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cinamide lipid nanocarrier laden
gel for enhanced treatment of vaginal candidiasis:
in vitro, ex vivo, in silico and preclinical insights
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A lipid-based nanocarrier system is a novel technique for the delivery of poorly soluble drugs through topical

delivery. This study developed a dual-drug (luliconazole: LZ, and niacinamide: NM) loaded lipid nanocarrier

(LN)-laden gel for the treatment of vaginal candidiasis. The LNs were prepared using cholesterol and soya-

a-lecithin through a thin-film hydration technique. The average vesicle size, polydispersity index, and zeta

potential of the optimized LZNMLNs were 126.40 ± 1.30 nm, 0.276, and −34.6 ± 0.8 mV, respectively, and

the formulation showed the sustained release of both drugs over an extended period. Selected LZNMLNs

were incorporated into a bio-adhesive gel. The optimized LZNMLNs-gel showed excellent viscosity,

spreadability, and bio-adhesiveness. The optimized LZNMLNs-gel exhibited significantly higher permeation

of LZ (1.46-fold) and NM (1.55-fold) than LZNM gel. The optimized LZNMLNs-gel showed significantly

higher in vitro antifungal activity (ZOI = 34 ± 2 mm) than commercial Candid V gel (18 ± 1 mm). The

optimized LZNMLNs-gel did not show any cytotoxicity against vaginal epithelial cells. The bioavailability of

LZNMLNs-gel was significantly (P < 0.05) increased (1.94-fold for LZ and 1.33-fold for NM) compared to

Candid V, with a decrease in total clearance indicating sustained release of the drug, which may lead to the

maintenance of therapeutic concentration for an extended period. In vivo antifungal activity showed that

the optimized LZNMLNs-gel completely treated the infection on the 7th day of treatment in an induced

rabbit model, compared to the commercial gel (Candid V gel, 10 days). Based the findings, it can be

concluded that LN-laden gel is an alternative carrier for improvement of the topical delivery of drugs for

the treatment of vaginal candidiasis.
Introduction

Vaginal candidiasis is a worrying medical challenge as it cannot
be treated by conventional therapy.1 This infection is very
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invasive and can lead to serious systemic complications unless
treated at an early stage. Supercial Candida infections subse-
quently lead to invasive candidiasis, which is very challenging to
treat and particularly life-threatening in immune-compromised
patients.2 Around 70% of women globally currently suffer from
vulvovaginal candidiasis.3 Until now, the treatment of vulvova-
ginal infections has typically involved the use of antifungal
drugs in conventional dosage forms, i.e., creams, suppositories,
and tablets. However, traditional treatment approaches have
some limitations, i.e., sub-therapeutic effectiveness and low
patient compliance.4 Further, localized topical formulations
suffer from several limitations, such as a rapid vaginal washout,
low absorption, and low bioavailability, with undesirable
adverse effects across the vaginal area.5

In view of this, nanotechnology-based bio-adhesive gel
(nanogel) topical formulation is an effective novel strategy to
improve the topical vaginal delivery of therapeutic agents.6 Bio-
adhesive gel laden with lipoidal nanocarriers (LNs, liposomes)
is being heavily explored to improve the topical delivery of
therapeutic agents for the treatment of topical microbial (fungal
or bacterial) infections.7 LNs are nanosized lipoidal vesicles
RSC Adv., 2025, 15, 5665–5680 | 5665
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composed of biocompatible, non-toxic phospholipid and
cholesterol outer layers enclosing an aqueous compartment.
Owing to their nano-size and unique hydrophilic and lipophilic
properties, LNs have emerged as a promising modality for the
delivery of drugs into the body.8,9 LNs can protect drugs from
harsh vaginal environments, target them precisely at the
desired site in a controlled manner, and can also modulate their
pharmacokinetic (PK) prole.10 Conversely, bio-adhesive gel
possesses the ability to adhere across the vaginal epithelium for
an extended period and can prolong the residence time of the
drug at the infected area.11–13

