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ABSTRACT

Background: Plant-derived extracts are being investigated as potential sources of bioactive compounds for topical wound
management. Ethosomes, composed of phospholipids and a relatively high proportion of ethanol, offer a vesicular delivery
approach that may improve the transport of incorporated constituents across skin barriers.

Objective: The present study aimed to formulate and evaluate an ethosomal gel containing Carica papaya and
Bryophyllum pinnatum leaf extracts and investigate its physicochemical characteristics, release and permeation behavior,
antimicrobial activity, preliminary irritation potential, and wound-healing efficacy.

Methods: Ethosomes containing the two herbal extracts were prepared by the thin-film hydration method using lecithin
concentrations of 1.0-2.0%, ethanol volumes of 10-20 mL, and a constant cholesterol concentration of 0.2%. The selected
dispersion was incorporated into a Carbopol 980NF gel base at 0.75% w/w. Vesicle size, polydispersity index (PDI), zeta
potential, morphology, and entrapment efficiency were evaluated. The gel was characterized for pH, extract content,
spreadability, viscosity, In vitro release, ex vivo permeation through porcine skin, antimicrobial activity, and irritation
potential using the hen's egg test—chorioallantoic membrane (HET-CAM) assay. Wound-healing activity was investigated
using an excision-wound model in Wistar rats, with untreated wounds and Betadine ointment serving as comparators.
Results: The optimized ethosomal dispersion exhibited a mean vesicle size of 189.3 £+ 2.55 nm, a PDI of 0.6436 + 0.03,
a zeta potential of —21.79 + 0.75 mV, and an entrapment efficiency of 84.23 + 2.15%. The formulated gel had a pH of 6.8,
extract contents of 90.95% for C. papaya and 88.65% for B. pinnatum, spreadability of 33.65 g-cm/s, and viscosity of
39,435 cP. At 24 h, cumulative In vitro release reached 91.26 + 1.86% and 94.18 = 1.93% for the respective extracts,
while ex vivo permeation reached 63.28 + 1.62% and 67.42 + 1.71%. The gel produced inhibition zones of 18.6 + 0.6 mm
against Staphylococcus aureus and 16.8 £+ 0.5 mm against Bacillus subtilis. Its HET-CAM irritation score was 0.38 = 0.11.
In the rat excision-wound model, the formulation produced 95.8 + 2.0% wound contraction by day 15, compared with
82.8 &+ 3.0% in untreated wounds and 97.2 £+ 1.6% with Betadine ointment. The epithelialization period was 14.7 + 0.6
days for the herbal ethosomal gel.

Conclusion: The combined herbal ethosomal gel demonstrated favorable formulation characteristics, measurable
antimicrobial activity, low acute irritation potential in the HET-CAM assay, and enhanced wound closure in the
experimental model. These findings support further investigation of the formulation, including standardized
phytochemical characterization, statistical validation, dermal safety assessment, and controlled efficacy studies.
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INTRODUCTION

Wound healing is a dynamic and highly regulated biological process that restores tissue integrity following injury. The
skin serves as a protective barrier against microorganisms, chemical agents, physical damage, and excessive water loss.
Disruption of this barrier initiates a series of coordinated cellular and biochemical responses involving hemostasis,
inflammation, proliferation, and remodeling. Although these phases overlap, each contributes distinct functions to the
restoration of tissue architecture and physiological integrity. Any disturbance in these processes may prolong healing,
increase susceptibility to infection, or result in chronic wounds and abnormal scar formation [1-3].

The inflammatory phase is essential for removing damaged tissue and initiating repair; however, prolonged inflammation
and excessive production of reactive oxygen species can damage viable cells and interfere with tissue regeneration. The
proliferative phase involves fibroblast migration, extracellular matrix deposition, angiogenesis, granulation tissue
formation, and re-epithelialization. During remodeling, collagen organization and tissue strength progressively improve.
Consequently, effective wound-management strategies should support a favorable local environment while minimizing
additional tissue damage and microbial complications [4-6].

Conventional wound-care preparations, including antiseptics, dressings, and other topical products, remain important
components of wound management. Nevertheless, formulation performance depends on the nature of the wound, its
severity, the presence of infection, and the characteristics of the applied product. These considerations have encouraged
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investigations into plant-derived preparations containing phytochemicals that may exhibit antioxidant, anti-inflammatory,
or antimicrobial properties. However, such activities must be established experimentally, and herbal products should not
be presumed effective or safe solely because of their traditional use [7-10].

