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ARTICLE INFO ABSTRACT

Keywords: The research focuses on enhancing the delivery of curcumin's potent anti-inflammatory properties through a
Curcumin novel approach using a curcumin-loaded gelatine ethosomal gel. Curcumin, known for its therapeutic potential,
Gelatin

faces challenges due to poor solubility and bioavailability. The method involved dissolving curcumin, phos-
pholipids, and gelatin to form ethosomes within the gelatin matrix using sonication. Various parameters were
evaluated including vesicle size, morphology, entrapment efficiency, drug permeation, stability, and anti-
inflammatory activity. The optimized curcumin gelatine ethosomes effectively encapsulated the drug,
achieving an entrapment efficiency of 89.52% + 0.1% and substantial drug loading capacity ranging from
75.75% + 0.3% to 85.64% =+ 0.1%. The formulation exhibited stability with a small vesicle size of 122.08 nm, a
zeta potential of —36.2 mV indicating good stability, and spherical ethosome morphology. TEM images
confirmed uniform drug distribution within the ethosome without precipitation or unwanted aggregates. The gel
exhibited suitable characteristics for topical application such as clear texture, neutral odor, appropriate pH
(5.1-5.6), and viscosity (26,000-58,000 Pa s). It also showed excellent spreadability, homogeneity, minimal
irritancy, and pseudo plastic behaviour with sustained drug release (up to 94%) over 24 h. Stability testing and
acute toxicity studies confirmed the safety and efficacy of the gel, while anti-inflammatory activity was
demonstrated through carrageenan-induced rat paw edema model. The findings suggest that this curcumin-
loaded gelatine ethosomal gel holds promise in revolutionizing inflammation therapy by improving efficacy,
patient compliance, stability, controlled release, and bioavailability, thereby paving the way for innovative
approaches in inflammation management.

Ethosomes
Topical application
Anti-inflammation

bioavailability, and stability, which limit its therapeutic effectiveness in
reaching target tissues and inflammatory sites [9-12].
Ethosomes, lipid-based vesicular carriers, offer a promising solution

1. Introduction to these limitations by enhancing the penetration of active compounds
through the skin. They enable higher concentrations of curcumin to

Curcumin, a bioactive compound derived from the rhizome of the reach target tissues, thereby augmenting its anti-inflammatory effects.
turmeric plant (Curcuma longa), has garnered significant attention for its The gelatin matrix, derived from collagen, further contributes to the
potential therapeutic benefits, particularly in managing inflammation. formulation by providing a biocompatible, biodegradable, and
Its anti-inflammatory properties arise from its ability to modulate mul- sustained-release medium. Gelatin contains amino acids such as glycine,
tiple molecular targets, including the inhibition of nuclear factor kappa proline, and hydroxyproline, which have been reported to possess
B (NF-xB) activation, which reduces the expression of pro-inflammatory intrinsic anti-inflammatory properties [13]. These amino acids may
genes and mediators such as cytokines, chemokines, and enzymes like interact with inflammatory mediators or pathways, further influencing

cyclooxygenase-2 (COX-2) and lipoxygenase (LOX) [1-8]. Despite these curcumin's efficacy in inhibiting NF-xB activation.
benefits, curcumin faces major challenges related to its poor solubility,
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Abbreviations

ANOVA - Analysis of Variance

DLS -  Dynamic Light Scattering
DL - Drug Loading
EE - Entrapment Efficiency

MWCO - Molecular Weight Cut-Off

PBS - Phosphate Buffer Saline

SD - Standard Deviation

TEM -  Transmission Electron Microscopy
UV-Vis — Ultraviolet-Visible Spectrophotometer

By combining gelatin with ethosomes, a synergistic drug delivery
system can be achieved, capitalizing on the advantages of both carriers.
While gelatin provides sustained release and structural stability, etho-
somes enhance skin permeation and improve the solubility of hydro-
phobic drugs like curcumin. This innovative combination is expected to
offer superior therapeutic efficacy compared to traditional formulations
or single-component systems [14-16]. The approach aims to overcome
key formulation challenges associated with curcumin, ethosomal car-
riers, and gelatin, including stability issues during storage, immunoge-
nicity risks, and curcumin's instability under environmental stressors
[17-19].