Luliconazole (LZ), a synthetic imidazole (azole), has been
widely used to combat severe fungal infections.14 It is a broad-
spectrum antifungal agent, which selectively inhibits the cyto-
chrome P 450 14-a-demethylase enzyme. It interrupts the
alteration of lanosterol to ergosterol and hampers the forma-
tion of the fungus cell wall. LZ is poorly water-soluble, which
limits its dermal delivery.15 LZ has been useful for treating
supercial fungal infections, genital candidiasis, and chronic
mucocutaneous candidiasis. However, following oral adminis-
tration, there is considerable variation in the LZ absorption
concentration and peak plasma concentration. Topical appli-
cation of the drug through semisolid dosage forms also results
in limited systemic availability.16 Thus, the delivery of LZ
through a nanocarrier-based topical formulation could be the
preferred strategy to boost its topical delivery and therapeutic
effectiveness.

Niacinamide (NM), a vitamin B3 amide, is a well-known
dietary supplement with a wide range of therapeutic applica-
tions. Currently, it is being widely investigated as a potential
therapeutic agent to treat skin diseases. It has various thera-
peutic, antioxidant, anti-inammatory, and immunomodula-
tory properties.17 Recent studies have documented that NM
actively protects skin cells from oxidative stress.18 Topical
delivery of NM improved tissue regeneration in an excisional
full-thickness skin wound.19 Clinical evidence of NM also
controls skin aging and pigmentation of skin.20,21 Thus, delivery
of NM along with LZ in a suitable dosage form would improve
tissue regeneration and promote the recovery of inamed tissue
in vaginal infection. Hence, co-delivery of LZ- and NM-loaded
nanogels would show superior therapeutic efficacy compared
to conventional dosage forms. The drug-loaded nanogel would
thus maintain higher localized drug availability and would
prompt the healing of inamed tissue while reducing undesir-
able side effects.

The present study was aimed at developing an LZ- and NM-
loaded lipoidal nanocarrier-laden bio-adhesive gel
(LZNMLNsG) to treat vaginal candidiasis. The LZLNMLN
formulation was developed using the thin-lm hydration tech-
nique. The LZLNMLNs were evaluated for vesicle characteris-
tics, drug loading and entrapment efficiency. The optimized
LZNMLN formulation was incorporated in Carbopol 934P,
HPMC-E15M, and neem-gum-based gel systems. The LZLNMLN
gel was evaluated for various gel characteristics, in vitro release,
ex vivo permeation, in vitro antifungal activity, and cytotoxicity
study. A further in vivo (pharmacokinetic and pharmacody-
namics) study was performed in a rabbit model. An in silico
5666 | RSC Adv., 2025, 15, 5665–5680
docking study was performed to analyze the possible molecular
mechanism of LZNMLNs-gel in vaginal candidiasis.

Material and experimental
Materials

LZ and NMwere purchased fromHiMedia (Maharashtra, India).
HPMC E15M was purchased from Dow Chemical Ltd, USA.
Soya-a-lecithin (SL) and cholesterol (CHL) were procured from
SRL Pvt. Ltd (Maharashtra, India). Butylated hydroxyl toluene
(BHT), ascorbic acid, propylene glycol (PG), Sabouraud dextrose
agar, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), Dulbecco's Modied Eagle's Medium, and fetal
bovine serum were procured from HiMedia (Hyderabad, India).

Microorganism. Candida albicans were acquired from India's
Microbial Type Culture Collection and Gene Bank (MTCC854)
in Chandigarh.

Cell line. Primary Vaginal Epithelial Cells (ATCC PCS-480-
010) were collected from American Type Culture Collection,
Manassas, VA.

Animals. The animal experiment protocol (IAEC/SPS/SOA/
127/2023) was approved by the Institute Animal Ethical
Committee of Siksha ‘O’ Anusandhan University, Bhubaneswar,
India. The study was performed on female (10–12 weeks, 3.0 ±

0.2 kg) albino rabbits, as per CPCSEA guidelines. All rabbits
were acclimated for at least 15 days in a laboratory setting with
a regular day and night cycle before the experiment at 25 °C ±

2 °C and 45–55% RH. Nutritious food was given to each rabbit
and there was unrestricted access to drinking water throughout
the study.