Carica papaya L., belonging to the family Caricaceae, is a medicinally investigated plant containing diverse secondary
metabolites. Its leaves have attracted scientific interest because of their potential biological activities. Depending on the
extraction method and source material, leaf extracts may contain phenolic compounds, flavonoids, tannins, and other
constituents that warrant investigation in wound-related applications. The biological effects of these constituents depend
on their chemical composition, concentration, stability, and availability at the site of application [11-12].

Bryophyllum pinnatum (Lam.) Oken, also known in botanical literature as Kalanchoe pinnata, is another plant investigated
for its phytochemical and pharmacological properties. Its leaves may contain flavonoids, phenolic compounds, and other
secondary metabolites of potential biological interest. Combining extracts of C. papaya and B. pinnatum provides an
opportunity to investigate a multicomponent botanical preparation in which the overall biological response may reflect
the individual constituents, their interactions, and the delivery system. However, additive or synergistic effects cannot be
established without appropriate comparative experiments involving the individual extracts and their combination [13-15].
The effectiveness of a topical herbal preparation also depends on the pharmaceutical vehicle. Conventional gels provide
convenient application, acceptable cosmetic characteristics, and retention at the application site. Carbopol-based polymers
are frequently investigated for topical formulations because they form semisolid matrices after hydration and appropriate
neutralization. Nevertheless, the incorporation of plant extracts or lipid vesicles may alter pH, viscosity, spreadability,
release characteristics, and storage stability. Therefore, the final gel requires independent characterization [16-17].
Ethosomes represent a vesicular drug-delivery approach based on phospholipids and relatively high ethanol
concentrations. Ethanol may influence lipid organization and skin-barrier properties, while phospholipid vesicles can
provide a carrier environment for selected compounds. The performance of an ethosomal system depends on lipid
concentration, ethanol content, composition, vesicle size distribution, surface properties, and the characteristics of the
incorporated substances. Ethosomal delivery may improve topical or transdermal transport under suitable conditions, but
enhanced skin penetration must be demonstrated experimentally rather than assumed from vesicle formation alone [18-
20].

In the present investigation, ethosomes containing ethanolic extracts of C. papaya and B. pinnatum leaves were prepared
using a thin-film hydration method and incorporated into a Carbopol 980NF gel. The formulation-development approach
included variation of lecithin concentration and ethanol volume, followed by physicochemical characterization of the
selected dispersion and the final gel. In vitro release, ex vivo skin permeation, antimicrobial activity, and preliminary
irritation potential were also investigated. Finally, wound-healing performance was evaluated in a rat excision-wound
model using untreated wounds and Betadine ointment as comparators. The primary objective was to develop and
characterize a combined herbal ethosomal gel and assess its preliminary pharmaceutical and wound-healing performance.
The study provides an experimental basis for further investigation of this delivery system while recognizing the need for
standardized extract characterization, rigorous statistical analysis, and additional safety and efficacy studies.

MATERIALS AND METHODS

Materials

Lecithin and cholesterol were procured from SD Fine-Chem Ltd., India. Polyethylene glycol, Carbopol 980NF, and
ethanol were obtained from Merck, India. Ether, potassium dihydrogen phosphate, and sodium hydroxide were procured
from CDH Fine Chemical, India. Extracts of C. papaya and B. pinnatum leaves were purchased from Phyto Drugs Pvt.
Ltd., India. Other chemicals were of analytical grade.

Preparation of extract-loaded ethosomes

Ethosomes were prepared using the thin-film hydration technique. Lecithin was dissolved in an appropriate chloroform-
containing organic solvent mixture in a clean, dry round-bottom flask. The organic solvent was removed under reduced
pressure using a rotary evaporator to obtain a thin lipid film on the inner surface of the flask. The resulting film was
hydrated with a preparation containing the two herbal extracts under continuous rotation at 900 rpm for 10 min at 30°C.
The dispersion was subsequently sonicated to obtain a more uniform vesicular preparation. The total formulation volume
was intended to be adjusted to 100 mL. The prepared formulation was subsequently characterized for vesicle size,
polydispersity index, zeta potential, morphology, and entrapment efficiency [21-23].

Characterization of ethosomes

Vesicle size, polydispersity index, and zeta potential

Vesicle size and polydispersity index (PDI) were determined using a Malvern Zetasizer Nano ZS employing dynamic
light scattering. The mean vesicle size was used to characterize the nanometric dimensions of the dispersion, while PDI
was used to assess the breadth of the measured size distribution. Zeta potential was recorded as an indicator of surface
charge. Measurements should be reported as mean =+ standard deviation, together with the number of independent batches
and technical replicates [24-25].