The curcumin-loaded gelatin ethosomal gel is designed to address
these issues synergistically, providing a stable and effective topical
system for the management of inflammatory skin disorders. Compara-
tive evaluations against standard therapies such as corticosteroids,
NSAIDs, and other curcumin formulations will highlight its advantages
in terms of efficacy, safety, and bioavailability. Moreover, the gel's po-
tential for topical delivery makes it suitable for treating inflammatory
conditions such as dermatitis, eczema, psoriasis, and acne [20-24].

New therapeutic formulations like the curcumin-loaded gelatin
ethosomal gel require comprehensive evaluation to establish their
safety, stability, and therapeutic performance. Quality control parame-
ters, physicochemical characterization, and in vitro release kinetics are
essential to ensure reproducibility and performance optimization. Also,
in vivo studies will validate the formulation's anti-inflammatory efficacy
and biocompatibility. Overall, this study aims to develop and evaluate a
curcumin-loaded gelatin ethosomal gel as a novel, safe, and patient-
friendly formulation for effective inflammation management,
combining enhanced bioavailability with controlled release and
improved patient compliance.

2. Materials and methods
2.1. Chemicals and Reagents

Curcumin, Gelatin (type A), soyalecithin, carbopol 940 (molecular
weight ~3,000,000 g/mol) and dialysis membrane with a molecular
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weight cutoff (MWCO) of 12-14 kDawere purchased from Himedia
Chemicals in Mumbai, India. Other chemicals were purchased from the
local vendor. All chemicals employed in the study met the standards of
analytical grade.

2.2. Physicochemical properties of curcumin

Curcumin (Cz1H2006; MW: 368.38 g/mol) is a hydrophobic poly-
phenolic compound with logP ~3.29, melting point 183 °C, and poor
aqueous solubility (<0.01 mg/mL). It is soluble in ethanol, acetone, and
DMSO, and exhibits Apnax at 425 nm in ethanol. These properties justify
the need for vesicular delivery systems like ethosomes to improve its
solubility and bioavailability [14].

2.3. Development of calibration curve of curcumin

To prepare a stock solution, 100 mg of curcumin was dissolved in 10
ml of ethanol, resulting in a concentration of 10 mg/ml; various aliquots
from this stock solution were then transferred to a series of 10 ml
volumetric flasks and diluted with ethanol to create working standard
solutions with concentrations range from 1 to 5 mg/ml. The maximum
absorbance (Anax) of the drug was determined, and a standard curve was
plotted by graphing concentration against absorbance.

2.4. Preparation of curcumin loaded gelatine ethosomes

Curcumin was dissolved in ethanol (0.1%-5% w/v). Soya lecithin
(0.2%-0.4% w/v) was dispersed in a hydroalcoholic mixture (ethanol:
water, 1:1) with continuous magnetic stirring (200-300 rpm) and mild
probe sonication to ensure uniform dispersion, since lecithin is not freely
soluble in water. A 1% w/v gelatin solution was prepared separately in
distilled water at 40 °C. The curcumin solution, lecithin dispersion, and
gelatin solution were combined under continuous stirring to obtain a
homogeneous mixture. Distilled water was gradually added to make up
the final volume to 50 mL, resulting in a colloidal ethosomal suspension
(Fig. 1). The suspension was subjected to probe sonication at 20 kHz
frequency, 50% amplitude for 5 min with intermittent cooling to avoid
overheating. After sonication, the dispersion was allowed to equilibrate
and cool to room temperature. The resulting ethosomes theoretically
contained 2 mg/mL of curcumin (100 mg in 50 mL at 100% entrap-
ment). The suspension was stored at 4 °C until further use. Free
(unentrapped) curcumin was separated by ultracentrifugation at 15,000
rpm for 1 h at 4 °C, and the pellet containing entrapped drug was re-
dispersed in phosphate buffer pH 5.5 for characterization. The formu-
lations were evaluated for vesicle size, morphology, entrapment effi-
ciency, drug loading, in-vitro permeation, and stability (Table 1).

2.5. Characterization of curcumin-loaded gelatine ethosomes

2.5.1. UV-vis spectroscopy studies
To characterize curcumin-loaded gelatine ethosomes, UV-Vis
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Fig. 1. Preparation method of Curcumin-loaded gelatine ethosomes.
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Table 2
Composition of Curcumin-loaded gelatine ethosomes gel formulations.