Development of experimental lipid nanocarriers

TLZNMLNs were prepared as per the composition given in
Table 1 by using the thin-lm hydration method.22,23 Measured
amounts of SL, CHL, and LZ were dissolved in 10 mL of chlo-
roform and transferred to a 250 mL round-bottom ask (RBF).
BHT (2% w/v) was added to the solution to prevent lipid per-
oxidation. RBF was placed in a rotary evaporator (Rotavap,
Heidolph, Germany) to evaporate the chloroform. The resultant
thin lipid lm was formed and stored overnight in a desiccator.
Hydration of the dried lipid lm was undertaken using a phos-
phate buffer solution (pH 7.4) containing ameasured amount of
NM. Then the dispersion was subjected to ultrasonication
(digital ultrasonic cleaner, Mumbai, India) for 30 min (30 s
intervals) for the formation of unilamellar nanosize vesicles.
The resultant formulation was kept for 1–2 h at 25 °C to allow
the discrete nano-vesicles to regain their native form. Then the
vesicle dispersion was subjected to centrifugation at 16 000 rpm
(45 min at 4 °C). The resultant sediment was collected in a Petri
dish and stored at −4 °C followed by lyophilization for 8–10 h
(laboratory freeze dryer, Mumbai, India) to obtain freeze-dried
LZNMLNs.

Vesicle characterization

The average vesicle size (Z-avg), polydispersity index (PDI), and
zeta potential of the LZNMLNs were determined with a zeta
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formulation composition, % drug loading and entrapment efficiency % of luliconazole- and niacinamide-loaded lipid nanocarriersa

Formulation code
Ratio of CHL
and SL

Amount of
drug (mg) % Drug loading EE

LZ NM LZ NM LZ NM

LZNMLNs-1 1 : 1 10 10 5.38 � 0.40 3.96 � 0.20 59.9 � 0.50 51.3 � 1.41
LZNMLNs-2 1 : 2 10 10 10.35 � 0.60 9.13 � 0.70 72.1 � 1.71 70.1 � 0.70
LZNMLNs-3 1 : 1.5 10 10 7.89 � 0.30 7.95 � 0.40 63.2 � 0.70 67.2 � 0.21

a LZ, luliconazole; NM, niacinamide; LZNMLN, luliconazole- and niacinamide-loaded lipid nanocarriers; SL, soya-L-a-lecithin; CHL, cholesterol; EE,
entrapment efficiency. Data show mean ± SD (n = 3).
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sizer (Nano ZS 90, Malvern Instruments Ltd, UK). The lyophi-
lized LZNMLN formulation was diluted with deionized water
followed by sonication for 5–7 min to make agglomerate-free
nano-vesicles. The sample was then placed into a cuvette and
analyzed at 25 ± 0.5 °C using the dynamic light scattering
method.23,24

Entrapment efficiency (EE) and drug loading

The lyophilized LZNMLN (5 mg) formulation was dispersed in
a mixture of acetonitrile and ethanol (1 : 1 v/v). The nano-
dispersion was sonicated and centrifuged at 16 000 rpm for
5 min. The dispersion was ltered, and the concentration of LZ
and NM was analyzed with a UV spectrophotometer (Shimadzu
1800, USA) at 296 nm and 260 nm. The % drug loading and EE
were calculated as follows:

%EE ¼ Theoretical drug conc� drug conc in supernatant

Theoretical drug conc
� 100
%Drug loading ¼ Theoretical drug conc� drug conc in supernatant

weight of LZNMLNs
� 100
Fourier-transform infrared spectroscopy (FTIR)

This study identied possible drug–excipient interactions by
analyzing the primary wavenumbers of the functional
groups.25 The spectra of pure LZ, NM, SL, CHL, BHT, physical
mixtures, and optimized LZNMLNs were analyzed using an
FTIR spectrophotometer (Shimadzu IR Prestige-21, Mumbai,
India). The samples were scanned between 4000 and 500 cm−1

at 25 °C. The spectra were recorded and compared with each
other.

