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Abstract

Background: Vulvovaginal candidiasis (VVC) is one of the most common fungal infections
affecting women, typically caused by Candida albicans. Conventional clotrimazole (CLT)
formulations provide limited relief because of their short residence time and poor drug dissolution
at the vaginal site. In this study, Bulgarian rose oil (BRO) was selected as a functional, bioactive
oil phase to develop a microemulsion (ME) incorporated into a thermosensitive, mucoadhesive in
situ gel. The system was designed to simultaneously overcome CLT solubility issues and improve
local antifungal retention.

Methods: Clotrimazole-loaded microemulsions were prepared using Bulgarian rose oil, Tween 60,
and Transcutol P and characterized for physicochemical properties, stability, and in vitro drug
release. Thermosensitive mucoadhesive in situ gels were optimized using a D-optimal design, and
the optimized microemulsion was incorporated into the selected gel base. The resulting microgel
was evaluated for gelation properties, drug release, antifungal activity, morphology, and vaginal
irritation.

Results: The selected formulation (ME3) consisted of uniform nanosized droplets (~27 nm). It
exhibited a clear appearance and a faster drug release rate (76% in 6 h) than the CLT suspension.
Incorporating ME3 into a thermosensitive gel containing Poloxamer 407, Poloxamer 188, and
hydroxypropyl methylcellulose (HPMC) K4M produced a transparent microgel (MQG) system that
gelled near body temperature (35.4 °C) and exhibited suitable viscosity and pH. The MG produced

a larger inhibition zone (43 mm) against Candida albicans than both the plain gel and a marketed
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product (32-33 mm). No signs of irritation were observed in rabbits, and microscopy confirmed
the uniform distribution of ME droplets within the gel matrix.

Conclusion: Overall, this MG formulation combined effective antifungal activity with good tissue
compatibility and prolonged drug release, suggesting its potential as an improved local therapy.
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Introduction

Vulvovaginal candidiasis (VVC), predominantly caused by Candida albicans, is a highly prevalent
gynecological infection that affects nearly three-quarters of women during their reproductive
years.! However, treatment is challenged by vaginal self-cleansing, mucus turnover, and gravity,
which rapidly remove conventional topical formulations, resulting in reduced local drug levels and
frequent recurrence.??

The efficacy of clotrimazole (CLT) is limited by its extremely poor aqueous solubility (~0.49
pug/mL), which restricts its dissolution and local bioavailability. Conventional creams and
suppositories also exhibit poor mucosal retention, leakage, and uneven drug distribution, reducing
therapeutic effectiveness and patient adherence.* These limitations are further complicated by
increasing antifungal resistance in Candida albicans, driven by altered membrane composition,
drug-efflux pumps, and protective biofilm formation.> Therefore, advanced vaginal delivery
systems are needed to improve drug solubility, prolong mucosal retention, and enhance antifungal
activity against resistant infections.®

In parallel, essential oils (EOs) exhibit intrinsic antifungal activity against Candida albicans and
may enhance the activity of azole antifungals.” Bulgarian rose oil (BRO) has demonstrated notable
anti-Candida activity, mainly due to its geraniol and citronellol content.® Geraniol disrupts fungal
membrane integrity by interfering with ergosterol biosynthesis and inhibiting plasma membrane
ATPases . These monoterpenes also suppress fungal virulence factors and modulate inflammatory
responses .'°

Microemulsions (MEs) are thermodynamically stable, transparent dispersions that improve the
solubilization and dissolution of poorly water-soluble drugs and are simple to prepare .!!!2

For vaginal delivery, the dosage form must remain at the application site, as conventional creams
and gels are rapidly cleared, limiting contact time.'*> Thermosensitive mucoadhesive in situ gels

(IGs) address this by remaining fluid at room temperature and gelling at body temperature,



improving placement and retention.'>!* Poloxamers 407 and 188 enable this sol-gel transition

while improving the solubilization of hydrophobic drugs.'

