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Abstract

Despite being recognized as the "gold standard" for treating azole-resistant vulvovaginal
candidiasis, amphotericin B (AmB), an amphoteric molecule, has not been widely used due to
serious issues with solubility and permeability. In light of the aforementioned, the objective of
the present study was to increase AmB’s therapeutic efficacy by formulating it into an o/w
nanoemulsion (AmB-NE) system. Furthermore, to facilitate AmB-NE’s retention within the
vaginal cavity, it was loaded into a mixture of Carbopol® 974P and Aloe vera-based gel (CA
gel). Briefly, in the present study, a kinetically stable batch of formulated AmB-NE having a
globule size of 76.52 + 3.11 nm, PDI of 0.342 + 0.032, and zeta potential of -22.32 + 0.88 mV
was incorporated into the CA gel base. This AmB-NE loaded gel (AmB-NE gel) exhibited a
non-Fickian/anomalous diffusion from the hydrophilic matrix. The texture analysis of AmB-
NE gel revealed that the prepared gel was a non-drip, soft, easy to spread, and sufficiently
cohesive gel that could reside in the vaginal cavity, which was confirmed by our ex-vivo
retention test, which revealed that AmB-NE loaded gel could stay in the vaginal cavity for
approximately 11 hours. Ex-vivo skin permeation studies revealed that AmB-NE is 4.26 times
more permeable than AmB-coarse gel, implying that AmB-NE facilitates AmB entry into the
vaginal epithelial layers. Furthermore, in-vivo vaginal lavage studies revealed that AmB-NE
gel permeated 7.03-fold more than AmB-coarse gel. Prepared AmB-NE gel was stable in
refrigerated condition and showed no histopathological toxicity. Thus, the present study
suggests that AmB-NE gel could eliminate the existing problem of AmB and that it could serve
as an alternative option to treat vulvovaginal candidiasis.

Keywords: Amphotericin B; Nanoemulsion; Aloe vera gel; Vaginal candidiasis; Vaginal
lavage test.



1. Introduction

Candida albicans causes vulvovaginal candidiasis (VVC), often known as vaginal thrush,
which is an acute inflammatory mucocutaneous infection of the vulva and vagina (opportunist
yeast) [1-3]. VVC is often the reason for gynaecological advice in women [4]. Approximately
75% of women experience VVC during their lives, and about 40-50% suffer from multiple
episodes [5]. Furthermore, physicians have discovered that most women suffer from recurrent
VVC (RVCC). Failure to initiate a maintenance regimen results in a mycologic and clinical
relapse of vaginitis in 50 % of patients within three months [6]. However, around 10-20% of
women will have complex cases of VVC, which comprise enduring non-albicans Candida
infection, recurring VVC and severe VVC [7]. Unfortunately, VVVC and RVCC have been long
neglected by different pharmaceutical organizations, public authorities, funding agencies and
scientists across the globe [8]. Both VVC and RVVC are typically treated with topical drug
formulations, most commonly vaginal creams, pessaries, and suppositories containing
imidazole, triazole, or nystatin, administered once a day for up to 14 days. If resistance
develops, oral fluconazole or itraconazole may be administrated for 6 months [9]. In 2016, Johal
et al discussed that most of these therapies are quite effective. However, they are still associated
with several limitations, toxicity, relapses, dermatitis, etc [10]. Azole antifungal agents serve
as the first choice of treatment. Nonetheless, they face a common problem of drug-resistant
thrush and relapse of candidiasis, especially in people living with HIV (human immune
deficiency virus) for many years [11]. Hence, intravenous amphotericin B (AmB) is often used
to treat people for whom azole therapy has failed [12-14]. In managing fungal life-threatening
fungal infections, amphotericin B, a polyene antifungal antibiotic, has become the "gold
standard" [15]. Regrettably, it is well known that long-term administration of AmB has been
associated with severe renal toxicity. Therefore, researchers have considered the vaginal route
for AmB delivery in RVCC and VCC. Reports suggest that the comparative efficacy of local
versus oral treatment of vulvovaginal candidiasis was not significant between either treatment
modality [16,17]. Henceforth, topical vaginal administration of AmB can prove to be equipotent
to the oral delivery system. However, using AmB in the vaginal cavity may pose a challenge as
it exhibits low solubility, low permeability, and considerable toxicity. Since then, several
attempts have been made to develop lipid-based nano-systems of AmB to address said issues.
One such effort was the development of Ambisome, an AmB liposome formulation that
improved AmB's efficacy to eradicate concentrated fungal inoculums without escalating its
toxicity [18]. However, the physical and chemical instability of its storage makes liposomal
drug delivery challenging for formulation scientists and designers [14,19]. Furthermore, the
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high cost of excipients and the requirement for lyophilisation have prompted many to consider
much more cost-efficient lipid-based nanosystems for formulating AmB. Nanoemulsion (NE)
consist of very small emulsion droplets, with sizes less than ~300 nm. It is stabilized by a strong
interfacial film of surfactant and cosurfactant/cosolvent molecules. The kinetics of
destabilization of nanoemulsions is so slow (~months) hence, they are considered to be
Kinetically stable [20]. Higher solubilising capacity of lipophilic molecules, large surface area
and the low interfacial tension of o/w nanoemulsion allows an efficient penetration of lipophilic
active agent. In 2015, Mutlaq et al. found that incorporating an amphoteric acyclovir into NE
increased its solubility and caused a two-fold increase in its skin permeation when compared to
the marketed gel [21]. Similar findings were made for a miconazole nitrate nanoemulsion,
where the researchers discovered that encapsulating the miconazole nitrate within the oil
globules of Peceol (oil phase) resulted in decreased haemolysis and toxicity, as well as
improved permeability and solubility [22]. Drawing spur from the aforementioned research
articles, authors of the current investigation have developed an oil-in-water (o/w) nanoemulsion
loaded with AmB (AmB-NE) to tackle difficulties associated with conventional AmB therapy.
However, the efficacy of AmB-NE may be limited by its residence time in the genitourinary
tract due to the self-cleaning action of the vaginal tract system [23]. Therefore, in order to
achieve residence at the targeted site for a relatively long period, decrease fluctuations in the
drug dose level, and decrease dosing frequency, a semi-solid formulation consisting of
nanoemulsion was developed. Although widely marketed semi-solid preparations for vaginal
drug delivery include creams, ointments, and suppositories, the demerits associated with them
(e.g., messiness, discomfort, washing or by natural factors, and leakage) make them non-patient
compliant. As a result, in the current study, AmB-NE was loaded into a three-dimensional,
polymeric mucoadhesive gel matrix because gels are reported to be better tolerated in the
vaginal area than any other dosage form, thus making them more patient acceptable [24].
Simple mucoadhesive gels frequently dry out the vaginal cavity, exacerbating candidiasis
symptoms. In such circumstances, an effective humectant is required. As a result, the author
decided to include Aloe vera leaf gel, a natural humectant, in the current formulation [25]. Aloe
vera leaf gel has excellent antimicrobial, antifungal [26], and anti-inflammatory activity [27].
Numerous studies have found that Aloe vera gel has good penetrating and hydrating effects on

the skin's layers in addition to being an excellent emollient and emulsifier [28-30].