Differential scanning calorimetry (DSC)

A DSC instrument (Mettler Toledo DSC-1, Switzerland) was used
to measure the change in enthalpy in the samples with respect
to temperature.23,25 Weighed amounts of pure LZ, NM, and
optimized LZNMLNs were separately packed into an aluminum
pan and placed inside a DSC chamber under a dynamic
nitrogen environment (50 mL min−1). The sample was scanned
between 30 and 200 °C at a rate of 10 °C min−1.
© 2025 The Author(s). Published by the Royal Society of Chemistry
X-ray diffraction analysis (XRD)

An X-ray diffractometer (D8 Discover, Bruker, Germany) was
employed to study the XRD analysis of the sample to explain
the crystallinity/amorphous nature of the sample.26 The LZ,
NM, and optimized LZNMLNs were separately used to ll the
sample holder, making the thin layer. The sample was scanned
between 5 and 70° at the 2-theta level (1° min−1 scanning
speed).
Field emission scanning electron microscopy (FESEM)

FESEM is a powerful method for the high-resolution surface
imaging of lipoidal nanocarriers.27,28 Briey, lyophilized opti-
mized LZNMLNs were spread over a piece of carbon tape across
a stub and vacuum-dried, followed by the application of a plat-
inum coating over the surface to improve the resolution, and
analyzed with a scanning electron microscope (FESEM, Carl
Zeiss Microscopy GmbH, Jena, Germany).
Cryo-transmission electron microscopy (cryo-TEM)

The optimized LZNMLNs were dispersed in deionized water,
sonicated (5 min), and immediately vitried over a cryo-stage
inside liquid ethane. About 4 mL of sample suspension was
applied over a clean grid and preserved under liquid nitrogen.
The sample was analyzed using an FEI Tecnai G2 X-Twin Cryo-
TEMmicroscope (FEI, Hillsboro, OR, USA) at 200 kV accelerated
voltage.29

In vitro drug release and release kinetics

The dialysis method was used to analyze the release of LZ and
NM from the LZNMLNs. In brief, a measured 10 mg of
LZNMLNs (containing 1.03 mg of LZ and 0.79 mg of NM) was
placed in a dialysis bag (MWCO: 3.5 kDa) and submerged in
50 mL of phosphate buffer saline (PBS, pH 7.2).30 The release
medium was stirred at 100 rpm and maintained at 37 °C
throughout the experiment. Aliquots of 1 mL of release medium
were taken at pre-xed time intervals, and the same volume of
RSC Adv., 2025, 15, 5665–5680 | 5667
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PBS was added to the beaker to maintain a constant volume.
The concentration was analyzed using a UV-visible spectro-
photometer at 296 nm for LZ and 260 nm for NM against PBS as
a blank. The drug release data of the LZNMLNs was plotted
against time according to different models, viz., zero-order,
rst-order, Higuchi, and Korsmeyer–Peppas, and R2 values
were calculated for each model for identication of the best-
tting model.31

Preparation of LZNMLN-loaded gel

LZNMLN-loaded gel was prepared using Carbopol 934P, HPMC
E15M and Azadirachta indica gum polymers as per the compo-
sition given in Table 2. Different concentrations of Carbopol
934P were dispersed under constant magnetic stirring (300
rpm). Then the required quantity of HPMC-E15M was mixed
into the Carbopol 934P and stirred overnight. Then Azadirachta
indica gum was dispersed in mildly heated distilled water. Then
it was mixed with the Carbopol934P/HPMC HPMC-E15M
dispersion under continuous stirring. Ascorbic acid and
propylene glycol (PG) were added to the dispersion system. The
required amount of LZNMLNs (1% w/w) was dispersed using
0.1% Span 80 and added to the aqueous polymeric dispersion
system while stirring continuously. Finally, the pH of LZNMLN-
loaded gel was adjusted using 10% w/v NaOH solution.