Mucoadhesive polymers are
commonly added to enhance contact with the vaginal mucosa and counteract the natural clearance
process.'¢ Hydroxypropyl methylcellulose (HPMC) is particularly useful because it interacts with
mucin, increasing viscosity and residence time in vaginal formulations.!” Poloxamer-based
thermosensitive gels containing azole-loaded microemulsions have shown promising antifungal
activity against Candida albicans.'®

Despite these advances, most vaginal microemulsions rely on inert oils that act only as solubilizing
vehicles, whereas using a therapeutically active essential oil as the oil phase can enhance the
bioactivity of the microemulsion system.!” Combining azole antifungals with essential oils in a
microemulsion has been reported to improve antifungal performance and mucosal penetration.?’
Therefore, Bulgarian rose oil was selected as the oil phase to improve clotrimazole solubilization
while providing intrinsic antifungal activity.

This work aimed to develop a vaginal thermosensitive, mucoadhesive in situ gel incorporating a

CLT-loaded ME based on Bulgarian rose oil to improve CLT solubility, local retention, and

antifungal activity against Candida albicans.

Methods

Materials

CLT was kindly supplied by Al-Safa Pharmaceutical Industries, Iraq. BRO, derived from the
flowers of Rosa damascena Mill., was obtained from Ji'an Xiangyuan Natural Flavors Co., China.
BRO is produced by steam distillation of the flowers and is characterized mainly by the
monoterpene alcohols citronellol, geraniol, and nerol. Pine needle oil (PO), tangerine oil (TO), and
lemon oil (LO) were purchased from Caesar & Loretz GmbH, Germany. Tween 60 (T60) was
supplied by Alpha Chemika, India, and Tween 20 (T20) by Merck Schuchardt, Germany.
Labrasol® (LB) was obtained from Hubei KDG Web Science & Technology Co., China. Propylene
glycol and polyethylene glycol 400 were purchased from AXO Industry, Belgium, while
Transcutol® P (TP) was obtained from Macklin Biochemical Co., China. Poloxamer 407 and
Poloxamer 188 were purchased from BASF, Germany. HPMC K4M, HPMC KI15M, sodium
alginate, and carboxymethyl cellulose (CMC) were obtained from Sigma-Aldrich, Germany. All

chemicals were of analytical grade.



Preliminary antifungal activity screening

The antifungal activity of the selected essential oils and surfactants against Candida albicans was
evaluated using the agar well diffusion method. The tested essential oils were BRO, PO, TO, and
LO, while the tested surfactants were T60, T20, and LB. Inhibition zones were measured after 24
h of incubation at 37 °C. Results were expressed as mean + standard deviation (n = 3), and
statistical analysis was performed using one-way analysis of variance followed by Tukey’s post

hoc test. Dimethyl sulfoxide (DMSO) (0.5%) served as the negative control.?!

Determination of the saturated solubility of CLT
Excess CLT was added to the selected oils and surfactants until equilibrium was reached. After
centrifugation and filtration, the concentration of the dissolved drug was quantified by ultraviolet—

visible (UV—Vis) spectrophotometry.??

Construction of pseudo-ternary phase diagram
Pseudo-ternary phase diagrams were constructed by the aqueous titration method using BRO as
the oil phase, and T60/TP as the surfactant/cosurfactant mixture (Smix) at ratios of 1:1, 1:2, and

2:1. Clear, homogeneous microemulsion regions were identified and plotted using OriginPro.?

Microemulsion formulation

CLT-MEs were prepared by dissolving CLT in the selected Smix, followed by the gradual addition
of BRO and deionized water until clear, homogeneous formulations were obtained. Nine
formulations with different Smix ratios and concentrations were prepared as shown in Table 1.%*

Table 1. Composition of CLT-loaded ME formulations.