2. Materials and Methods

2.1 Materials

Amphotericin B was obtained as a gift from Bharat Serum and Vaccines Ltd., Thane, India;
Capmul MCM (glyceryl mono-dicaprylate) was supplied by Abitech Corporation through
Indchem International, Mumbai, India; Cremophore RH 40 (PEG 35 castor oil) was obtained
from BASF India Ltd., Mumbai, India; and Transcutol HP (Highly purified diethylene glycol
monoethyl ether) was obtained from Gattefosse, Lyon, France. The gelling agent, Carbopol®
974P, was a kind gift from Noveon, Inc. Cleveland, OH, USA. Aloe vera gel was purchased

from D. Jain’s Eco-friendly Industries, India. All other reagents used were of analytical grade.

2.2 Screening of oils, surfactants and co-surfactants

2.2.1 Screening of oils

The solubility of AmB’s in various oils was evaluated by dissolving an extra amount of the
drug in 5 mL of oils alone or in combination (Peceol, Capmul MCM, Capmul PG8, oleic acid,
Labrafac, castor oil, isopropyl myristate (IPM), Peceol + castor oil, Peceol + Capmul MCM,
Capmul MCM + castor oil) in stopper vials of 30 mL and mixed by a vortex mixer. The mixtures
in the vials were allowed to reach equilibrium at 25 + 1.0 °C for 48 h in an isothermal shaker
[Nirmal International, India]. After equilibration, the samples were withdrawn and centrifuged
for 15 min at 3000 rpm. The supernatant was filtered using a 0.45 p membrane filter, and the
concentrations of the AmB in oils were determined by High-Performance Liquid
Chromatography (HPLC) [Agilent 1200, USA][31].

2.2.2 Screening of surfactants
A vortex mixer was used to vigorously mix each of the screened oils with 1 mL of surfactant
solution (20% w/w). The oil was gradually added until the solution became hazy; in some cases,

the uniform, clear solution could be seen. The total amount of oil added was recorded [32].

2.2.3 Screening of co-surfactants

Co-surfactants are essential for lowering interfacial tension, enhancing interface fluidity, and
increasing the mobility of the hydrocarbon tail [33]. To formulate a nanoemulsion, a co-
surfactant should be selected to reduce the total surfactant concentration [34]. A mixture of 4 g
of screened surfactant and 10 g of screened oil phase was mixed and later diluted by adding 20
mL of distilled water. The resulting mixture (1 mL) was titrated with each co-surfactant
(ethanol, Transcutol P, propylene glycol and, ethylene glycol) until it turned clear. Later, more
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cosurfactants were added until the clear solution became cloudy again, and the total amount of
co-surfactant used was noted [32].

2.3 Construction of pseudo ternary phase diagram (selection of Spix ratio)

The pseudo ternary phase diagram studied the impact of surfactant to the co-surfactant ratio
(Smix) on the emulsion forming region. One important point should be considered: constructing
a pseudo ternary phase diagram only optimizes the Smix ratio and does not generate a formula
for nanoemulsion. Based on solubility studies, Capmul MCM, Cremophor RH 40, and
Transcutol P were chosen as oil, surfactant, and co-surfactant, respectively. The surfactant and
co-surfactant were used in different weight ratios (1:1, 2:1, 3:1, 1:2 and 1:3).

In various glass vials, the drug-dissolved oil phase was mixed with a Smix of varying weight
ratios from 1:9 to 9:1 for each phase diagram. Several blends of oil and Smix (1:9, 2:8, 3:7, 4:6,
5:5, 6:4, 7:3, 8:2, and 9:1) were used so that the boundaries of the phases could be identified
clearly in the phase diagrams. Chemix software trial version 3.51 was used to plot the pseudo
ternary phase diagrams. The aqueous phase was then added slowly to each combination of oil

and Smix. The transparency and viscosity of the o/w nanoemulsions were observed [31].

2.4 Selection of formulation batches

a. The objective of drawing a phase diagram was to optimize the Smix ratio. Out of five pseudo-
ternary graphs plotted for the various Smix ratios (1:1, 2:1, 3:1, 1:2, 1:3), the Smixwith the highest
nanoemulsion region in the phase diagram was selected.

b. Considering the solubility of the AmB (1.67 mg/mL of oil), a minimum of 6 mL of oil was
needed to solubilize the dose of 10 mg of AmB (24% of 25 mL).

c. Various ratios of oil and optimized Smix (SOR) were used to produce nanoemulsion. The
effect of increasing oil proportion when surfactant was kept constant and the impact of
increasing surfactant proportion when oil was kept constant were studied.

d. The formulations were checked for drug precipitation and stored for 24 h at room
temperature.

e. The formulation containing less surfactant and co-surfactant was chosen to formulate

nanoemulsion.

2.4.1 Optimization of formulation
Over the past many years, microemulsions have been confused with nanoemulsions. Stress

testing (dilution and temperature testing) was performed to decisively determine the nature of
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the formulation system. The variation in temperature and dilution significantly impacts the
nanostructures of microemulsions, which can even break them up, whereas nanoemulsion
droplets stay stable. Nanoemulsions contain tiny globule sizes, which prevent the droplets from
flocculating and coalescing [20,35]. As a result, the following experiments were performed to

optimize the formulation.

2.4.1.1 Dilution testing

To test the influence of dilution on globule size, each formulation batch was diluted 10 to 100
times in a continuous phase. The mean globule size and PDI was recorded at an angle of 90°
by using a zetasizer instrument (Malvern Instruments, UK) operated at 25 °C. The experiments

were performed in triplicate [36].

2.4.1.2 Testing at a higher temperature
Each formulation batch was stored at 45 °C for 48 h. The effect of the increased temperature
on the mean globule was observed. The experiment was carried out in triplicate [36].

2.4.1.3 Ostwald ripening

Those formulation batches that exhibited no noticeable change in mean globule size on dilution
nor elevated temperature were subjected to the Ostwald ripening test for 90 days. A plot of the
cube of the globule’s radius (r*) versus time (t) was used to quantify Ostwald ripening. Hence,
the globule diameters of those formulation batches that passed the stress test were evaluated as
a function of time, and the rate of Ostwald ripening was determined as the slope of the plots.
The formulation with the lowest rate of Ostwald ripening was chosen for inclusion in the gel
basis (AmB-NE). The study was conducted in triplicate [36].

2.5 Formulation of AmB-loaded nanoemulsion (AmB-NE)

A weighed amount of AmB (10 mg) was dissolved in Capmul MCM (24% w/w). The resulting
oil phase was thoroughly mixed for 24 h using a stirrer. On a subsequent day, 36% W/W Smix
(2:1) was added to the oil phase and vortexed for 10 min in a 30 mL screw-capped bottle. The
double distilled water was then gradually added to the mixture while being vortexed to create a

nanoemulsion.