Characterization of LZNMLNs-gel

Homogeneity and smoothness. To determine their homo-
geneity, the LZNMLNs-gels were visually inspected for the
presence of any insoluble particulate matter. The smoothness
or grittiness of the LZNMLNs-gels was analyzed by rubbing
them between the ngers.

pH. A pHmeter (NEL Mod.821, Turkey) was used to measure
the pH of the LZNMLNs-gels. The LZNMLNs-gels (1 g) were
separately dispersed in 100 mL of deionized water at 25 °C.32

The electrode was dipped for 2 min, and the pH was recorded in
triplicate.

Viscosity. The viscosity of the LZNMLNs-gels was measured
using a Brookeld viscometer (DV III Ultra V6.0, Brookeld
Engineering Laboratories, Inc., Middleboro, MA).33

Spreadability. The spreadability of the LZNMLNs-gels was
determined according to their conventional slip and drag
properties, as described by Sudipta et al.34 Briey, a measured
amount of LZNMLNs-gel was sandwiched between two slides,
with excess amounts of gel scraped off. The upper slide was
Table 2 Formulation composition of luliconazole- and niacinamide-loa

Composition LZNMLNs2G1

Carbopol 934P (%w/w) 1
HPMC E15M (%w/w) 0.5
Azadirachta indica gum (% w/w) 1
Propylene glycol 5 mL
Ascorbic acid 4 mg
LZNMLNs2 30 mg
Span 80 (%) 0.5
10% NaOH solution q.s
Double distilled water 50 mL (q.s.)

5668 | RSC Adv., 2025, 15, 5665–5680
attached to a given weight of 80 g through a string (passed over
a pulley), which was then allowed to pull over the lower slide.
The time (in seconds) during which the slides were detached
from each other was recorded, and the spreadability was
calculated with the reported formula.35 In general, the shorter
the time of separation, the better the spreadability.

Extrudability. The LZNMLNs-gels were packed into a fold-
able aluminum tube with a standard cap. Aer that, the tubes
were sandwiched between two glass slides and clamped. The
covers were removed and a 200 g weight was added over the
slides. The extruded volume of each LZNMLNs-gel was taken
and weighed. The % percentage extrudability of the gels was
determined:34

Extrudability ¼ extrudability amount

weight of gel
� 100

Swelling. LZNMLNs-gels were deposited into 20 mL of PBS
(pH 4.2) at 25 °C. At pre-scheduled intervals, i.e. 2, 4, 6, and 8 h,
the gels were weighed and the % swelling was calculated:36

%Swelling ¼ weight at definite time� initial weight

initial weight
� 100

Bio-adhesion. The usual arm balancing method was used to
evaluate the adhesion behavior of the LZNMLNs-gels.37 A
container with a balancing load on one side and a balance with
two glass plates on the other comprised the tool. The base of the
stage held the lower of the two glass plates, while a chain con-
nected the upper plate to the balancing arm. The mucosal
membrane of a goat, following proper cleaning and perfusing
with saline, was trimmed to the appropriate size. The mucosal
side was exposed to the gel side by applying adhesive to two
portions of the membrane that were attached between two glass
plates. Aer placing the measured amount of LZNMLNs-gels
(100 mg), the upper glass plate was subjected to a 10 min pre-
loaded squeeze (35 g). Following the removal of the pre-load,
the glass plates were separated from each other under the
trickling of water from a specic height. The weight of water
needed for the detachment of the glass slides was correlated
with the bio-adhesion force.

Rheological properties. Rheological studies of the optimized
LZNMLNs-gel and commercial gel (Candid V) were carried out
with a moving-die rheometer (Ektron Tek Co. Ltd, Taiwan) at
37 °C. At shear rates ranging from 1 to 60 per sec, the viscosity of
ded lipid nanocarrier incorporated bio-adhesive gels

LZNMLNs2G2 LZNMLNs2G3

0.8 0.5
1.5 1
0.5 1.5
5 mL 5 mL
4 mg 4 mg
30 mg 30 mg
0.5 0.5
q.s q.s
50 mL (q.s.) 50 mL (q.s.)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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both gels was analyzed, and a graph between viscosity and shear
rate was plotted.38