Table 1

Composition of Curcumin-loaded gelatine ethosomes formulation.
Formulation Curcumin Gelatin Soya lecithin Ethanol
code (mg) (mg) (mg) (ml)
EF1 100 5 200 10
EF2 100 5 180 10
EF3 100 5 170 10
EF4 100 5 150 10
EF5 100 5 100 10

spectroscopy is employed using an instrument such as the UV-1800 from
Shimadzu. The UV-Vis spectrophotometer was calibrated using a blank
solution of pure ethanol to ensure accurate baseline readings. After
calibration, the curcumin-loaded gelatin ethosome sample was placed in
a quartz cuvette, and the absorbance spectrum was recorded across a
wavelength range of 200 nm-800 nm. Any observed shifts in the spec-
trum were noted, particularly peaks at 417 nm and 432 nm, which were
adjusted to 425 nm and 430 nm, respectively, to account for interactions
within the ethosomal environment [25]. This spectral analysis provided
insights into curcumin's encapsulation within the ethosomes and its
stability within the gelatin matrix, thereby confirming successful
loading. For additional accuracy, this section should be referenced with
appropriate literature sources to validate the absorption peaks [26,27].

2.5.2. Entrapment efficiency (EE)

The entrapment efficiency (EE) of curcumin-loaded gelatine etho-
somes was determined after separating the unentrapped (free) drug. The
ethosomal suspension was centrifuged at 15,000 rpm for 1 h at 4 °C to
obtain the pellet (entrapped curcumin) and the supernatant (free cur-
cumin). The clear supernatant was collected, diluted with ethanol, and
analyzed using a UV-visible spectrophotometer (UV-1800, Shimadzu) at
Amax 425 nm. In this method, the earlier overestimation (where 1 mL was
assumed to contain 10 mg of drug) was corrected. Based on the prepa-
ration, the theoretical concentration of curcumin in the ethosomal sus-
pension is 2 mg/mL (100 mg curcumin in 50 mL, assuming 100%
entrapment). A calibration curve of curcumin in ethanol was used to
quantify the free drug in the supernatant. The EE% was calculated using
the equation:

EE(%)=(Amountofcurcuminsupernatant / Totalamountof curcuminused) x 100
(Eq.1)

2.5.3. Drug loading

To determine the drug loading capacity of the ethosomes, a known
quantity (10 mg) of freeze-dried ethosomal formulation was accurately
weighed and dissolved in 10 mL ethanol to completely release the
entrapped curcumin, resulting in a final concentration of 1000 pg/mL.
After appropriate dilution (10 pg/mL), the absorbance of the solution
was measured at 425 nm using a UV spectrophotometer (Shimadzu
1800). The amount of curcumin present was determined from the cali-
bration curve [28]. Drug loading percentage (DL%) was calculated using
the following equation:

Drug content (%) = Amount of drug in curcumin/Amount of curcumin X 100
(Eq. 2)

2.5.4. Vesicle size and zeta potential

Laser light diffractometry was used to assess the vesicle size and zeta
potential of the produced ethosomes using the Malvern Zetasizer ZS 90
(Malvern Instrument Inc., UK). Scattered light was detected at a 173°
angle, and the hydrodynamic vesicle size was calculated based on in-
tensity distribution. Measurements were performed in buffer (pH 5.5) at
a constant temperature of 25.4 °C to ensure consistency. Each sample
was analyzed in triplicate, and the mean and standard deviation were
calculated [29].

Formulation Optimized Carbopol Deionized Neutralizer (TEA,
ethosomes 940(w/v) water(mL) dropwise)
(EF1 in mg)
G1 200 0.5% 5 q.s. (to pH 5.0-5.5)
G2 150 0.1% 5 q.s. (to pH 5.0-5.5)
G3 200 0.2% 5 q.s. (to pH 5.0-5.5)
G4 100 1% 5 q.s. (to pH 5.0-5.5)
G5 150 2% 5 q.s. (to pH 5.0-5.5)

2.5.5. Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) technique employed for
investigating the shape and aggregation of optimized ethosomes was
performed with a JEOL-JEM-1011 microscope (JEOL-Tokyo, Japan). A
drop of each sample was applied to a copper grid coated with carbon
film and the resultant construct was then air-dried. Following this, the
films were negatively stained with 2% phosphotungstic acid solution
and air-dried under room temperature. After these steps, the samples
investigated via TEM [30].