2.6 Characterization of AmB-NE

2.6.1 Globule diameter analysis, polydispersity index and zeta potential

Using a zetasizer, the mean globule diameter and polydispersity index of the AmB-NE were
evaluated using a particle size analyzer [Malvern Instruments, UK]. The AmB-NE was suitably
diluted with deionized water. The surface charge of the AmB-NE was calculated using the
Smoluchowski equation post determining the zeta potential using the same instrument. Zeta
potential measurements were performed at a temperature of 25 °C and electric field strength of
23 VIm. The globule diameter, polydispersity index and zeta potential values were obtained as

the averages of three measurements [37-39].

2.6.2 Effect of Smix and oil ratio on mean globule diameter of AmB-NE

The influence of different concentrations of Smix (24-90% w/w) and oil (24-48% w/w) on the
mean globule diameter of the AmB-NE nanoemulsion was studied. Studies were conducted
using a zetasizer instrument operated at 25 °C. These experiments were carried out in triplicate

using a zetasizer.

2.6.3 Viscosity, pH and visual appearance of AmB-NE

The viscosity of the AmB-NE (F7) was measured using Brookfield Rheometer equipped with
a spindle 00 UL adaptor [Brookfield Engineering Labs., Inc., USA], and the pH of the
nanoemulsion was determined using a pH meter [Systronics Ltd., India] at 25 °C. The average
of three data points was obtained. Nanoemulsions with low mean globule size may look
transparent, and the slightest evidence of destabilization can be easily recognized by holding
the nanoemulsion against a readable background. In such case, the transparency of the

nanoemulsion should not change before and after drug loading [40].

2.6.4 Conductivity study

A conductivity study was used to determine the class of nanoemulsion, oil-in-water (o/w) or
water-in-oil (w/0). The nanoemulsion (F7) conductivity was tested by a conductivity meter
[Systronics Ltd., India]. The study was conducted at 25 = 1 °C in triplicate. If the formulation
is of the o/w type, it is anticipated that a current will pass through the continuous phase, i.e.,
water, causing a deflection. No deflection indicates that the continuous phase is oil, implying

that the emulsion system is w/o [41].



2.6.5 HPLC analysis of AmB in AmB-NE

The amount of AmB in the F7 batch was measured using HPLC immediately after preparation.
Briefly, 5 mL of nanoemulsion was dissolved in 10 mL of methanol and then centrifuged [Remi
Instruments, India] at 3500 rpm for 15 min. The drug content was quantified using an HPLC
system [Agilent 1200, USA] with a UV detector comprised of a quaternary pump and a diode
array detector [42,43]. The drug was eluted on a reverse-phase C18 column (4.6 mmx150 mm,
internal diameter 5 um, Eclipsed XDB, Singapore) using a mobile phase consisting of
Acetonitrile: Acetic acid (10%): Water (41:43:16) flowing at the rate of 1.0 mL/min. The results

were recorded at 407 nm at 25 °C. The retention time was determined to be 3.4 minutes [44].

2.6.6 In-vitro drug release study

A modified method of in-vitro release of AmB from AmB-NE was performed by placing
nanoemulsion (F7) equivalent to 1 mg of AmB in a dialysis bag (MWCO-12,000 g/mole;
Sigma, USA) that was previously activated by being soaked overnight in citro-phosphate buffer
(pH 4.5). This AmB-NE loaded dialysis bag was fixed to a static shaft and dipped in 50 mL of
citro-phosphate buffer containing 1 mL of dimethyl sulphoxide (DMSO): methanol (1:1) at 37
+ 0.5 °C and stirred at 100 rpm. At definite time intervals of 0, 20, 40, 60, 80, 100, and 120
min, 1 mL sample was removed and replaced with buffer to preserve the sink condition. The
samples were examined to determine the drug concentration by HPLC at 407 nm in triplicate
[45,46]

2.6.7 Stability of AmB-NE

2.6.7.1 Chemical stability of AmB

The F7 batch of the nanoemulsion was formulated and preserved at 5+ 3 °C and 25 + 2 °C, 60
+ 5% RH for 6 months. At 0, 60, 120 and 180 days, samples were removed and studied for drug
content (remaining) by HPLC at 407 nm. Finally, the graph of the percentage of drug remaining
against time was plotted [47]. The experiment was performed in triplicates.

2.6.7.2 Chemical stability of AmB-NE

Chemical deterioration of the oil components and surfactants may occur as a result of hydrolysis
or oxidation. This also causes a decrease in the pH level [48]. The pH of different nanoemulsion
batches was determined at the prescribed period (0, 60, 120 and 180 days) over 6 months. The
formulation was investigated in triplicate (at 5+ 3 °C and 25 + 2 °C, 60 £ 5 % RH) using a pH
meter [Systronics, Ltd, India][49].



2.6.7.3. Physical stability of AmB-NE
The F7 batch of the nanoemulsion stored at 5 + 3 °C and 25 + 2 °C, 60 + 5% RH was observed
for physical changes viz. mean globule, zeta potential, and PDI. Changes in viscosity were also

noted as a secondary factor of stability [47,50].

2.7 Preparation of AmB-NE loaded gel

Carbopol®974P (1% wi/w) was dissolved in distilled water, and a sufficient amount of
triethanolamine was added to achieve pH 4.5 £ 0.1. The resulting gel formation was kept at 2-
8 °C for 24 h to remove entrapped air. The following day, Aloe vera gel was added to prepared
Carbopol® 974P gel in 1:1 w/w. Finally, the final screened batch of nanoemulsion (15 mL) was

slowly added to 3 g of CA gel base using a stirrer [51-54].

2.8 Characterization of AmB-NE loaded gel

2.8.1 Determination of total drug content in AmB-NE gel

In a 100 mL volumetric flask, 1 g of AmB-NE gel was weighed and dissolved in a 2 % DMSO:
methanol solution (1:1). This was diluted appropriately with methanol and analyzed using the
previous HPLC analysis [50]. This experiment was carried out in triplicate, and the total drug

content was calculated using Equation 1.

Total drug content = estimated drug content x total quantity of of gel Eq. (1)

2.8.2 Rheological behaviour, spreadability, penetrometry and texture profile analysis (TPA) of
AmB-NE-loaded gel

The viscosity of the CA gel and the AmB-NE-loaded gel was measured using spindle no.7
[Brookfield Engineering Labs. Inc., DV-E, USA]. The apparent viscosity was measured at 25
°C with spindle speeds of 5, 10, 30, 50, 60 and 100 rpm [54]. The Brookfield texture analyzer
[Brookfield Engineering Laboratories, Inc, CT3, USA] was operated in TPA mode to measure
sensory properties of gel such as consistency, stiffness, cohesiveness, and work of adhesion.
The probe was programmed to descend into the sample at 0.5 mm/s to a depth of 30 mm, then
return to its original position at the same pace. The maximum force required for separating from
the gel was measured. During testing, special precautions were taken to ensure that the probe
did not touch (or even come close to) the container's walls or base, as this could result in

erroneous results. Similarly, the gel's spreadability and penetrometry were determined using the
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same instrument with a 40° cone probe (clear acrylic, 29 mm diameter, 41 mm length) operated
in compression mode. These experiments were carried out in triplicate [55].