Ex vivo drug permeation. An excised goat vaginal mucosal
membrane was used for the analysis of the ex vivo permeation of
LZ and NM from optimized LZNMLNs-gel. The membrane was
mounted between Keshary–Chien diffusion cells (20 mL with
1.766 cm2 cross-sectional area).39 The receptor part of the
diffusion cell was lled with PBS (pH 4.2, simulated vaginal
uid) and maintained at 37 °C and stirred at 50 rpm. The donor
part of the diffusion cell was lled with optimized LZNMLNs-gel
(1%). At pre-determined intervals, 1 mL aliquots were taken
from the receptor compartment and simultaneously replaced
with fresh PBS. The permeation concentration of LZ and NM
was analyzed with a UV-spectrophotometer at 296 nm for LZ
and 260 nm for NM. The ux and apparent permeability coef-
cient were calculated.

In vitro antifungal activity. The in vitro antimicrobial effec-
tiveness of the optimized LZNMLNs-gel against Candida albi-
cans (1.5 × 108 CFU mL−1) was evaluated by the agar well
diffusion method.40 Briey, Sabouraud dextrose agar (SDA)
medium was prepared and sterilized at 121 °C for 15 min. The
Candida albicans (MTCC854) and melted SDA medium were
poured into a sterilized Petri plate and allowed to solidify. A
6 mm hole was made using a sterile borer. Measured amounts
of LZNMLNs-gel (containing 1% w/v of LZ and NM) and
commercial gel (Candid V gel, 1%) were incorporated into the
agar hole. The plate was incubated at 25 °C for 48 h and the
zone of inhibition (ZOI) was measured.

Cytotoxicity evaluation in vaginal cell line. AnMTT assay was
used to determine the cell viability of primary vaginal epithelial
cells (ATCC PCS-480-010) treated with optimized LZNMLNs
gel.41 Briey, the vaginal epithelial cells (at 1 × 104 cells) were
grown in Dulbecco's Modied Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum and incubated in a CO2

incubator for 24 h (37 °C). L-Glutamine, and penicillin–strep-
tomycin (1%) were added into the medium. The cells were
plated into 96-well microplates and different concentrations of
optimized LZNMLNs-gel, i.e., 200, 400, 600, 800, 1000, and 1200
mg mL−1 were added. The plates were incubated for 48 h. 100 mL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was added into each micro-plate well and again incu-
bated for 4 h. Following the removal of the culture medium,
sterile dimethyl sulfoxide (100 mL) was added into each culture
well, resulting in the solubilization of formazan crystals. The
absorbance of the sample was measured at 570 nm using
a microplate reader (Multiskan™ FC microplate photometer,
Thermo Scientic, India) and the % viability was calculated.42

Pharmacokinetic study. A pharmacokinetic study of opti-
mized LZNMLNs-gel was conducted on laboratory white albino
rabbits (female, 3.0 ± 0.2 kg) and was compared with that of
Candid V gel. The rabbits were divided into two experimental
groups: Group I for optimized LZNMLNs-gel, and Group II for
Candid V gel. The rabbits were kept fasting overnight before the
study. Blood samples were taken before application of the
formulation for baseline correction. The optimized LZNMLNs-
gel and Candid V gel (1% w/w) were applied to the vaginal
area of the rabbits. At different time intervals, the rabbits were
© 2025 The Author(s). Published by the Royal Society of Chemistry
anesthetized using a diethyl ether inhaler. The blood samples
were collected into EDTA tubes. The plasma was separated by
centrifugation of the blood at 5000 rpm (10 min) using
a microcentrifuge (Inovia Technology, INO-FBC 5000, Ger-
many). For extraction of LZ and NM, 100 mL of each plasma
sample was mixed with acetonitrile : ethanol (1 mL, 1 : 1). Then
the mixture was centrifuged at 5000 rpm for 15 min, and the
supernatant was collected. Then the supernatants were dried
under a vacuum dryer. The dried samples were reconstituted
with a mobile phase (acetonitrile : methanol) and 50 mL of car-
bamazepine solution (internal standard). For the analysis, 20 mL
of the sample was injected into the LCMS/MS column
(Discovery C18, 15 cm × 2.1 mm ID, 5 mM). Using Phoenix
WinNonlin soware, various pharmacokinetic parameters i.e.,
Cmax, Tmax, the area under the curve (AUC), half-life (t1/2), mean
time of residence (MRT), the area under the rst moment curve
(AUMC), and elimination rate (Kel), were determined.43

