH stretching and aliphatic C-H stretching, while
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Phosphatidylcholine displays characteristic phosphate
group (-P=0) stretching (~1050—1100 cm-1).

In the physical mixture, overlapping peaks indicate the
coexistence of functional groups, with no significant shifts
or new peak formation, suggesting physical compatibility
without chemical interaction. The broadening of the -OH
peaks and the intensification of the C=0O peaks in the

Vesicle size (nm)
Vesicle size ()

a2
(2]
£
Z
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o
£
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PDI

C: Cholesterol (i)
12
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1010

mixture are indicative of hydrogen bonding and
intermolecular associations.

Drug Polymer Compatibility Study by Differential
Scanning Calorimetry

DSC analysis was performed using Shimadzu DSC-60,
Shimadzu Limited Japan. The sample was analyzed by
heating at a scanning rate of 10 °C/ min over a temperature

Vesicle size (nm)

12
A: Phosphatidylcholine (mg)
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Figure 10: Three-dimensional response surface plots for the effect of independent variables on (A) Vesicle
size, (B) polydispersity index, and (C) encapsulation efficiency. Linear correlation plots between the actual and predicted
values for (D) vesicle size, (E) polydispersity index, and (F) encapsulation efficiency
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range 50 °C - 300 °C under nitrogen environment. DSC
thermogram of Febuxostat, Probenecid gives sharp
endothermic peak at 211.39 C; it’s due to the evaporation
of water of crystallization. The second peak at 213.80 C is
melting of drug followed by decomposition. The finding
suggests crystalline nature of Febuxostat, Probenecid and it
does not recrystallize after melting since it solidifies as an
amorphous substance. The melting point is same as pure
drug, which gives clear evidence that there is no chemical
interaction between drug and excipients.

Formulation Development and Optimization

Risk Assessment for Febuxostat and Probenecid
Ethosomal Formulation

Critical process parameters (CPPs) that might influence
critical quality attributes (CQAs) associated with OSM-
NLC were used to assess risk factors. The causal links
between material and process factors on the formulation's
CQAs were shown using risk assessment techniques. High-
risk indicators were identified using a risk estimate matrix
(REM). To demonstrate the risk or risks related to specific
material and process features of ethosome formulations on
their possible CQAs, REM (risk estimation matrix)

Figure 12: TEM analysis of the optimized ethosomal foulation

assigned high, medium, or low values to each component.
The risk analysis shown in Fig. 1 for the Febuxostat and
Probenecid ethosomal formulation demonstrated that an
experimental approach was used to investigate the high-risk
indicators. However, Quality target product profile (QTTP)
will be developed in line with the research principal goal
and represented in following table.