Vesicle morphology

Transmission electron microscopy (TEM) was used to examine vesicle morphology. A drop of the sample was deposited
onto a carbon-coated copper grid and allowed to stand for 15 min. The sample was negatively stained using 1% aqueous
phosphotungstic acid and air-dried before imaging. Scanning electron microscopy (SEM) was performed using a JEOL
JSM-6360 instrument. Samples were spread onto glass slides, dried, sputter-coated with gold, and examined at an
accelerating voltage of 20 kV. The resulting micrographs were evaluated for particle morphology, surface appearance,
and evidence of aggregation [26-28].
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Entrapment efficiency

The reported analytical procedure involved treating 25 mg of ethosomal formulation with 10 mL of Triton X-100, followed
by sonication for 20—-30 min to disrupt the vesicles. The resulting preparation was diluted with phosphate-buffered saline
at pH 7.4 and analyzed spectrophotometrically at 415 nm for C. papaya extract and 348 nm for B. pinnatum extract [29-
30].

Preparation of ethosomal gel

The selected ethosomal dispersion was incorporated into a Carbopol 980NF gel base at a final polymer concentration of
0.75% w/w. Carbopol 980NF was gradually dispersed into the ethosomal suspension under continuous stirring at
approximately 100-200 rpm for 10 min. The mixture was allowed to hydrate to form a consistent gel matrix. A 10% w/v
aqueous solution of meglumine was then added dropwise to adjust the pH. The preparation procedure specified a target
pH range of 6.0-6.5. The mixture was gently stirred until a homogeneous gel was obtained.

The experimentally reported final pH was 6.8 [31-32].

Evaluation of the ethosomal gel

pH determination

5 g of gel was dispersed in 50 mL of distilled water. The pH was measured at 25°C using a calibrated pH meter [33].
Extract content

Approximately 1 g of gel was dispersed in 10 mL of methanol and sonicated for 15 min. The resulting preparation was
diluted appropriately and analyzed spectrophotometrically at 415 nm for C. papaya and 348 nm for B. pinnatum. Extract
content was expressed as a percentage of the intended amount, subject to the accuracy and specificity of the analytical
method [34-35].

Spreadability

Spreadability was assessed using the drag-and-slip method. Approximately 2 g of gel was placed between two glass slides,
and a known weight was applied to distribute the formulation uniformly. The upper slide was connected to a pulley system,
and the time required to travel a distance of 10 cm was recorded [36].

Viscosity

Approximately 50 g of gel was transferred into a 100 mL beaker without introducing air bubbles. Viscosity was measured
using a Brookfield viscometer fitted with spindle number 64 at 25 + 1°C. Readings were intended to be obtained at
rotational speeds of 10, 20, 50, and 100 rpm after stabilization. Measurements were reported as triplicates [37-38].

In vitro release study

In vitro release was investigated using a vertical Franz diffusion cell fitted with a hydrated dialysis membrane having a
reported molecular-weight cut-off of approximately 12—14 kDa. The receptor compartment contained phosphate buffer at
pH 6.8 and ethanol in a reported ratio of 2:3. The system was maintained at 32 + 0.5°C and stirred at 100 rpm. 1g quantity
of gel was placed in the donor compartment. At predetermined intervals, samples were withdrawn from the receptor
compartment and replaced with an equal volume of fresh receptor medium to maintain the specified volume. The released
extract-equivalent content was estimated using UV-visible spectrophotometry [39-41].

HET-CAM irritation assessment

The preliminary irritation potential was investigated using the hen's egg test—chorioallantoic membrane assay. Fertilized
White Leghorn chicken eggs, reported as 9 days old and weighing 55 £ 5 g, were incubated at 37.5 + 0.5°C and relative
humidity of 62.5 + 7.5%. After candling to confirm viability, a small window was created in the eggshell to expose the
chorioallantoic membrane (CAM). Approximately 0.3 mL of the test formulation was applied to the exposed membrane,
which was observed for 5 min for hemorrhage, vascular lysis, and coagulation [42-44]. The controls included untreated
CAM, 0.9% sodium chloride, 0.1 N sodium hydroxide, and the Carbopol gel base. The onset of vascular responses was
recorded and used to calculate the irritation score according to the specified scoring system. The supplied record identifies
three replicates for the reported results.

Experimental animals and wound-healing evaluation

Adult male Wistar rats aged 9—11 weeks and weighing 180-250 g were used for the excision-wound study. Animals were
maintained at 25 + 2°C under a 12-h light—dark cycle with free access to standard pellet diet and water. The study was
reported as approved by the Institutional Animal Ethics Committee of Adina Institute of Pharmaceutical Sciences, Sagar,
Madhya Pradesh, under registration number 1546/PO/Re/S/11/CCSEA. The approval number and the corresponding
protocol-specific approval documentation should be verified before submission.