Formula Smix CLT (% BRO (% Smix (% Deionized water (%
Code Ratio w/W) w/W) w/W) W/W)

ME1 1:1 0.2 4 30 g.s. to 100%

ME2 1:1 0.2 4 35 g.s. to 100%

ME3 1:1 0.2 4 40 g.s. to 100%

ME4 1:2 0.2 4 30 g.s. to 100%

MES 1:2 0.2 4 35 g.s. to 100%

MEG6 1:2 0.2 4 40 g.s. to 100%

ME7 2:1 0.2 4 30 g.s. to 100%

MES 2:1 0.2 4 35 q.s. to 100%



ME9 2:1 0.2 4 40 q.s. to 100%
q.s., quantity sufficient.

Characterization of CLT-ME
Macroscopic and stability evaluation
Formulations were visually inspected for clarity and thermodynamic stability by centrifugation

and heating—cooling cycles. Formulations showing no phase separation were considered stable.?

Droplet size, polydispersity index (PDI), and transmittance
Particle size, PDI, and transmittance were measured by dynamic light scattering using a Litesizer

DLS 500 (Anton Paar GmbH, Graz, Austria) at 25 °C.2° All tests were performed in triplicate.

Physicochemical characterization

The pH, drug content, and viscosity of the CLT-ME were determined using standard analytical
methods. The pH was measured using a digital pH meter (HANNA® Instruments, HI 2210/EC214,
USA). Drug content was quantified spectrophotometrically at 260 nm using the calibration curve
of CLT in methanol using a UV—Visible spectrophotometer (Shimadzu, Japan), and viscosity was

measured using a Brookfield DV-II Pro viscometer (Brookfield, USA) at 25 °C.?’

In vitro drug release test

The in vitro release of CLT from the microemulsions was evaluated using a dialysis bag attached
to a modified USP type II dissolution apparatus (Dissolution 8000, Copley Scientific, UK) in
acetate buffer (pH 4.1) containing 0.5% sodium lauryl sulfate (SLS) at 36 °C. Samples were
collected over 6 h and analyzed spectrophotometrically at 264 nm using the calibration curve of
CLT prepared in the acetate-buffer release medium.?® An aqueous CLT drug suspension (DS)

served as the control.?® All tests were performed in triplicate.

Design of experiments

A D-optimal design generated using Design-Expert® v13 (Stat-Ease, Minneapolis, MN, USA)
was used to prepare 12 thermosensitive IG formulations by varying the polymer type (HPMC
K4M, HPMC K15M, CMC, or sodium alginate) and concentration (0.3%, 0.6%, and 0.9% w/v)

(Table 2). The experimental design was used to evaluate the influence of the formulation variables



on the measured responses and to identify the optimized formulation with the desired

characteristics.

Table 2. Composition of thermosensitive in situ gel formulations

Formula Poloxamer 407 | Poloxamer 188 | Mucoadhesive Concentration
Name (%) (%) Polymer (%)
IG1 18 0.5 HPMC K4M 0.3
1G2 18 0.5 HPMC K4M 0.6
IG3 18 0.5 HPMC K4M 0.9
1G4 18 0.5 HPMC K15M 0.3
IG5 18 0.5 HPMC K15M 0.6
I1G6 18 0.5 HPMC K15M 0.9
1G7 18 0.5 Sodium Alginate 0.3
I1G8 18 0.5 Sodium Alginate 0.6
1G9 18 0.5 Sodium Alginate 0.9
1G10 18 0.5 CMC 0.3
IG11 18 0.5 CMC 0.6
1G12 18 0.5 CMC 0.9

Preparation of thermosensitive in situ gel formulations (gel base)
The thermosensitive in situ gels were prepared by the cold method. Poloxamers and the selected
mucoadhesive polymers were dispersed in deionized water, mixed to obtain homogeneous

formulations, and stored at 4 °C overnight before evaluation.'®

Characterization of thermosensitive in situ gel formulations

Gelation temperature and gelation time measurement

Gelation temperature and gelation time were determined using a modified tube-inversion method.
Approximately 5 g of each formulation was heated to determine the gelation temperature, while
the gelation time was recorded at the predetermined gelation temperature as the time required for
complete gel formation. All measurements were performed in triplicate.*

Viscosity measurements

The viscosity of the in situ gels was measured at 25 °C and 37 °C using a Brookfield DV-II Pro
viscometer (Brookfield, USA) fitted with spindle No. 63 at 50 rpm.>!