2.6. Preparation of ethosomal gel

Curcumin-loaded gelatine ethosomes were incorporated into a gel
base to enhance topical applicability. Carbopol 940 (0.5 g) was
dispersed in 100 mL of deionized water and stirred at 400-600 rpm for
4-6 h to allow complete hydration and swelling of polymer chains,
ensuring optimal viscosity. After complete hydration, the optimized
curcumin-loaded gelatinethosomes were slowly incorporated into the
hydrated Carbopol dispersion under gentle stirring to obtain a homo-
geneous mixture. The pH was carefully adjusted to 5.0-5.5 using trie-
thanolamine (TEA) added dropwise with constant mixing, thereby
avoiding localized precipitation and ensuring uniform gel neutraliza-
tion. The final gel was allowed to equilibrate for 12 h at room temper-
ature before further characterization to achieve optimal consistency and
stability [31] (Table 2).

2.7. Characterization of ethosomal gel

2.7.1. Appearance

The evaluation of ethosomal gel appearance, including colour and
order, as well as its feel after use, was conducted through the assessment
of organoleptic characteristics. This involved standardized methods to
objectively analyze the visual and sensory properties of the gel,
contributing to a comprehensive characterization of its overall appear-
ance and user experience [32].

2.7.2. pH

The pH of the ethosomal gel was measured using a digital pH meter
(L1-612 pH Analyzer). The meter was calibrated before each use, and
the glass electrode was immersed into the ethosomal gel. Three readings
were taken for each sample, and the average value was calculated [33].

2.7.3. Viscosity

Viscosity of the ethosomal gel was determined using a Brookfield
digital viscometer (Model LT-730) with spindle no. 3. Measurements
were taken at rotational speeds of 0.5, 2.5, 5, 10, and 20 rpm under room
temperature conditions [34].

2.7.4. Extrudability
Extrudability refers to how easily the gel can be squeezed or
dispensed from its container. Ethosomal gel was filled into standard
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capped collapsible aluminium tubes and securely sealed by crimping at
the tube's end. The initial weights of these tubes were recorded to
establish a baseline. To assess extrudability, the tubes were placed be-
tween two glass slides and secured, with a weight of 500 g applied on
top. The tube cap was then removed, and the amount of extruded gel was
meticulously collected and weighed. The percentage of the extruded gel
was then calculated [35].

(>90% extrudability : Excellent, > 80% extrudability
: Good, and > 70% extrudability : Fair

2.7.5. Spreadability

Adopting a quantitative approach for tests related to spreadability
can significantly improve the robustness of assessments. The spread-
ability of the ethosomal gel was measured using the parallel plate
technique. A sample of 0.5 g of the gel was placed within a marked 1 cm
diameter circle on a glass plate. Another glass plate was positioned on
top, and a weight of 500 g was applied to the upper plate, allowing it to
rest for 5 min. The increase in diameter due to the gel's spreading was
then observed and recorded [36,37].

2.7.6. In-vitro drug release

The in-vitro release study was carried out using a diffusion cell as-
sembly consisting of a donor compartment, receptor compartment (20
mL), and a sampling port. A dialysis membrane with a molecular weight
cut-off (MWCO) of 12-14 kDa was placed between the donor and re-
ceptor compartments. The MWCO indicates the pore size of the mem-
brane; molecules larger than this range are retained, while smaller
molecules such as curcumin (molecular weight 368 Da) are able to
diffuse through. The receptor compartment was filled with 20 mL
phosphate buffer (pH 5.5) and maintained at 37 + 0.5 °C with contin-
uous stirring at 50 rpm. A total of 5 g of the prepared ethosomal gel
(equivalent to ~2 mg of curcumin) was applied uniformly onto the
membrane in the donor compartment. At predetermined intervals (1, 2,
3,4,5,6, 7,8, and 24 h), 2 mL samples were withdrawn from the re-
ceptor compartment and replaced with fresh buffer to maintain sink
conditions. The samples were diluted appropriately and analyzed using
a UV-visible spectrophotometer (Aphax 425 nm) to determine curcumin
release. The in-vitro drug release profile of the formulated gel was
compared with a marketed Diclofenac sodium BP 1% gel [38].

2.7.7. Ex-vivo diffusion study

The ex-vivo skin permeation study was performed using Franz
diffusion cell with an effective diffusion area of 2 cm?. Excised porcine
ear skin was obtained from a local slaughterhouse and placed between
the donor and receptor compartments of the diffusion cell, with the
stratum corneum oriented toward the donor compartment. A curcumin-
loaded Gelatin based ethosomal gel was applied uniformly to the donor
side in direct contact with the skin. The receptor compartment was filled
with phosphate buffer (pH 5.5) as the diffusion medium, maintained at
37 + 1 °C to simulate physiological conditions, and stirred continuously
at 50 rpm using a magnetic stirrer. Samples were withdrawn at pre-
determined intervals and analyzed using a UV spectrophotometer. To
maintain sink conditions, fresh buffer was promptly added to the re-
ceptor compartment after each sampling. The cumulative percent

Percentage(% )inhibition =

Mean difference in paw edema.the control — Mean difference in paw edema, treated
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release kinetics from the Gelatin loaded ethosomal gel formulation
across the porcine ear skin barrier [39].