2.8.3 Ex-vivo mucoadhesive test

2.8.3.1 Preparation of vaginal mucosa

The mucoadhesive strength of the AmB-NE loaded gel was assessed using bovine vaginal
mucosa. Fresh vaginal mucosal tissue was obtained from a local abattoir. The mucosa was
cleaned, washed with isotonic saline, and stored at -20 °C. Before the experiment, the vaginal
mucosa was treated with 0.1% sodium azide, longitudinally sliced, and allowed to reach room

temperature.

2.8.3.2 Procedure

A Brookfield CT3 Texture analyzer [Brookfield Engineering Laboratories, Inc, USA] was used
to evaluate the mucoadhesive strength of the AmB-NE gel. The experiment was performed as
per the technique developed by Neves et al [16]. Vaginal mucosa was subjected to a regular
saline bath (37 °C, 60 min) for defrost, cleaned and tied to the instrument probe (cylindrical, 25
mm diameter) before the mucoadhesive measurements. The mucosal surface that covered the
probe's bottom end was meticulously examined to ensure it was flat. After that, mucosal tissue
was submerged in a simulated vaginal fluid for 15 min at 37 °C. Evaluation was conducted
using set parameters (preload: 1 N, contact time: 3.0 min, diameter of upper probe: 36 mm,
pretest speed: 0.5 mm/s, and test speed: 0.1 mm/s). The probe was then lowered at a controlled
rate until it came into contact with the gel surface. The probe's constant downward pull on the
sample surface ensured close contact between the mucosa and gel. After a predetermined time
(mucosal contact time) and a normal speed (probe speed), the probe was brought to its original
location above the AmB-NE gel. In conclusion, the force and work done were measured. This

study was conducted in triplicate.

2.8.4 Ex-vivo retention measurement

A piece of bovine vaginal mucosa was trimmed to the desired size and angled at 45° to the
horizontal plane polyethylene plate. The thread ends of the vaginal mucosal tube were then
attached to the top and lower ends of the plate using thread. Using an applicator, 1 g of AmB-
NE gel was injected into the vaginal cavity. A 5 min preload time was given when the
formulation was placed in the vaginal tube to ensure it adhered to the vaginal walls.
Peristaltically pumped phosphate buffer (pH 4.5) warmed to 37 £ 0.5 °C over the vertically
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suspended vaginal tube containing the formulation at a 3 mL/min rate. The formulation was
discharged from the lower end of the cell, which was recorded [56,57]. The experiment was

performed in triplicates.

2.8.5 In-vitro drug release study from gel

Using a modified USP XXII1 apparatus | at 37 £ 0.5 °C, the in-vitro release patterns of AmB-
NE gel and coarse AmB gels were examined. A stainless-steel wire screen (350 um mesh size
sinker) was used to tightly fasten a watch dish containing 10 mg AmB-equivalent formulated
compound. The dish was then immersed in 500 mL of citro-phosphate buffer (pH 4.5)
containing 2% DMSO and methanol (1:1) in a USP dissolution test apparatus. The spindle
speed was set at 25 rpm. During the investigation, 2 mL aliquots of the dissolution medium
were taken at predefined time intervals (0.5, 1, 1.5, 2, 4, and so on up to 12 h) and replaced with
fresh media. A 0.45 p nylon membrane filter was utilized to filter the samples, and the amount

of AmB released was measured using the HPLC [55].

The experiment was performed in triplicates. To evaluate the release mechanism of AmB-NE

gel, the results were fitted into Korsmeyer-Peppas equation, as shown in Equation 2.

Log Mt/Mw =1log K + nlogt Eq. (2)

Where Mt is the concentration of drug released at time t,
M. is total drug content,
k is constant for the geometrical and structural property of the device

n is drug release mechanism exponent

2.8.6 Ex-vivo skin permeation studies

2.8.6.1 Experimental set-up for permeation study

Ex-vivo skin permeation tests using bovine vaginal mucosa were performed on an amber-colour
Franz diffusion cell (diffusion area of 3.14 cm?, capacity of 15 mL). Before the experiment,
frozen specimens were thawed in citro-phosphate buffer (pH 4.5) for 10 min. The thawed
vaginal mucosal specimens were carefully cut without damaging the epithelial surfaces. The
mucosal sections were then mounted onto diffusion cells. The receiver compartment was filled
with citro-phosphate buffer (pH 4.5), with 2% DMSO and methanol (1:1) used as the diffusion

medium. The donor compartment was filled with one gram of AmB-NE gel, and to achieve
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occlusive conditions, the compartments were sealed with paraffin film. At regular intervals (0,
2, 4, 6, 24 h), 1 mL aliquots were collected, filtered through a 0.45u membrane filter, and

evaluated by HPLC. The experiment was performed in triplicates.

2.8.6.2 Permeation data analysis

The total amount of drug penetrating through the skin (g/cm?) was plotted against time (min).
The two crucial permeation study parameters, i.e., drug flux (permeation rate) at steady state
(Jss), were determined by dividing the slope by the area of the Franz diffusion cell.

Using Eq. 3, the permeability coefficient (Kp) was obtained by dividing the steady state drug
flux by the total concentration of drug used in the experiment (Co).

Kp = Jss/Co Eq. (3)

The enhancement ratio (Er) was calculated using Eq. 4.

Er = (Jss of AmB-NE gel) / (Jss of coarse AmB gel) Eq. (4)

2.8.7 Stability study of AmB-NE gel

The stability of the AmB-NE loaded gel was assessed at 5 + 3 °C for 6 months. The AmB-NE
loaded gel was wrapped in 5 g aluminium ointment tubes. Samples (n=3) were withdrawn at O,
60, 120 and 180 days and were analyzed for pH and content using HPLC [55].

2.8.8 In-vitro antifungal activity

The cup plate method was used to conduct antimicrobial studies on Candida albicans (MTCC
183 strain). Briefly, 25 mL of sterilized Sabouraud dextrose agar was placed in sterilized 15 cm
diameter Petri plates and allowed to solidify in laminar airflow. The Candida albicans
concentration in the inoculum was equivalent to 5x10*® CFU/mL. On solidified Sabouraud
dextrose agar, an aqueous suspension of Candida albicans was evenly dispersed. The cups were
aseptically cut and filled with DMSO solubilized AmB (20 pg/mL), AmB-NE (20 pug/mL),
AmB-NE gel (250 mg containing 20 pg/mL AmB), and Aloe vera gel base (250 mg) using
sterile syringes. The plates were covered with lids and incubated for 40 h at 32 + 5 °C
[55,56,58].
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2.9 In-vivo vaginal lavage testing

Instead of using an infection model that involves inoculating Candida albicans inside rat's
vaginal cavities followed by examining microbial growth suppression using test therapy, a
simple method was used in this study to study the efficacy of AmB-NE gel. A modified protocol
approved by CPCSEA and the local animal ethical committee (Regd. No.
651/PO/ReBi/S/02/CPCSEA) was used. Ten female Sprague Dawley rats were housed in an
animal house with a temperature of 25 °C, relative humidity of 45-55%, and a 12 h dark-light
cycle. They were fed and watered ad libitum. All selected rats were kept in a pseudoestrous
phase by subcutaneous administration of estradiol benzoate (25 mg/kg). Two groups were
made, containing five animals each. A dose of 2 mg/kg of AmB-NE gel was applied in the
vaginal cavities of the rats of the first group, and the second group received 2 mg/kg of coarse-
AmB dispersed in the gel. After 24 h, vaginal lavage samples were collected by cleaning the
vagina three times with saline. The volume of vaginal lavage collected from each rat was diluted
with an appropriate solvent, filtered to eliminate any cell debris and analyzed for AmB content
using HPLC. The amount of AmB permeated through the vaginal epithelium was assessed by

subtracting the content obtained in the lavage from the total content applied [59,60]