Mucoadhesion strength measurement



Vaginal mucosal tissue from healthy female sheep was used to determine the detachment force
between the formulation and the vaginal tissue using a modified balance method. The measured
detachment force was normalized to the vaginal tissue contact area and expressed as mucoadhesive

strength in dyne/cm?.3? All tests were performed in triplicate.

Spreadability measurements
Spreadability was determined by placing 1 g of gel between two glass plates under a 1 kg weight

for 30 min, after which the spread diameter was measured.>

Preparation of ME-based in situ gel (CLT-MG) and CLT in situ gel (CLT-1G)

The optimized ME was incorporated into the pre-equilibrated thermosensitive gel base under
gentle stirring to prepare the CLT-MG. A plain CLT-IG was prepared similarly by dispersing CLT
directly into the gel base.**

In vitro drug release study

The in vitro release profiles of CLT from CLT-MG, CLT-IG, and the marketed product (MP; Cipla
vaginal cream, 1% w/w CLT) were evaluated using the dialysis bag diffusion method for 12 h.
Equivalent amounts of CLT were used for CLT-MG, CLT-IG, and the marketed product to ensure
dose-matched comparison. Statistical differences were analyzed using two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test (p < 0.05), considering formulation

type and time as the two factors.>

Release kinetic modeling

The in vitro release data were fitted to zero-order, first-order, Higuchi, and Korsmeyer—Peppas
models using DDSolver (Microsoft Excel). The best-fitting model was selected based on the
highest correlation coefficient (R?), while the release exponent (n) from the Korsmeyer—Peppas

model was used to determine the drug-release mechanism.*¢

Morphological examination by FESEM
The surface morphology of the CLT-ME and CLT-MG was examined by field-emission scanning
electron microscopy (FESEM; Inspect F50, FEI, Netherlands) operated at 30 kV to evaluate

particle shape and surface characteristics.?’



In vitro antifungal activity

The in vitro antifungal activity of CLT-MG, CLT-IG, and MP was evaluated using the agar well
diffusion method. Equivalent amounts of CLT were used for all formulations to ensure a dose-
matched comparison. Each formulation was tested independently in triplicate (n = 3), and the
plates were incubated at 37 °C for 24 h. The diameters of the inhibition zones were measured in
millimeters and expressed as mean + SD. DMSO (0.5%) served as the negative control. Statistical
differences among the formulations were analyzed using one-way ANOVA followed by Tukey’s

t.2! A p-value < 0.05 was considered statistically significant.

multiple comparisons tes
Evaluation of in vivo vaginal irritation potential

The vaginal irritation potential of the optimized CLT-IG and CLT-MG was evaluated in rabbits
following approval by the Animal Ethics Committee of Mustansiriyah University (Approval No.
49; Ref. No. 225; 17 July 2025) and in accordance with the American Veterinary Medical
Association (AVMA) 2020 guidelines.*® Rabbits were divided into three groups (n = 3): a CLT-
IG-treated group, a CLT-MG-treated group, and a negative control group. The formulations were
administered intravaginally, and the vaginal tissues were examined at 1, 24, and 48 h for signs of
erythema and edema using a standard 0—4 irritation scoring system, where 0 = no erythema, 1 =

slight erythema (barely perceptible light pink), 2 = moderate erythema (dark pink), 3 = moderate

to severe erythema (light red), and 4 = severe erythema (extreme redness).

Results and discussion

Preliminary antifungal activity screening

BRO exhibited the strongest activity against Candida albicans (25 mm), followed by PO (21 mm)
and LO (20 mm), whereas TO showed no inhibitory activity (Figure 1). These findings are
consistent with previous reports attributing the antifungal activity of BRO to its major
constituents—citronellol, geraniol, and nerol—which disrupt fungal viability.>* None of the
surfactants (T60, T20, or LB) produced inhibition zones. Based on these findings, BRO was

selected for the optimized ME and the subsequent in situ gel.