The animals were allocated to four groups of six animals each:

Group I: Normal control for assessment of normal skin morphology.

Group II: Untreated excision-wound control.

Group III: Treatment with the optimized C. papaya and B. pinnatum ethosomal gel.

Group IV: Treatment with Betadine ointment as the reference preparation.

A full-thickness excision wound of approximately 300-500 mm? was created on the dorsal thoracic region under the
reported anesthetic and aseptic conditions. The animals were monitored throughout the experimental period. The supplied
record describes ether anesthesia; the anesthetic protocol should be checked against the approved animal study protocol
and applicable institutional requirements. Wound area was measured on days 0, 2, 4, 6, 8, 12, and 15. Percentage wound
contraction was calculated. The epithelialization period was recorded as the number of days required for complete wound
closure with formation of new epithelium [45-46].

Histopathological evaluation

Wound biopsy specimens were fixed in 10% buffered formalin, dehydrated through graded alcohol, embedded in paraffin,
and sectioned at 4 um. The sections were stained with hematoxylin and eosin and examined using a Nikon E200 LED
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light microscope at magnifications of x10 and x40. Histological examination was intended to assess tissue architecture
and wound-repair characteristics. Specific findings concerning inflammatory-cell infiltration, granulation tissue, epithelial
continuity, collagen organization, and angiogenesis should be reported only where supported by documented microscopic
observations [47-48].

RESULTS AND DISCUSSION

Characterization of extract-loaded ethosomes

Vesicle size, PDI, and zeta potential

The optimized ethosomal dispersion exhibited a mean vesicle size of 189.3 £+ 2.55 nm. This result indicates that the
formulation produced vesicles within the nanometric range. The reported PDI was 0.6436 + 0.03. Although the average
vesicle size was relatively small, the PDI indicates a broad size distribution rather than a highly uniform dispersion. This
finding is important because a heterogeneous population may contain vesicles and aggregates with different transport,
release, and storage characteristics. The measured zeta potential was —21.79 + 0.75 mV. The negative surface charge
indicates that the dispersed vesicles possessed a net negative electrokinetic potential under the measurement conditions.
This may contribute to electrostatic repulsion between particles, but the magnitude alone does not prove long-term
stability. Phospholipid composition, ethanol concentration, steric effects, medium composition, and storage conditions
also influence vesicle stability [49].

Vesicle morphology

TEM examination reportedly showed vesicular structures with dimensions of approximately 200 nm, broadly consistent
with the particle-size measurement. The observed bilayer structures support the formation of lipid-based vesicles. SEM
micrographs showed predominantly spherical to slightly irregular particles with relatively smooth surfaces.

Entrapment efficiency

The developed formulation exhibited a reported entrapment efficiency of 84.23 + 2.15%. This value suggests that a
substantial proportion of the measured extract content was associated with the ethosomal preparation under the reported
analytical conditions. The result is promising from a formulation-development perspective because association of the
extract constituents with the vesicular system may influence their distribution and release. However, both plant extracts
are chemically complex mixtures, and absorbance at a single wavelength may not selectively quantify all relevant
phytoconstituents.

Physicochemical evaluation of the ethosomal gel

The final gel exhibited a measured pH of 6.8. This value is within a range that may be compatible with topical application.
The extract contents were 90.95% for C. papaya and 88.65% for B. pinnatum. These findings suggest recovery of most of
the intended extract content under the reported analytical procedure. The spreadability was reported as 33.65 g-cm/s. This
result indicates measurable spreading performance under the selected experimental conditions. The viscosity was reported
as 39,435 cP. This relatively high apparent viscosity may support retention of the gel at the application site. Nevertheless,
topical performance depends on the relationship between viscosity, shear rate, thixotropy, and yield behavior rather than
a single viscosity value [50].

In vitro release behavior

The optimized ethosomal gel demonstrated progressive release of both herbal extracts over 24 h. The cumulative release
reached 91.26 + 1.86% for C. papaya and 94.18 + 1.93% for B. pinnatum at the final sampling point. The reported profiles
indicate that the extract-equivalent material became available in the receptor medium throughout the study. The release
behavior may reflect a combination of diffusion through the hydrated gel matrix, partitioning between formulation
components and the aqueous medium, and release from the vesicular structures (Figure 1).
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Figure 1: In vitro cumulative % release of Carica papaya and Bryophyllum pinnatum extracts (mean £ SD, n =
6)
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Preliminary irritation assessment by HET-CAM

The HET-CAM assay was used to assess acute vascular responses after exposure to the test formulation. Untreated CAM
and the 0.9% sodium chloride control reportedly showed no detectable hemorrhage, vascular lysis, or coagulation and had
irritation scores of 0.00 + 0.00. The strong irritant control, 0.1 N sodium hydroxide, produced pronounced vascular
responses and an irritation score of 15.82 + 0.64.