2.10 Histological study

A histological examination of the vaginal tissue was carried out to ensure that the formulation
and its contents are safe and do not cause any damage to the vaginal epithelium. The study was
approved by CPCSEA and the local animal ethical committee under registration number
651/PO/ReBi/S/02/CPCSEA. Female Sprague Dawley rats weighing 200 £ 10 g were grouped
into five. Each group consisted of five animals each of which received five different treatments
namely saline (untreated, blank), AmB-NE, isopropyl alcohol (IPA), CA gel and AmB-NE gel
for 24 h. The vaginal tissues were then isolated and preserved in 10% neutral carbonated
buffered formaldehyde. For microscopy, these tissues were then embedded in paraffin, and
sliced into sections. The slices were then stained with hematoxylin and eosin and analyzed using
a Motic microscope (Motic Instruments Inc., China) with a 1/399 CCD camera imaging
attachment and computer-controlled image processing software (Motic images 2000, 1.3

version, China).

2.11 Statistical analysis
Graphs were plotted using GraphPad Prism 6 (GraphPad Inc., San Diego, CA). Statistical
analysis was performed using either student t-test or one-way ANOVA analysis of variance,
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followed by post-hoc Bonferroni multiple comparison tests with a significance level of p < 0.05,
Cl of 95%.

3. Results and discussion
Nanoemulsions improve the drug’s solubility and penetration. As a result, this system is best

suited to molecules with low solubility and permeability, i.e., BCS class IV.

3.1 Screening of components (oils, surfactants, co-surfactants)

Lipophilic compounds are preferably solubilized in o/w nanoemulsion. It is indeed necessary
for the context of nanoemulsions for a drug to be in a completely solubilized form. As a result,
the solubility of a drug in an oil phase is critical for oil selection. Drug solubility in surfactants,
on the other hand, is unimportant. Because surfactants are responsible for emulsifying and
stabilizing the oil droplets, taking drug solubility into account for drug loading within a
nanoemulsion system may result in drug precipitation. As a result, it is critical to choose a
surfactant based on its capacity to miscibilise oil droplets [61].

In the present investigation, Peceol (1.96 mg/mL) and Capmul MCM (1.67 mg/mL) imparted
the highest solubility (Fig. 1a). AmB, being highly lipophilic, cannot be solubilized to a greater
extent than this, and initially, both the oils were considered for screening the surfactant.

The HLB value is another crucial factor to consider when choosing a surfactant. The clarity and
stability of a nanoemulsion depend on the solubilization of the oil in the surfactant. When used
topically, an excessive quantity of surfactant might cause skin irritation. Hence, the minimum
concentration of surfactant is used in the formulation. Hydrophilic surfactants and cosurfactants
are considered to reduce the interfacial energy necessary to form nanoemulsions and thus
improve stability. A stable nanoemulsion is developed by taking low and high HLB surfactants
in the proper proportions. Several surfactants such as Cremophor RH 40, Cremophor EL,
Tween 80, PEG 400, Labrafil and Poloxamer 188 were used to study the selected oil's solubility
(Capmul MCM and Peceol). It was noted that, although AmB is well soluble in Peceol, peceol’s
combination with tested surfactants resulted in an unstable emulsion system. This suggested
that Peceol was not miscible with the tested surfactants. In contrast, Capmul MCM
miscibilisized in Cremophor RH 40 and Cremophor EL (Fig. 1b). When Cremophor EL was
diluted with water, it formed a transparent and homogenous nanoemulsion with Capmul MCM,
but its flowability was poor. Hence, Cremophor RH 40 was chosen as the surfactant.

While screening the co-surfactants, it was seen that large amounts of Transcutol P could be
imbibed within the oil and surfactant mixture, demonstrating that Transcutol P was compatible
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with Cremophor RH 40 and Capmul MCM. Nevertheless, Transcutol P is an excellent

permeation enhancer agent and is most suitable for topical formulations.

3.2 Pseudoternary phase diagram study

The phase behaviour of the water: Capmul MCM: Cremophore RH 40 + Transcutol P systems
at 25 °C are represented in supplementary Fig. S1. The phase behaviour of this system was
determined only to select the Smix ratio. The highest amount of oil that a particular Smix ratio
may solubilize was noted from the phase diagram. A Smix ratio of about 42% w/w (1:1)
(supplementary Fig. S1a) could solubilize 12% wi/w oil. The surface area of the nanoemulsion
enhanced as the amount of surfactant enhanced from a Smix ratio of 1:1 to 2:1. (i.e., 24% w/w
of (2:1) Smix ratio (supplementary Fig. S1b) could solubilize 24% w/w oil possibly as a result
of a reduction in interfacial tension, which enhanced the fluidity of the interface and thus the
system's entropy. The oil phase may penetrate more deeply into the hydrophobic area of the
surfactant monomers [62]. When a Smix ratio of 3:1 (supplementary Fig. S1c) was compared
to a Smix ratio of 2:1, the nanoemulsion area was found to be slightly lower, which could be
owing to the increased surfactant concentration, albeit the greatest quantity of the oil that this
ratio of Smix could solubilize was 24% w/w. The region of nanoemulsion in Smix ratios of 1:2
(supplementary Fig. S1d) and 1:3 (supplementary Fig. S1e) was very small compared with
that of 1:1, and the oil was solubilized to a lesser extent. Hence the Smix ratio of 2:1 was
optimized for nanoemulsion formulation. The extent to which the surfactant reduces the surface
tension of the oil-water interface and the change in dispersion entropy can influence
nanoemulsion production. The surfactant level was therefore kept as low as 42% w/w of the
total emulsion since a high percentage of surfactant content is known to induce irritation to

human skin upon contact.

3.3 Selection of nanoemulsion and stress testing

A series of formulations were studied using a Smix ratio of 2:1 with a minimum of 24% w/w of
oil and a maximum of 42% w/w of Smix. The effect of the oil-surfactant ratio was studied
carefully, and selected batches (Table 1a) were subjected to the stress test. Apart from the
batches that passed the stress test (i.e., F7, F10, F11), other formulations showed a decrease in
mean globule size on dilution with the continuous phase and increasing temperature, indicating
a substantial effect on the emulsion structure and size. Hence, though the failed batches

exhibited a nanosize in the true sense, they could be referred to as nano-structured
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microemulsions [20]. Thus, the stress test concluded that formulation batches F7, F10, and F11
were nanoemulsions.

All the formulations that passed the stress test were then evaluated for the rate of Ostwald
ripening, which showed (Table 1b) that F7 had the lowest rate of Ostwald ripening
(Supplementary Fig. S2). Also, the surfactant concentration in F7 was the least, which was
the essential selection criterion for the nanoemulsions. Hence, formulation F7 was suitable for

incorporating into the gel base.