Figure 1. Antimicrobial screening results showing the inhibition zones (mm) of the selected
essential oils and surfactants against Candida albicans after 24 h of incubation. Data are presented
as mean = SD (n = 3).

Saturated solubility study of CLT in oils and surfactants

The saturated solubility of CLT in candidate oils, surfactants, and co-surfactants was evaluated to
identify suitable formulation components (Figure 2). Among the tested oils, BRO exhibited the
highest solubility (121 mg/mL), followed by LO, TO, and PO (p < 0.05). T60 showed the greatest
solubilization capacity among the surfactants (62.5 mg/mL), while TP exhibited the highest
solubility among the co-surfactants (48.9 mg/mL). Therefore, BRO, T60, and TP were selected for
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Figure 2. Saturated solubility profile of CLT across candidate ME components.

Construction of pseudo-ternary phase diagram

The pseudo-ternary phase diagrams (Figure 3) identified the ME regions of the BRO—water—Smix
system, where the shaded areas represent clear, stable, single-phase MEs, and the unshaded areas
indicate unstable or multiphase systems. The ME region expanded with increasing surfactant-to-
cosurfactant ratio, following the order 2:1 > 1:1 > 1:2, demonstrating that a higher T60 content
enhanced ME formation by reducing interfacial tension and improving interfacial film flexibility.
Based on these diagrams, three formulations from each Smix ratio were selected for further

characterization.*'"*?
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Figure 3. Pseudo-ternary phase diagrams of the BRO—water—Smix (T60/TP) system at 25 °C
showing three Smix ratios: (A) 1:1, (B) 1:2, and (C) 2:1.

Characterization of CLT-ME

Macroscopic and stability evaluation

All CLT-MEs appeared translucent and free of phase separation. Following thermodynamic
stability testing, ME8 and ME9 became turbid and were excluded, whereas the remaining

formulations remained physically stable.*>#*



Droplet size, PDI, and transmittance

The selected MEs (MEI-ME?7) exhibited droplet sizes ranging from 24.52 to 37.96 nm (Figure
4A). The Smix ratio significantly affected droplet size (p < 0.05), with the 2:1 system producing
the smallest droplets (ME7; 24.52 nm) and the 1:2 system producing the largest (ME4; 37.96 nm),
reflecting the effect of surfactant concentration on interfacial tension. All formulations showed a
PDI below 0.3 (Figure 4B), indicating a uniform droplet distribution. Transmittance values ranged

from 91.3% to 93.4%, with no significant differences among formulations (Figure 4C), confirming
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Figure 4. Physicochemical characterization of CLT-loaded MEs (ME1-ME?7).

Physicochemical properties of CLT-ME

Regarding local compatibility, the pH of all preparations (Figure 4) was slightly acidic (4.72 to
5.23), safely falling within the physiological range of the vaginal mucosa.*’ Drug content exceeded
95% in all formulations, indicating efficient drug incorporation.*® Viscosity increased significantly

(p < 0.05) with increasing Smix concentration and higher T60 content.*’



In vitro drug release test
All CLT-MEs exhibited significantly (p < 0.05) higher drug release (60.0-76.2%) than the raw DS
(15.5 £ 0.6%) over 6 h (Figure 5), reflecting the improved dissolution provided by the nanosized

droplets.*” ME3 exhibited significantly (p < 0.05) higher cumulative drug release (76.2 £ 0.4%)
than the other ME formulations.
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Figure 5. In vitro cumulative drug-release profiles of CLT from ME formulations (ME1-ME7)

compared with DS. Data are presented as mean = SD (n = 3).