The Carbopol gel base exhibited an irritation score of 0.24 + 0.08, whereas the optimized ethosomal gel had a score of
0.38 £ 0.11. No marked vascular changes were reported for the test formulation during the 5-min observation period.
These findings indicate low acute irritation potential in this particular assay. The close numerical values for the gel base
and the ethosomal gel suggest that the addition of the herbal ethosomal dispersion did not substantially increase the
observed irritation response under the tested conditions. Nevertheless, the absence of a marked CAM response does not
establish that the formulation is non-irritant in every setting or safe for application to open wounds. Ethanol concentration,
lipid composition, extract impurities, and repeated exposure may influence local tolerability.

Wound-healing activity in the excision model

The wound-healing potential of the optimized ethosomal gel was evaluated in a rat excision-wound model. The reported
initial wound areas were comparable across the untreated, ethosomal-gel, and Betadine-treated groups, with values of
402.6 = 12.4, 398.8 £ 11.7, and 401.2 + 12.1 mm?, respectively. These measurements indicate broadly similar starting
wound sizes among the three wound-bearing groups. A progressive decrease in wound area was observed over the 15-day
observation period. The untreated group exhibited the slowest closure, while the ethosomal-gel group demonstrated
greater reduction in wound area. Betadine ointment produced the greatest reported contraction at the final observation
(Figure 2).

M Untreated wound Optimized ethosomal gel Betadine Qintment
450
400
E
£ 350
£
= 300
i=]
T 250
i
€ 200
=}
=]
- 150
=
g 100
=
50
O =
Day O (mm?) Day 2 (mm?) Day 4 (mm?) Day 6 (mm?) Day 8 (mm?)  Day 12 Day 15
(mm?) (mm?)

Formulations

Figure 2: Effect of prepared ethosomal gel on wound area (mean = SD, n = 6)

On day 15, the ethosomal gel achieved 95.8 + 2.0% wound contraction, compared with 82.8 + 3.0% in the untreated group
and 97.2 £ 1.6% with Betadine ointment. The numerical difference between the herbal gel and untreated treatment groups
supports a favorable wound-closure response. However, statistical significance cannot be concluded without the original
animal-level observations and appropriate between-group analyses. The epithelialization period was reported as 18.3 £
0.8 days for untreated wounds, 14.7 £ 0.6 days for the optimized ethosomal gel, and 13.9 £ 0.5 days for Betadine ointment.

CONCLUSION

The present study describes the formulation and preliminary evaluation of an ethosomal gel containing Carica papaya and
Bryophyllum pinnatum leaf extracts for potential topical wound management. The prepared ethosomes exhibited a mean
vesicle size of 189.3 +£2.55 nm, a PDI of 0.6436 + 0.03, a zeta potential of —21.79 = 0.75 mV, and a reported entrapment
efficiency of 84.23 + 2.15%. Incorporation into a Carbopol 980NF gel produced a semisolid formulation with a pH 0of 6.8,
extract contents of 90.95% and 88.65%, spreadability of 33.65 g-cm/s, and viscosity of 39,435 cP. The formulation
demonstrated substantial cumulative In vitro release and measurable ex vivo permeation of both extracts over 24 h. It also
produced inhibition zones against the tested bacterial and fungal organisms and showed a low irritation score in the HET-
CAM assay. In the rat excision-wound model, the formulation achieved 95.8 + 2.0% wound contraction by day 15 and an
epithelialization period of 14.7 + 0.6 days, compared with 82.8 + 3.0% contraction and 18.3 + 0.8 days, respectively, in
untreated wounds. Betadine ointment produced slightly higher wound contraction and a shorter epithelialization period
than the herbal formulation.

Collectively, the results indicate that the combined herbal ethosomal gel merits further investigation as a topical wound-
care candidate. Nevertheless, the findings do not establish clinical effectiveness, synergistic activity between the extracts,
or superiority of ethosomal delivery over conventional herbal gels. Future work should include improved vesicle-size
uniformity, validated quantitative phytochemical analysis, complete factorial optimization and statistical reporting,
controlled comparisons with individual extracts and blank carriers, detailed histopathological assessment, and appropriate
dermal safety and stability studies. Carefully designed follow-up investigations will be necessary to establish
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reproducibility, clarify the mechanisms underlying the observed wound-healing response, and determine whether the
formulation offers a meaningful advantage over established topical preparations.
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