3.4 Characterization of AmB-loaded nanoemulsion

3.4.1 Globule size analysis, polydispersity index and zeta potential

The mean globule size, polydispersity index (Fig. 2a), and zeta potential (Fig. 2b) of F7 were
found to be 76.52 + 3.11 nm, 0.342 £ 0.032 and -22.32 £ 0.88 m/V, respectively (Table 1b).

3.4.2 Effect of Smix and oil ratio on mean globule size of AmB-NE

For a constant amount of oil phase (24% wi/w of oil), lower concentrations of Smix (<42% w/w)
produced an NE system having a significantly high (p<0.05) mean globule size (80-114 nm) as
compared with those NE obtained using 42-60% w/w Smix concentration (70-78 nm). It was
observed that, at 42-60% w/w Smix concentration, the globule size remained more or less the
same (Fig. 3a). It was only after 60% w/w of Smix, a significant increase in globule size (p<0.05)
was observed. This could be explained by the fact that initially increasing concentration of
surfactant causes complete coating of oil globule with surfactant layer causing its condensation
within tiny droplets until the interfacial tension is reduced enough to stabilise the droplets. This
can also be noticed in Table 1a, wherein at a constant amount of oil phase (24% wi/w), the mean
globule size of batch F1 containing 24% w/w of Smix had a larger globule size (114.98 + 2.8
nm) as compared to that of F10 (71.60 + 4.6 nm) containing 42% w/w of Smix. It is anticipated
that after the stabilization of oil droplets a surplus amount of surfactant causes the formation of
multilayer o/w nanoemulsions thereby causing a rise in the globule size [32].

Interestingly, when the Smix content of 36% w/w was kept constant (Fig. 3b), an increase in the
oil concentration (Capmul MCM) from 24% w/w to 48% w/w resulted in a significant (p<0.01)
increase in globule size. This behaviour could be anticipated due to the thinning of the surfactant
coating over the oil globules as the oil ratio increases thereby causing destabilization of the

system and further leading to agglomeration.
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3.4.3 Viscosity, pH and visual appearance of AmB-NE

The viscosity of the optimized formulation (F7) was found to be 86.22 + 1.41 cp. The pH of F7
was 6.83 £ 0.47, which is compatible with vaginal pH values. It was observed that a
nanoemulsion without the drug (supplementary Fig. S3a) and AmB-NE (Supplementary Fig.
S3b) were equally clear and sufficiently transparent to visualize the readable background. The
AmB loading did not alter the nanoemulsion’s transparency and clarity, suggesting complete
solubilization of AmB in oil droplets. The foremost difference was that the drug gave AmB-NE
a yellow tint. Additional tests suggesting transparency of NE are discussed in supplementary

section S3.

3.4.4 Conductivity study
The percentage of water has a direct relationship with electrical conductivity. The higher the
electrical conductivity, the more water there is in the system, allowing ions to travel freely. The

conductivity (o) of F7 was 493.533 + 2.187 uS/cm. This indicated the o/w type of formulation.

3.4.5 HPLC analysis of AmB in nanoemulsion
The optimized batch (F7) drug content was found to be 97.98 + 2.16 %.

3.4.6 In-vitro drug release from AmB-NE

According to (Fig. 4a), 93.67 £ 4.35% of AmB was released from AmB-NE within the first 2
hours. However, coarse-AmB (data not shown) did not permeabilize across the dialysis
membrane and so could not provide a consistent release profile. The solubilization of AmB into
nano-sized emulsion droplets may thus be responsible for the AmB release profile observed in
AmB-NE.

3.4.7 Stability of nanoemulsion

3.4.7.1 Chemical stability of AmB

After 180 days, it was found that at % AmB content declined significantly (p<0.01) at storage
condition of 25 £ 2 °C, 60 £ 5% than that of 5 = 3 °C (Table 2). Thus, recommending AmB-
NE’s storage in refrigerated condition. Supplementary Fig. S4 shows the percentage of AmB

remaining in AmB-NE as a function of storage time at mentioned storage conditions.
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3.4.7.2 Chemical stability of AmB-NE

pH change was not noticed in AmB-NE when stored at 25 + 2 °C, 60 + 5%. However, AmB-
NE stored at 5 + 3 °C exhibited an increase (p<0.05) in pH on day 180 as compared to day 0
(Table 2). Though the cause of this shift is unknown, it could be due to chemical changes in
the NE components. As a result, it is crucial to keep track of pH changes after AmB-NE is
incorporated into a gel system.

3.4.7.3 Kinetie Physical stability of AmB-NE

At 0, 60, 120, and 180 days, the mean globule size, polydispersity index, zeta potential,
viscosity, and refractive index were measured. These values increased somewhat with time at
5+ 3 °C, as shown in Table 2, but the changes were not substantial. However, in the case of
AmB-NE stored at 25 £ 2 °C, 60 £ 5% RH, there was a considerable increase in the globule
size (p> 0.05).

3.5 Characterization of AmB-NE-loaded gel

3.5.1 Determination of pH and total drug content

Normal vaginal pH ranges from 3.8 to 5.0. The pH of the AmB-NE loaded gel was 4.72 + 0.32,
implying that it was tolerable in the vaginal cavity. The AmB-NE gel's total AmB content was
determined to be 99.60 + 0.82 %.

3.5.2 Rheological behaviour, spreadability, penetrometry and texture profile analysis (TPA) of
AmB-NE-loaded gel

The purpose of studying the rheology of the CA and AmB-NE loaded gel was to check the
behavioural change in the gel base's viscosity after adding the nanoemulsion to the gel base. It
was observed from multipoint viscosity measurements that the CA gel's viscosity was reduced
significantly on dilution with nanoemulsions. Also, both the CA and AmB-NE loaded gel
demonstrated pseudo-plastic behaviour (data not shown).

Texture profile analysis (TPA) was used to determine the mechanical (sensory) properties of
the AmB-NE gel. The output of the TPA analysis, penetrometry and spreadability studies are
shown in Table 3. The TPA test suggested that the cohesiveness of the AmB-NE gel was
sufficient, the work of adhesion was moderate, and the gel exhibited non-drip nature. The
results of the spreadability test suggested that the AmB-NE gel is easily spreadable without
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much work being done. The penetrometry test determined that the gel was soft enough for

application.

3.5.3 Ex-vivo mucoadhesive test

Mucoadhesion can be measured in terms of the force or the work done. Still, the latter provides
a better characterization of the detachment phenomenon, representing the sum of all the
adhesive bonds established. As a result, the work done to detach the formulation from a tissue's
surface was considered a better indicator of mucoadhesion. It can be noted from the values of

the mucoadhesive test (Table 3) that the AmB-NE gel had sufficient mucoadhesive strength.

3.5.4 Ex-vivo retention measurement

Traditional vaginal drug delivery systems (VDDS) approaches are linked to limited retention,
resulting in poor patient compliance due to the vaginal tract's self-cleaning activity.
Mucoadhesive polymers are added to VDDS to solve this problem. By interacting with the
vaginal mucosa, mucoadhesive polymers can keep drug delivery systems in the vaginal tube,
increasing patient compliance and delivery system efficiency. The ex-vivo retention
measurement demonstrated that the mucoadhesive gel base of the AmB-NE could hold the gel

for 11 + 0.4 h inside the vaginal cavity.