Selection of the optimized CLT-ME formulation
MES3 was selected as the optimized formulation because it remained physically stable, exhibited a
uniform droplet size (~27 nm; PDI = 0.24), acceptable physicochemical properties, and achieved

the highest cumulative drug release (~76% after 6 h). It was therefore incorporated into the

thermosensitive IG.

Thermosensitive in situ gel

Gelation temperature and gelation time of IG

The gelation temperature and gelation time of IG1-IG12 ranged from 29.0 + 0.22 to 38.5 + 0.8 °C
and 80.4 + 1.5 to 210.7 £ 3.8 s, respectively (Table 3). Increasing the polymer concentration from

0.3% to 0.9% significantly reduced both gelation temperature (p = 0.0005) and gelation time (p <



0.0001), indicating enhanced polymer—poloxamer interactions and faster gel network formation.
Formulations containing HPMC K4M and HPMC K15M exhibited lower gelation temperatures
and shorter gelation times than those prepared with sodium alginate or CMC, reflecting the

stronger hydrogen bonding and micellar interactions of HPMC-based systems.>%>!

Table 3. Experimental runs (IG1-1G12) generated by D-optimal design with measured responses.

Run | Polymer | Concentr Gelation Gelation | Mucoadhesive | Spreadability | Viscosity
A) ation (B) Temp. (°C) | Time (s) Force (cm) at 37 °C
(% wiv) (dyne/cm?) (cP)

IGl | HPMC 0.3 37.1+0.11 150.3 + 13.4+£0.51 5.1£0.12 2100 +
K4M 2.6 21

IG2 | HPMC 0.6 36.2+0.52 120.5 + 16.5+0.62 4.8+0.28 3000 +
K4M 1.1 35

IG3 | HPMC 0.9 34.3+0.62 90.2 £ 17.6 £ 0.85 4.4+0.38 3500 +
K4M 2.0 40

1G4 | HPMC 0.3 33.6+0.51 120.6 + 14.9 +£0.60 4.6+0.11 2500 +
K15M 1.5 11

IGS | HPMC 0.6 31.1+£0.42 100.1 + 18.4+0.81 43+0.55 3500 +
K15M 1.7 22

1G6 | HPMC 0.9 30.0+0.11 80.4 + 20.3+£0.92 4.0+0.42 5200 +
K15M 1.5 34

IG7 | Sodium 0.3 38.5+0.80 | 210.7+ 12.0 +0.66 52+0.15 2000 +
Alginate 3.8 21

IG8 | Sodium 0.6 353+0.32 180.5 + 13.9+0.71 4.6+0.33 2500 +
Alginate 3.2 40

IG9 | Sodium 0.9 34.1+0.32 150.6 + 15.2+0.63 43+0.61 2800 +
Alginate 1.6 51

IG10 | CMC 0.3 334+0.24 180.5 + 13.0 £ 0.46 5.0£0.58 2300 +
2.0 42

IG11 | CMC 0.6 32.1+0.21 150.4 + 14.8 £0.83 45+0.29 3100 +
2.3 21

IG12 | CMC 0.9 29.0+£0.22 120.4 + 16.3+0.91 3.9+0.51 4000 +
2.3 73

Viscosity measurements

The viscosity data (Table 3) indicated that all IGs remained fluid at 25 °C (approximately 1000—

2000 cP) and became noticeably thicker at 37 °C, with viscosity significantly increasing with

polymer concentration (p = 0.0007), consistent with the thermogelling behavior of poloxamer

systems.>*



Mucoadhesion strength measurement

Mucoadhesive strength ranged from 12.0 to 20.3 dyne/cm?, with 1G6 exhibiting the highest value
and IG7 the lowest (Table 3). Increasing polymer concentration significantly enhanced
mucoadhesion (p = 0.0037), particularly in HPMC-based formulations, owing to stronger
hydrogen bonding and chain entanglement with mucin.’> The measured detachment force was

normalized to the vaginal tissue contact area and expressed as mucoadhesive strength in dyne/cm?.