Optimization of Febuxostat and Probenecid Ethosomal
Formulation

The thin-film hydration process generated thirteen
Febuxostat and Probenecid ethosomal formulations (F1-
F13; Table 5), which were then improved using the QbD-
enabled DOE approach. Nonetheless, optimization has
aided in determining how formulation parameters, such as
vesicle size (Y1), PDI (Y2), and entrapment efficiency
(Y3), impact the responses. The estimated quality target
product profile (QTTP) and the main goal for creating
improved ethosomes are shown in Fig. 10. They used 2-4
mL of alcohol (ethanol), 10-20 mg of cholesterol, and 10-
20 mg of the phospholipid phase (phosphatidylcholine) to
create ethosomes. Additionally, the actual values closely
matched the predicted ones for every response. Table 5
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shows the statistical impacts of the phospholipid, alcohol,
and cholesterol interaction on Y1. For the quadratic model,
specific component concentrations were significant,
yielding p-values 0of 0.0468, 0.0393, and 0.0418 for Y1, Y2,
and Y3, respectively. Consequently, YI1-Y3 are
significantly impacted (*p < 0.05) by the interplay of
variables A and C (alterations in the quantity of
phosphatidylcholine and cholesterol). At the same time,
factor B had little impact on the response. Thus, the
quadratic model is used to analyse the design space.
Accordingly, the most significant coefficient values of
factor A for Y1 (+369 nm), Y2 (+0.34), and Y3 (+74.9%)
in the generated polynomial equations on the interaction of
aspects on answers like Y1, Y2, and Y3 (Eq. 2-4) confirmed
the considerable effect of factors A and B on all responses.
Vesicle size (Y1) = +369.00+132.00*A-
17.75*¥B+177.50*C+6.00¥ AB-29.50*AC-
2.00*BC+113.50*A%+48.00*B>+100.00*C?
Polydispersity index (Y>) = +0.3400+0.1162*A-
0.0163*B+0.1575*C-0.0075*AB-0.1000*AC-
0.0500*BC+0.1013*A%+0.0263*B>+0.1337*C> ... (Eq. 3)
% EE (Y3) =+74.90-5.68*A+1.65*B-1.93*C-
0.5750*AB+1.62*AC-0.6750*BC-2.21*A%-2.86*B*-
1.31*C? ...(Eq. 4)
Additionally, the Equations Eq. (2-4) findings for the model
A coefficient values matched the results of 3D response
surface plots (Figs. 10A-C). Phospholipid and cholesterol
content ultimately lead to an increase in vesicle size and
PDI as well as a decrease in entrapment efficiency, as seen
by the detrimental effects of factors A and B
(phosphatidylcholine and cholesterol) on vesicle size and
PDI. Phospholipid concentration increased as a result,
perhaps increasing the size and PDI of the ethosomal
system. Larger vesicles or particles, on the other hand, can
restrict drug penetration and absorption, leading to drug
breakdown and elimination in the GIT. The % error, which
was less than 5%, showed that the projected and
experimental values were very close (Fig. 10D). The
percentage inaccuracy assisted in forecasting the precision
of the program's equations. A 10 mg medication
combination of a 1:4 ratio of Febuxostat and Probenecid, 10
mg of phosphatidylcholine, 3 mL of ethanol, and 10 mg of
cholesterol was used to manufacture an optimal batch of F5

... (Eq.2)

Ex vivo Permeation Study of Febuxostat and
Probenecid ethosomal gel formulations
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Figure 13: Ex-vivo permeation study of Febuxostat and
probenecid ethosomal gel formulation

ethosomes. At the same time, Table 5 displays the final
optimized ethosome composition. The optimal values for
PDI (0.21 + 0.03), nanoscale vesicle size (291 £ 12 nm),
and entrapment efficiency (82.1 + 0.6%) were met by this
mixture. This formulation was chosen for additional
examination as every result accurately correlated with the
F5 ethosomal nanosystem.

Characterization of Optimized Ethosomal Formulations
pH

The pH of all ethosomal formulations ranged from 6.36 to
6.52, falling within the skin-compatible range (5.5-7.0),
ensuring no skin irritation upon transdermal application.
The optimized batch F5 showed a pH of 6.43 = 0.03, which
is ideal for maintaining the stability of both drugs in the
vesicular system and preventing skin discomfort.

Vesicle Size

Vesicle size is crucial for skin penetration efficiency.
Formulations with smaller vesicle sizes generally offer
enhanced skin permeability and better therapeutic response.
Among all formulations, F5 exhibited the smallest vesicle
size of 291 4 3.2 nm, which is optimal for dermal diffusion.
In contrast, F2 and F8 showed significantly larger vesicles
(>700 nm), which may hinder transdermal drug delivery.
Zeta Potential

Zeta potential indicates the physical stability of colloidal
systems. Values above +30 mV suggest good repulsion
between vesicles, reducing the likelihood of aggregation.
The F5 batch demonstrated the highest zeta potential (—38.6
+ 1.1 mV), confirming excellent stability. Other
formulations such as F2, F4, F8, and F11 showed relatively
lower values, indicating moderate stability.

Polydispersity Index (PDI)

PDI values below 0.3 reflect a narrow particle size
distribution, indicating formulation uniformity. F5 showed
the lowest PDI (0.21 £0.01), confirming high homogeneity
of vesicle size. In contrast, formulations like F2, F6, F7, and
F8 exhibited higher PDI values (>0.6), suggesting a broader
and less uniform size distribution, which may affect release
behaviour and stability.

Drug Content

High drug content reflects effective incorporation of active
ingredients in the vesicular matrix. F5 recorded the highest
drug content for both Febuxostat (99.1 + 1.5%) and
Probenecid (98.6 + 1.7%), indicating successful loading
without degradation or loss. This ensures a potent
formulation capable of delivering therapeutic doses
efficiently.