3.5.5 In-vitro drug release from the AmB-NE gel

After 12 hours, the percentage of AmB released from AmB-NE gel (84.33 £ 4.50%) was found
to be significantly higher (p<0.01) than that of coarse AmB gel (66.80 + 5.0%,) (Fig. 4b). The
AmB-NE gel displayed a Higuchi model (r?=0.998) among the various release models tested.
The presence of a high r? value suggested a matrix diffusion-based mechanism for AmB release.
When the in-vitro release data were fitted using the Korsmeyer-Peppas equation, the value of n
ranged from 0.80 to 0.97, indicating a non-Fickian/anomalous diffusion release of AmB from

the hydrophilic matrix.

3.5.6 Ex-vivo skin permeation studies

The ex-vivo skin penetration profile of the AmB-NE gel differed significantly from that of the
coarse AmB gel (Fig. 4c). This was most likely due to the presence of solubilised AmB within
the nanoemulsion droplets loaded in the gel. The steady-state flux (Jss) and permeability
coefficient (Kp) were found to be significantly enhanced (p<0.01). (Table 4). Furthermore, the
enhancement ratio (Er) revealed that AmB-NE gel improved AmB permeation by 4.26-fold
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when compared to coarse AmB gel. In addition to the nano globule size of AmB-NE,
solubilizers such as Capmul MCM, Cremophor RH 40, and permeation enhancer, Transcutol

P, may have contributed to an increase in AmB-NE gel permeation into the mucosal layer.

3.5.7 Stability study of AmB-NE gel

Chemical stability experiments on AmB-NE gels at 5 + 3 °C (Table 5) showed that the pH
remained below 5 at all time periods and that there was no pH increase. It is therefore possible
to draw the conclusion that the gel continued to be physiologically tolerable even after 180
days. The logarithm of percent drug remaining versus the time graph (days) (provided in
supplementary data Fig. S5) indicated that 1.08% of AmB degraded in the AmB-NE gel after
180 days of storage.

3.5.8 In vitro antifungal activity

Using the cup plate method, the average zone of inhibition of AmB in DMSO against Candida
albicans was found to be 22.60 + 0.3 mm. In contrast, AmB-NE showed enhanced in-vitro
antifungal activity, with an average zone of inhibition of 32.10 + 0.4 mm. This could be
attributed to the increased ability of nanosized AmB-containing oil globules to penetrate fungal
cell walls. Aloe vera gel alone showed an average zone of inhibition of 37.10 £ 0.5 mm, whereas
the average zone of inhibition increased tremendously (p<0.05) to 45.30 + 0.5 mm in the case
of the AmB-NE gel. This enhancement might have been a result of the combined effect of
AmB-NE and Aloe vera gel. Furthermore, these findings suggested that AmB-NE gel was

highly effective (P<0.01) against Candida albicans as compared to crude AmB.

3.6 In-vivo vaginal lavage testing

The HPLC analytical data showed that about 37.95 + 4.5% of the drug was recovered in the
vaginal lavage of the group treated with AmB-NE loaded gel, which indicates that 62.05 + 8.6%
of the AmB might have permeated the vaginal epithelium (Fig. 5). On the other hand, there was
a recovery of 90.96 + 4.0% in the group treated with coarse AmB gel, which indicates that only
8.82 £ 4% of the AmB permeated through the vaginal epithelium. As a result, the AmB-NE gel
penetrated 7.03-fold higher than the coarse AmB gel. This could be due to nanoemulsion's
ability to solubilize AmB into nanosized lipidic globules that penetrate the vaginal mucosal

layer more efficiently than coarse AmB.
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3.7 Histological study

A photomicrograph of the treated and untreated vaginal epithelium (Fig. 6) gives an idea of the
damage that the formulation and its components can cause. Histology of untreated normal
vaginal epithelium (control) and that of a damaged epithelium caused by treatment with
isopropyl alcohol (IPA) is depicted in Fig. 6a and 6c, respectively. It can be observed that AmB-
NE (Fig. 6b), CA gel (Fig. 6d) and AmB-NE gel (Fig. 6e) did not display any detrimental effect
on vaginal epithelium. The micrographs of test formulation treated rats showed that epithelial

lining and lamina propria regions were intact.

4. Conclusions

The quest of the present study was to improve AmB's solubility and permeability in order to
provide an alternative treatment against azole-resistant vulvovaginal candidiasis. Considering
the said, a kinetically stable batch of AmB-NE formulation with a mean globule size of 76.52
+ 3.11 nm, PDI of 0.342 £ 0.032, and a zeta potential of -22.32 + 0.88 m/V was formulated.
This system was loaded into a Carbopol® 974P gel and Aloe vera-based gel-based system that
facilitated its residence within the vaginal cavity for 11 £ 0.4 h. In addition, the prepared gel
was found to be soft (0.21 + 0.07 N) enough to ensure its spreadability (19.45 + 0.5 g/s) into
the vaginal cavity. According to the TPA specifications, the gel was sufficiently cohesive and
firm to create a non-drip formulation that could sustain in the cavity. AmB-NE gel displayed a
non-Fickian/anomalous release of AmB from the hydrophilic gel matrix. The pH of the
formulated gel was 4.72 + 0.30, which was consistent with the physiological pH of the vagina,
and histopathologic studies confirmed its safety. In addition to AmB-NE gel’s potential
antifungal activity, ex-vivo permeation studies revealed that it could permeate 4.26-fold more
than coarse-AmB gel. Similar results were obtained during in-vivo lavage experiments, wherein
AmB-NE gel penetrated rat vaginal mucosa 7.03-fold more thoroughly than coarse-AmB gel.
Thus, it is evident that, AmB's solubility increased after being transformed into a nanoemulsion,
and that the nanosize of the droplets enabled its permeability into the vaginal mucosal layer.
However, this research is still at the exploratory stage, and the question of scaling up needs to
be resolved. Moreover, intensive studies and clinical trials are further required to realize the
full potential of AmB-NE gel. Many problems in the research, production and application need
to be resolved. From a future perspective, the authors believe that a more effective solubilizer,
as well as an effective permeation enhancer, will be required to achieve a better formulation
system. Hence, this investigation gives a ray of hope for developing a more promising

formulation of AmB in a gel form for treating azole-resistant vulvovaginal candidiasis.
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Table 1a. Stress testing of formulation batches of AmB-NE (n=3, SD)

Effect on mean globule size (nm) after stress testing

= 2 E Dilution test
s & T v £ : : -
8 3 = B = = = P =
% = o 3 = S

F1 24 24 52 11498 +2.8 78.87+£3.2 67.68 + 3.2 13498 +3.2  Failed
F2 28 24 48 123.43+3.4 89.45+ 3.2 83.09+ 2.6 Cracking Failed
F3 32 24 44 137.67+2.4 97.90+2.2 56.90 +4.5 Cracking Failed
F4 24 30 46 97.64+2.2 66.78 + 2.4 4522+24 113.21+15  Failed
F5 28 30 42 99.94+2.4 4598+ 24 43.98+25 121.40+3.2  Failed
F6 32 30 38 102.65+ 2.4 77.98+ 3.0 65.80 £ 2.5 Cracking Failed
F7 24 36 40 76.52+3.11 76.32+2.0 76.04+3.4 78.65+2.0  Passed
F8 28 36 36 79.67+15 65.96 + 3.2 55.08+2.4 108.23+3.2  Failed
F9 32 36 32 80.88+25 67.90+4.2 34.89+3.4 12398 +3.0  Failed
F10 24 42 34 71.60+4.6 71.80+3.2 7254+ 4.4 72.21+34 Passed
F11 28 42 30 81.96+7.2 82.28+ 35 83.11+4.6 83.23+15  Passed

* Bold section represents the results of formulations that passed the stress test.