2.7.8. Stability

The storage stability of ethosomal gel was assessed by evaluating pH,
spreadability, and drug content under three distinct temperature con-
ditions, humidity, and light exposure. Ethosomal gels were stored under
ICH-recommended conditions: room temperature (25 + 2 °C/60 + 5%
RH), accelerated conditions (40 + 2 °C/75 + 5% RH), and refrigerated
conditions (2-8 °C). Evaluations were carried out at initial (0 month), 1
month, 2 months, and 3 months intervals. These time points provided
insight into the long-term stability of the gel and ensured that the
formulation maintained its physicochemical characteristics and thera-
peutic potential during storage [40].

2.7.9. Anti-inflammatory activity of ethosomal gel

2.7.9.1. Experimental animal. Wistar albino rats (male and female;
adult) weighing 120-160 g were procured in the animal house of the
School of Pharmaceutical Sciences (SPS), SOA (Deemed to be) Univer-
sity, Bhubaneswar (Reg. No. IAEC/SPS/SOA/106/2022) and all animals
were ethically approved as per the guidelines of the institutional animal
ethical committee (IAEC). Animals were maintained in well-controlled
conditions, in a polycarbonate cage, with a 12-h light/dark cycle, a
temperature of 22 + 2 °C, and relative humidity of 45% =+ 5%.During
the experimental duration, the rats were supplied with food that had
been approved by the ethical committee of the institute and were
allowed to access water on ad libitum basis. The cages had been levelled
correctly and all animals were taken care of in compliance with the
Principles of Laboratory Animal Care (NIH,1985).

2.7.9.2. Carrageenan-induced rat paw edema. The anti-inflammatory
effect of the ethosomal gel was evaluated in a study using a
carrageenan-induced rat paw edema model. Ethosomal gel was topically
applied to the rat paws after the induction of inflammation with carra-
geenan [41,42]. This well-established method is used to assess
anti-inflammatory properties of the formulations. Rats weighing be-
tween 120 and 130 g, both genders, were randomly selected after a 12-h
fast. They were divided into five groups, each consisting of five animals
(n = 5/group). The treatment groups received ethosomal gel, along with
a standard drug, Diclofenac Diphenylamine BP 1.16% w/w equivalent to
Diclofenac sodium BP 1% gel (VoveranEmulgel- Novartis India Limited)
positive control group [43]. Inflammation was induced by subcutane-
ously injecting 100 pl of carrageenan (1% v/v in saline water) into the
sub-planter tissue of the right hind paw, and 100 pl of normal saline into
the left hind paw of each animal. The negative control group received
carrageenan without any drug administration [44]. After 15 min from
the induction of inflammation, the rats were treated with formulated
gels and standard drugs as per the groups.

Readings were recorded at 1-h intervals following the carrageenan
injection, and paw diameter measurements were taken before and at 1,
2, 3, 4, and 5 h post-injection using the cotton thread method [45,46].
The anti-inflammatory activity of the treated groups was quantified by
expressing the percentage reduction in edema compared to the positive
control, calculated using the provided formula [47,48].

X 100

release of the drug was plotted against time to generate the release
profile. This experimental setup allowed for the assessment of curcumin

Difference in edema, control
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2.8. Statistical analysis

All experiments were performed in triplicate, and the data were
expressed as mean + standard deviation (SD). Statistical analyses were
carried out using GraphPad Prism 9.0 (GraphPad Software Inc., USA).
The differences between multiple groups were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey's post hoc test to
determine statistical significance between the test and control groups. A
value of p < 0.05 was considered statistically significant. For in vivo anti-
inflammatory studies, the percentage inhibition of paw edema was
calculated and compared among groups to evaluate the efficacy of the
formulations.

3. Results and discussions
3.1. Development of calibration curve of curcumin

A calibration curve for the drug was developed to determine the
linear relationship between the drug concentration in the solution and
its absorbance, observed within the concentration range of 1-5 mg/ml.
The absorbance was measured at a wavelength of 425 nm using ethanol
as the solvent. Fig. 2 showed the calibration of curcumin at 425 nm.