Entrapment Efficiency (%)

Entrapment efficiency reflects the drug retention capacity
of vesicles. F5 achieved the highest entrapment efficiency
of 82.1 £ 1.6%, followed by F3 (76.7%) and F13 (74.9%).
Formulations like F2 and F8 had lower values (<65%),
likely due to larger vesicle sizes or suboptimal phospholipid
ratios.

Based on the comprehensive analysis of all characterization
parameters, Formulation F5 demonstrated optimal pH,
smallest vesicle size, highest zeta potential, lowest PDI,
superior drug content, and maximum entrapment
efficiency, confirming it as the best-performing ethosomal
formulation for the combined transdermal delivery of
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Febuxostat and Probenecid. This formulation was selected
for further in vitro release studies, release kinetics, and
stability assessments.

Scanning Electron Microscopy (SEM)

SEM analysis of the optimized ethosomal formulation
revealed uniformly distributed, spherical vesicles with
smooth surfaces, indicating successful vesicle formation.
The absence of surface irregularities suggests good stability
and reduced risk of drug leakage. The observed morphology
aligns with DLS data, confirming Nano sized vesicles ideal
for transdermal delivery. The SEM micrographs confirmed
the formation of stable, spherical, and well-dispersed
ethosomal vesicles suitable for effective co-delivery of
Febuxostat and Probenecid.

Transmission Electron Microscopy (TEM)

TEM analysis showed Nano sized, spherical vesicles with
well-defined unilamellar or multilamellar structures. The
smooth vesicle boundaries and uniform size distribution
supported the DLS findings and confirmed the structural
integrity of the ethosomal system, essential for consistent
drug release and skin penetration. TEM confirmed the
formation of nanoscale, stable, and structurally intact
ethosomal vesicles optimized for the transdermal delivery
of Febuxostat and Probenecid.

Ex-vivo Permeation Study

The ex vivo permeation study of the Febuxostat and
probenecid ethosomal gel formulation was conducted using
goat skin to assess the permeation behaviour of the drug
through the skin. The permeation parameters, including the
cumulative amount of drug permeated, the permeation rate,
and the permeation flux, were evaluated over a specified
period.

The cumulative amount of Febuxostat and Probenecid
permeated through the goat skin increased gradually over
time. The permeation profile showed an initial lag phase,
followed by a steady increase in the amount of drug
permeated. This is indicative of the time required for the
drug to diffuse through the gel matrix and penetrate the

5

Figure 14: In-vitro permeation of Febuxostat and Probenecid ethosomal gel throug Franz diffusion cell

skin. The permeation of Febuxostat and Probenecid from
the gel was compared to that from a simple ethosomal
formulation. The results demonstrated that the gel
formulation provided a slower and more controlled
permeation of the drug compared to the solution, which
exhibited a more rapid and less sustained permeation
profile. This suggests that the gel formulation effectively
prolongs the contact time of the drug with the skin,
enhancing its permeation and potentially improving its
therapeutic efficacy.

CONCLUSION

The present study successfully demonstrated the design,
development, and optimization of ethosomal formulations
co-encapsulating Febuxostat and Probenecid for enhanced
transdermal delivery. Through a systematic Quality-by-
Design (QbD) approach and risk-based optimization using
a Design of Experiments (DoE) strategy, thirteen
formulations (F1-F13) were developed and characterized.
Among them, formulation F5 emerged as the optimized
batch with ideal physicochemical attributes, including
nanoscale vesicle size (291 + 3.2 nm), narrow
polydispersity index (0.21 + 0.01), high zeta potential
(—38.6 = 1.1 mV), and superior entrapment efficiency (82.1
+ 1.6%). The morphology analysis using SEM and TEM
confirmed the spherical, uniform, and stable vesicular
structures essential for dermal application. Moreover, ex
vivo permeation studies through goat skin validated the
improved and sustained drug permeation from the
ethosomal gel, with over 90% cumulative drug release
within 24 hours. The study not only highlights the potential
of ethosomes as an effective nanocarrier system for poorly
soluble drugs like Febuxostat and Probenecid but also
underscores the importance of formulation variables—such
as phospholipid, ethanol, and cholesterol concentration—in
influencing critical quality attributes. These findings
advocate the clinical promise of the ethosomal system as a
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non-invasive, patient-compliant alternative to oral delivery
for long-term gout management.
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