Spreadability measurements

Spreadability ranged from 3.9 to 5.2 cm (Table 3). Increasing polymer concentration significantly
affected spreadability (p = 0.0003). Lower-viscosity formulations exhibited greater spreadability,
whereas more viscous gels showed reduced spreading, demonstrating the expected inverse

relationship between viscosity and spreadability.!

Design-Expert® modeling and multi-response optimization

Two-factor interaction (2FT) models successfully described all responses, with significant ANOVA
results (p < 0.05) and non-significant lack of fit (p > 0.05), confirming good model predictability.
All models exhibited high R? values (>0.93), supporting the reliability of the optimization process
(Table 4, Figure 6).%

Table 4. Fit statistics for two-factor interaction (2FI) models, confirming model robustness and

reliability.

Response R? Adjusted Predicted Adequate C.W.

R? R? Precision (%)
Mucoadhesion 0.936 0.883 0.744 13.65 5.22
Gelation Time 0.991 | 0.984 0.966 38.46 3.61
Gelation temperature | 0.971  0.947 0.885 17.88 1.94
Spreadability 0.952 1 0.912 0.808 15.00 2.79
Viscosity 0.955 1 0.917 0.819 16.92 7.29

Numerical optimization was performed using the desirability function in Design-Expert® v13
based on a D-optimal design using two-factor interaction (2FI) models. Polymer type (HPMC
K4M, HPMC K15M, CMC, and sodium alginate) and polymer concentration (0.3%, 0.6%, and

0.9% w/v) were evaluated as the independent variables, whereas gelation temperature, gelation



time, mucoadhesive strength, spreadability, and viscosity at 37 °C were selected as the responses
for optimization.

Gelation temperature (32.5-37.1 °C) was constrained within the acceptable range for vaginal
formulations, whereas gelation time (100-150 s) was maintained within a predefined range to
ensure rapid gel formation after administration. Mucoadhesive strength was maximized, and
spreadability (4.0-5.2 cm) and viscosity at 37 °C (2500-3500 cP) were maintained within
predefined ranges. The optimized formulation was selected based on the highest overall

desirability value and subsequently verified experimentally.

A
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Figure 6. Three-dimensional response surface bar plots generated by Design-Expert® v13 using
the D-optimal design, showing the influence of polymer type and polymer concentration on the
critical quality attributes of the thermosensitive IG: (A) gelation time, (B) mucoadhesive strength,

(C) gelation temperature, and (D) viscosity at 37 °C.



The numerical optimization identified the formulation containing HPMC K4M (0.6% w/v; 1G2)
as the optimized formulation, with an overall desirability value of 0.756 (Figure 7). Experimental
verification confirmed the predictive capability of the optimization model, with prediction errors
ranging from 3.58% to 6.25%, demonstrating good agreement between the predicted and observed
responses (Table 5).
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Figure 7. Overall desirability plot generated by Design-Expert® v13 for numerical optimization

of the thermosensitive IG formulation (overall desirability = 0.756).

Table 5. Comparison of Design-Expert® predicted and experimentally observed values for the

optimized formulation.

Response (units) Predicted (Design-  Observed (mean = Error (%)
Expert) SD)

Gelation temperature  35.8 341+£0.2 4.75

O

Gelation time (s) 120 1157+ 2.1 3.58

Viscosity at 37 °C (cP) | 2866 2725+ 15 4.92




Mucoadhesion 16.8 16.1+0.4 4.17
(dyne/cm?)
Spreadability (cm) 4.8 45+0.1 6.25

Selection of the optimized IG formulation

Based on the numerical optimization and subsequent experimental verification, IG2 (HPMC K4M,
0.6% w/v) was selected as the gel base for incorporation of ME3 because it provided the highest
overall desirability value (0.756) while satistfying the predefined criteria for gelation temperature,

gelation time, mucoadhesive strength, spreadability, and viscosity.