3.2. Characterization of curcumin-loaded gelatine ethosomes

3.2.1. UV-vis spectroscopy studies

Curcumin showed the Apaxof 425 nm whereas when curcumin is
loaded into gelatine ethosomes, the Apaxwas found to be 430 nm, a little
bathochromic shift which was attributed by the interactions between
curcumin, gelatin, and the lipid components of the ethosome.

3.2.2. Entrapment efficiency and drug loading

The optimized formulation exhibited high entrapment efficiency
(EE) of 89.52% =+ 0.33%. This can be attributed to the lipophilic nature
of curcumin, which favors partitioning into the phospholipid bilayer of
ethosomes, thereby enhancing entrapment within the lipid matrix.
Variations in entrapment efficiency across different formulations
(Table 3) were observed, with increased ethanol content likely
improving the solubilization and interaction of curcumin with phos-
pholipids, resulting in higher drug retention. Optimization of ethanol
concentration, drug quantity, and solvent volume contributed to maxi-
mizing encapsulation efficiency. The ethosomes also demonstrated a
notably high drug loading (DL) capacity, ranging from 75.75% to
85.64%. The maximum DL was observed in formulation EF1 (85.64%).
Such high values can be explained by the strong affinity of hydrophobic
curcumin for the lipid bilayers of ethosomes, minimizing drug loss
during preparation and centrifugation. Moreover, the gelatin matrix
surrounding ethosomes provided additional stabilization, preventing
drug leakage. Interestingly, process variables such as homogenization

07 - y = 0.1275x + 0.0149
R? = 0.9988
0.6
8 05
S 0.4
503
<02
0.1

0@
0 1 2 3 4 5 6

Concentration (mg/ml)

Fig. 2. Calibration curve for curcumin, illustrating the relationship between
concentration and absorbance.
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Table 3
Percentage of drug entrapment efficiency and drug loading.

Formulation code Entrapment Efficiency (EE%) Drug loading (DL%)

EF, 89.52 +£ 0.1 85.64 + 0.1
EF, 68.75 £ 0.1 78.28 £ 0.1
EF3 73.85 £ 0.2 75.75 £ 0.3
EF, 87.55 £ 0.1 82.29 + 0.2
EFs 70.67 £ 0.2 81.43 £ 0.1

and sonication had little impact on DL, whereas the concentration of
phospholipids played a more significant role in determining the final
drug loading capacity. These findings are consistent with previous re-
ports of ethosomal and lipid-based carriers demonstrating high loading
efficiencies for lipophilic drugs [49,50].

3.2.3. Vesicle size and zeta potential

The release rate and extent of drug release from lipid vesicles are
significantly influenced by their vesicle size, while formulation stability
is closely related to the zeta potential. Dynamic light scattering (DLS)
was employed to determine the vesicle size, a critical parameter in
designing an effective drug delivery system [51,52]. As per analysis
conducted using a Zetasizer (Fig. 3A), the ethosomes exhibited an
average vesicle size of 122.08 + 9.66 nm. The reduced vesicle size fa-
cilitates drug release through diffusion and surface erosion, and the
formation of drug-phospholipid complexes further enhances their
ability to cross physiological barriers. Colloidal dispersions with zeta
potential values exceeding +30 mV are generally considered physically
stable. In the present ethosomal formulation, the zeta potential was
measured at —36.2 mV (Fig. 3B), confirming good stability. A high ab-
solute zeta potential (either negative or positive) prevents particle ag-
gregation through electrostatic repulsion and indicates consistent
dispersion of ethosomes. Our optimized formulation therefore demon-
strates a favorable combination of small vesicle size and high negative
zeta potential, making it a highly stable and effective carrier for cur-
cumin delivery.

3.2.4. Transmission electron microscopy (TEM)

The data obtained from the DLS approach aligned with the mea-
surements from the TEM micrograph, confirming the accuracy of vesicle
size determination. However, a closer examination of the ethosomes
unveiled some degree of aggregate formation in their morphology. This
observation suggested that the ethosomes exhibited a spherical shape,
and notably, the absence of drug precipitates was observed shown in
Fig. 4. The morphological parameters like size, shape were processed by
software tools ImagelJ. The aggregation state of vesicles can be assessed
by analyzing their spatial arrangement and degree of clustering in the
TEM images. This may involve quantifying parameters such as nearest-
neighbor distances, cluster density, or fractal dimension to characterize
the degree of aggregation.