Table 1b. Mean globule size, PDI, zeta potential, and rate of Ostwald ripening of AmB-NE formulations that passed the stress test (mean = SD,

n=3)
Formulation Globule size PDI Zeta potential Rate of Ostwald
(nm) (mV) ripening (x3) (nm/day)
F7 76.52+3.11 0.342+0.032 -22.32 £ 0.88 438.1 £7.59
F10 71.60+4.6 0.395 £ 0.045 -22.11 +0.20 986.3 £ 6.45
F11 81.96+7.2 0.407 £0.034 -23.46 £ 0.20 1369.0 £ 9.32

*x3 denotes values listed in the column of the rate of Ostwald ripening. The bold section represents the results of the optimised formulation.



Table 2. Stability of AmB-NE at 5 + 3°C and 25 £ 2 °C, 60 + 5% RH (mean + SD, n = 3)

@ @ < o
§ & 5 _ N S o2 EZ
T - 5 €32 T 2 <5 i3
c @ a £ o £ o & s £ S
8 § o 8 2 > o S ]
S g g .
0 76.52+3.11 0.342+0.03 -22.32+0.88 6.83+0.47 86.22+1.41 100.0 2.000
g 60 76.66+7.77 0.361+0.03 -2239+0.44 6.88+0.43 86.32+155 99.56 1.998
:(')' 120 77.32+7.98 0.389+0.07 -22.65+0.67 6.93+04  86.33+0.93 99.12 1.996
180 77.98+8.23 0401+0.02 -22.77+095 7.32+045 86.37+1.21 98.35 1.991
0 76.52+3.11 0.342+0.03 -22.32+0.88 6.83+0.47 86.22+1.41 100.0 2.000
O
o 60 7897+487 0386+004 -2211+0.78 6.91+0.7 86.56 +1.95 87.25 1.940
& 120 8654+520 0487+0.14 -21.98+032 643+065 86.68+150 76.98 1.886
N
180 97.90+6.08 0.492+0.18 -22.67+0.64 6.78+0.66 86.93+1.65 66.78 1.824

*Stability studies of AmB-NE were performed in a sealed amber-coloured glass vial



Table 3. Results of texture profile analysis (TPA), spreadability, penetrometry, and
mucoadhesive test conducted on AmB-NE gel (mean + SD, n = 3)

Sr.No. Test Values
1. TPA parameters
a. Hardness/firmness (g) 36.70 £ 2.0
b. Work of adhesion (g.s) 20.84 £ 3.20
c. Cohesiveness 0.54+0.2
d. Springiness (mm) 28.36 £ 0.82
2. Spreadability (g/s) 19.45+£0.5
3. Penetrometry (N) 0.21 +£0.07
4. Mucoadhesive test
a. Work done (mJ) 1.75+£0.40
b. Force (N) 0.47+ 0.15

*TPA test revealed mechanical (sensory) properties of AmB-NE gel whereas
spreadability and penetrometry gave an idea of ease of application and softness of the
gel.



Table 4. Permeability parameters of AmB-NE gel and coarse AmB gel (mean + SD, n = 3)

Formulation Jss(ng/em?/h) K, (cm/h) x1073 Er
Coarse AmB gel 7.38 £2.021 246+0091 -
AmB-NE gel 31.45 + 3.430 10.49 £0.141 4.26

*Jss and Kp represent steady-state flux and permeability coefficient of tested gels respectively.
Er represents the enhancement ratio of AmB-NE gel when compared to coarse AmB gel



Table 5. Stability study of AmB-NE gel at 5 + 3°C (mean £ SD, n = 3)

Time (days) pH % drug remained Logiodrug remained
0 4.72 +£0.32 100.0 2.0000
60 4.77+0.24 99.85 1.9993
120 4.81+0.90 99.34 1.9971
180 4.86 £0.78 98.92 1.9952

*AmB-NE gel was stored in aluminium tubes
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Figure 2: a. Globule size (nm) and b. Zeta potential (mV) of AmB-NE obtained by zetasizer
instrument operated at 25 °C
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Figure 3: The graphical plot represents a. changes in AmB-NE’s mean globule after subjecting
it to variable Smix concentration (24-90% wi/w) while having a constant concentration of oil
phase (24% wi/w). b. represents changes in mean globule size of AmB-NE after subjecting it
to variable oil (Capmul MCM) concentration (24-90% w/w) while having a constant

concentration of Smix phase (24-48% wi/w).



120 100
90
80
70
60
50
40
30
20
10
O 20 40 60 80 100 120 0

Time (min) Time (min)

100

80

60

——AmB-NE gel

40 ——Coarse AmB gel

20

% Cumulative AmB release
% Cumulative AmB release

C

w
o
o
o

—o— AmB-NE gel

——Coarse AmB gel

[+
w
[=]
o

2000
1500
1000

500

0 4 8 12 16 20 24
Time (h)

% Cumulative AmB permeated (pug/mL)

Figure 4: Graphical representation of a. In-vitro drug release profile of AmB-NE performed in
50 mL of citro-phosphate buffer (pH 4.5) containing DMSO and methanol (1:1). b. In-vitro
drug release profile of AmB-NE gel (blue) and coarse AmB gel (red) performed in 500 mL of
citro-phosphate buffer (pH 4.5) containing 2% of DMSO and methanol (1:1). c. Ex-vivo skin
permeation of AmB-NE gel (blue) and coarse AmB gel (red) across bovine vaginal mucosa
performed in citro-phosphate buffer (pH 4.5) complemented with 2% of DMSO and methanol
(1:1) using a Franz diffusion cell.
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Figure 5: Bar graph representing in-vivo vaginal lavage studies performed in female Sprague
Dawley rats. The bar graph compares the percent AmB recovered in vaginal lavage samples
taken after 24 h of application (blue) along with the estimated % AmB permeated through the
vaginal mucosal layer (red). *** represents the p<0.001.



Figure 6: Histological micrographs of Sprague Dawley rat vaginal epithelium stained with
haematoxylin and eosin showing the following treatments: a. saline (control), b. AmB-NE, c.
isopropyl alcohol, d. Carbopol® 974P and aloe vera gel (CA gel), and e. AmB-NE gel. Figure
6¢ depicts a disrupted and non-continuous (broken) stratum epithelium, with stars (*) indicating
damaged lamina propria regions.