Physicochemical evaluation of the final CLT-MG

The optimized ME3 was incorporated into IG2 to produce CLT-MG, which exhibited a gelation
temperature of 35.4 + 0.3 °C, a gelation time of 126 + 3 s, a viscosity of 2680 = 30 cP, a
mucoadhesive strength of 16.0 = 0.4 dyne/cm?, a spreadability of 4.90 £+ 0.05 cm, and a pH of 5.10
+ 0.05. The slight increases in gelation temperature and gelation time were attributed to

interactions between the dispersed droplets and the poloxamer network.**

In vitro drug release test and release kinetic modeling

The in vitro cumulative release profiles (Figure 8) demonstrated that the prolonged-release profile
of CLT-MG was significantly different from both the rapid release of MP and the incomplete
release from CLT-IG (p < 0.05). MP lacks a mechanism for prolonged local drug delivery.
Conversely, CLT-MG demonstrated a desirable prolonged-release profile, steadily releasing 97.11
+ 0.42% of CLT over 12 h, whereas CLT-1G reached only 58.57 + 0.63%.
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Figure 8. In vitro cumulative drug-release profiles of CLT from CLT-MG, CLT-IG, and MP over
12 h. Data are presented as mean = SD (n = 3).

The release data were well described by the first-order model (R* = 0.988), indicating
concentration-dependent release. The Korsmeyer—Peppas model showed a high correlation
coefficient (R = 0.995), with a release exponent (n = 0.801), indicating anomalous (non-Fickian)
transport and suggesting that CLT release was governed by a combination of drug diffusion and
)74

polymer relaxation (Table 6

Table 6. Kinetic model-fitting parameters for the in vitro release of CLT from the optimized MG

formulation.
Formula Zero-order @ First-order  Higuchi Korsmeyer— Release
(R?) (R?) (R?) Peppas (R?) exponent (n)
MG 0.977 0.988 0.939 0.995 0.801

Morphological examination by FESEM
FESEM revealed dispersed nanoscale droplets in the optimized ME. Following incorporation into

the gel matrix, these droplets remained visible and well dispersed, suggesting preservation of the

ME structure within CLT-MG (Figure 9).
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Figure 9. FESEM micrographs of (A) the optimized ME, showing dispersed nanoscale droplets,
and (B) CLT-MG, showing well-dispersed droplets within the gel matrix.

Evaluation of vaginal irritation potential

No signs of erythema, edema, or other visible signs of vaginal irritation were observed in rabbits
treated with CLT-MG or CLT-IG at 1, 24, and 48 h. Similar findings were observed in the negative
control group. According to the 0—4 irritation scoring system, all groups received a score of 0

throughout the study, indicating excellent vaginal tolerability of both formulations (Figure 10).

Figure 10. /n vivo vaginal irritation evaluation of the optimized formulations after 48 h.



In vitro antifungal activity

The optimized MG exhibited the largest inhibition zone (43 mm), significantly greater than those
of the MP and plain IG (p < 0.001), whereas DMSO showed no antifungal activity (Figure 11).
The enhanced activity was attributed to improved CLT solubilization and the intrinsic antifungal

activity of BRO.>
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Figure 11. In vitro antifungal activity against Candida albicans. Data are presented as mean + SD
(n=23).

Conclusion

This study successfully developed and optimized a thermosensitive, mucoadhesive microgel
incorporating a clotrimazole-loaded Bulgarian rose oil microemulsion for vaginal drug delivery.
The microemulsion improved clotrimazole solubilization and drug release, while Bulgarian rose
oil provided intrinsic antifungal activity against Candida albicans. A D-optimal design was
employed to optimize the in situ gel, resulting in suitable physicochemical and functional
properties. The optimized CLT-MG provided prolonged in vitro drug release and significantly
enhanced antifungal activity compared with the plain in situ gel and marketed product, with no
visible signs of vaginal irritation under the tested conditions. Collectively, these findings

demonstrate the potential of CLT-MG as an improved thermosensitive and mucoadhesive vaginal



delivery system combining enhanced clotrimazole delivery with the complementary antifungal

activity of Bulgarian rose oil.
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