3.3. Characterization of ethosomal gel

3.3.1. Appearance

The Ethosomal gel exhibited a yellowish colour, viscous gel, trans-
parent, smooth texture and a neutral or acceptable pleasant odor, sug-
gested suitability for its intended to use shown in Fig. 5.

3.32. pH

The pH of the ethosomal gel was measured using a pH meter at both
4 °Cand 25 °C, with recorded values ranging from 5.1 + 0.1 to 5.6 & 0.2
(Table 4). These pH levels suggest that the gel is well-suited for topical
application, as they closely align with the normal pH of human skin.

3.3.3. Viscosity
The measured viscosity for the optimized ethosomal gel indicated
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Fig. 3. (A) Vesicle size distribution of ethosomes; (B) zeta potential measurement of the formulation.
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Fig. 4. Transmission electron microscopy image of ethosomes.

Fig. 5. Curcumin-loaded gelatin ethosomal gel(G1).

Table 4
Characteristics of ethosomal gel formulations.
Formulation PH Viscosity ~ Extrudability (g/ Spreadability
Code cm?) (cm)
G1 5.3+0.1 58000 102.5 + 2.1 26.9+0.1
G2 5.1+0.1 48000 91.3+1.8 18.5+0.2
G3 5.6+o0.1 45000 88.7 + 2.4 19.4+0.1
G4 5.6+0.1 26000 95.6 +1.9 23.4+0.2
G5 5.2+0.2 30000 84.2 + 2.3 13.8+0.1

values of 26000 and 58000 Pa s, respectively as shown in Table 4.

3.3.4. Extrudability

The extrudability of the formulations exhibited good to excellent
extrudability, with varying weights required to extrude a 26.9 cm ribbon
of gel.These findings are shown in Table 4.

3.3.5. Spreadability

The spreadability of the ethosomal gel was observed to range be-
tween 13.08 and 26.9 cm, which indicate good constancy and ease of
application. These values suggest that the formulation possessed suit-
able rheological properties for topical delivery. These findings are
shown in Table 4.

3.4. In-vitro drug release

The in-vitro drug release studies, of ethosomal formulation G1-G5
showed a cumulative release45.91-70.03% at 12 h. The phosphate
buffer (pH 5.5) used as the releasing medium effectively mimicked the
skin barrier environment. Notably, formulation G1 exhibited a steady
and sustained release profile, achieving 95.19% drug release at 24 h.
This rapid initial release is attributed to the adsorption of curcumin onto
phospholipids, while the sustained release can be attributed to the
polymer matrix, indicating prolonged drug release (Fig. 6). Addition-
ally, a comparison study between the optimized formulation of etho-
somal gel (G1) and Diclofenac sodium BP 1% gel it revealed that the
marketed formulation achieved a cumulative drug release of 90%,
whereas formulation G1 showed an 85.72% cumulative drug release
within the same 24-h period (Fig. 7). These results highlight the favor-
able in vitro release profile of the ethosomal gel, supporting its potential
as an effective drug delivery system.

3.5. Ex-vivo diffusion study

The ethosomal gel formulations (G1-G5) showed a cumulative
permeation of 45.91%-64.3% after 12 h. Notably, formulation G1
achieved an impressive 88.13% permeation after 24 h (Fig. 8). The
hydrophobic nature of the lipid matrix within ethosome likely
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Fig. 8. Ex-vivo drug release profile of ethosomal gel formulations.
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contributed to reduced skin deposition, thereby facilitating enhanced
penetration through the skin barrier.

3.6. Stability

The stability assessment evaluated two parameters, pH and drug
content, measured at time 0 and after one week. All formulations passed
the homogeneity test at designated temperature ranges over the one-
week period. However, minor fluctuations in pH and drug content
were observed, as shown in Table 5 and Fig. 9.

3.7. Anti-inflammatory activity of ethosomal gel

3.7.1. Carrageenan-induced rat paw edema

The anti-inflammatory response of the curcumin-loaded ethosomal
gel was evaluted using the carrageenan-induced rat paw edema model.
This approach allowed for a comparative analysis of the anti-
inflammatory properties of the formulated gel against a no-treatment
group and a standard group. The efficacy of the prepared formulation
(Gl)was compared with the commercially available Diclofenac sodium
BP 1% gel (Positive control). The G1 formulation demonstrated an
overall percentage inhibition that was comparable to that of the positive
control. The results are summarized in Table 6.

As discussed before, curcumin reduces the inflammation through
different mechanisms; (a) NF-kB inhibition, (b) TNF-a suppression, (c)
lip polysaccharide signalling impairment and (d) by acting on other
signalling pathways like PPAR-y (proliferator-activated receptor-
gamma) and TLR4-MD2(myeloid differentiation protein 2-toll-like
receptors-4)co-receptor. The activity of curcumin is expected to
Fig. 10 clearly shows the efficacy of the formulated ethosomal gels (G1,
G2 and G3); and Diclofenac gel (Standard/Positive control) in reducing
the paw diameter in Carrageenan-induced paw edema in rats. During the
first hour, the standard was found to win the race. However, from 2 h to
5 h formulation G1 gained proximity to the efficacy of marketed
formulation and was observed to show similar pattern in the reduction
of paw diameter.

6.3
5.6
4.9 4
4.2 4 & Room Temperature
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14
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Fig. 9. Stability study of ethosomal gel formulations.

Stability test of ethosomal gel in terms of pH and drug content at three different temperatures with 75% relative humidity and normal daylight conditions.

Formulation Code

Room Temperature

High Temperature

Low Temperature

pH Drug content pH Drug content pH Drug content
G1 54+0.1 85.64 £ 0.1 6.3 + 0.2 85.64 £ 0.1 5.6+ 0.1 85.64 £ 0.1
G2 5.1+ 0.2 78.28 + 0.1 6.1 +0.1 78.28 £ 0.1 5.1+ 0.3 78.28 £ 0.2
G3 52+ 0.1 75.75 £ 0.3 6.2+ 0.1 75.75 £ 0.2 53+ 0.1 75.75 £ 0.1
G4 5.6+ 0.1 82.29 + 0.2 6.5+ 0.3 82.29 £ 0.3 5.6 + 0.2 82.29 + 0.2
G5 52+ 0.1 81.43 £0.1 6.2+ 0.1 81.43 £0.2 52+0.1 81.43 £0.1
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Effect of different formulations of ethosomal gel on carrageenan-induced paw edema with comparison to positive control and negative group (without drug).

Treatment group Treatment Paw diameter difference (cm) + SD (n = 50) Percentage (%)of
inhibiti
0.5hr 1h 2hr 3hr 4hr Shr Hhibition

Negative control No. treatment 3.68+£0.26 3.78 +0.11 3.96 +0.09 3.74+0.17 3.70+0.16 3.64+0.18 Nil
Positive control Diclofenac sodium BP 1%  2.94 +£0.11  3.00 £ 0.10 2,96 £0.13 258 +£0.08 230 +£0.10 1.86 +0.05 95.65

gel
Ethosomal gel treatment G1 2.68 £ 0.08 2.76 £ 0.05 2.78 £ 0.04 2.52 £ 0.08 2.28 £ 0.08 1.88 + 0.08 96.74

group G2 1.6+0.13 0.99+0.18 089+0.18 0.81+0.13 0.71+0.08 0.61+0.13 82.61
G3 2.00£0.09 0.81+0.11 0.72+0.08 0.69+0.05 0.52+0.15 0.41+0.08 93.48

=g Negative control
e=m== Positive control
b G1

e G2

Paw Diameter (cm)

e G3

Time (h)

Fig. 10. Anti-inflammatory activity study of the different optimized formula-
tions of ethosomal gel and the elevation and reduction of mean paw diameter
(cm) with respect to time (h).

3.8. Limitations

This study has certain limitations, including a small sample size for
animal experiments, short-term stability evaluation, and the absence of
clinical studies. Also, only one animal inflammation model was used,
which may not fully represent complex human inflammatory pathways.
Future studies with larger cohorts, extended stability periods, multiple
disease models, and clinical validation are required to strengthen the
translational potential of this formulation.

4. Conclusion

The study successfully developed a curcumin-loaded gelatin etho-
somal gel as a novel topical formulation for anti-inflammatory therapy.
The optimized system exhibited high entrapment efficiency, small
vesicle size, and good stability, leading to sustained drug release and
significant anti-inflammatory activity. The combination of gelatin and
ethosomes provided a synergistic platform that enhanced curcumin's
stability, permeation, and bioavailability, addressing its conventional
formulation challenges. This hybrid vesicular gel represents an inno-
vative, patient-friendly approach for managing inflammatory conditions
and holds promise for further clinical translation and development in
advanced topical drug delivery.
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