In vivo efficacy evaluation in rabbit vaginitis model. Animal
experiments were conducted according to the CCSEA Animal
Guidelines for Ethical Review of Animal Welfare. The study was
done on female albino rabbits. The rabbits were divided into
three treatment groups: Group I (optimized LZNMLNs-gel),
Group II (Candid V gel), and Group III (blank gel). The rabbits
received an estradiol valerate injection (1.2 mg kg−1) to develop
the required immunosuppressive environment and false estrus
prior to infection. To induce infection, about 100 mL of Candida
albicans cell suspension (3 × 108 CFU per mL with FBS (10%))
was inoculated into a rabbit vagina using an automatic micro-
pipette, once a day for ve consecutive days.44 To stop uid from
leaking out, the vaginal orice was closed with aseptic cotton
balls. Aer ve days of inoculation, the vulval redness, swelling,
secretions, etc. were recorded. The formulation, i.e., optimized
LZNMLNs-gel (1 g of gel was equivalent to 1.03 mg of LZ and
0.79 mg of NM), Candid V gel, and blank gel were applied to the
respective group for 10 days. The observation was done visually.

Docking analysis. To predict the interaction prociency of
drugs with selected Candida proteins, an in silico docking study
was conducted. Two-dimensional structures of LZ and NM were
obtained via the PubChem website.45 The Protein Data Bank
provided the target protein crystal structures.46 The dehydration
of all proteins, ligand separation, and storage with molecular
docking was conducted using AutoDockTools1.5.6.25. The
docking outcome was modied for the optimal structure and
visualized with Discovery Studio Visualizer 2.5. From the
docking score, the protein–ligand interaction prociency was
predicted.

Statistical analysis. Average ± standard deviation (SD) was
used to express the data. A one-way analysis of variance
(ANOVA) and a Tukey post hoc test were applied for statistical
analysis (OriginPro 8, MA USA). P < 0.05 was considered at the
95% condence level for signicant differences.

Results
Vesicle characterization

The average vesicle size (Z-avg) of the LZNMLN formulations
was analyzed and found to be 184.60 ± 5.01 nm for LZNMLNs1,
RSC Adv., 2025, 15, 5665–5680 | 5669
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126.40 ± 1.30 nm for LZNMLNs2, and 211.3 ± 8.1 nm for
LZNMLNs3. The PDI of the formulations was found to be 0.801
for LZNMLNs1, 0.376 for LZNMLNs2, and 0.621 for LZNMLNs3.
The zeta potential of the formulations was found to be
−39.61 mV for LZNMLNs1, −34.6 mV for LZNMLNs2, and
−26.16 mV for LZNMLNs3. The vesicle size and PDI of
LZNMLNs2 were found to be lower (PDI < 0.5) than for the other
formulations (LZNMLNs1 and LZNMLNs3).
Drug loading and entrapment efficiency

The drug loading and EE of LZ and NM in the LZNMLNs were
analyzed, and the results are depicted in Table 1. The loading of
LZ ranged from 5.38% (LZNMLNs1) to 10.35% (LZNMLNs2).
However, the loading of NM ranged from 3.96% (LZNMLNs1) to
9.13% (LZNMLNs2). The EE of LZ was found to range from 59.9
± 0.5% (LZNMLNs1) to 72.1 ± 1.7 (LZNMLNs2). However, the
EE of NM ranged from 51.3 ± 14% (LZNMLNs1) to 70.1 ± 0.7%
(LZNMLNs2).
Selection of optimized LZNMLNs

The optimized LZNMLN formulation was selected based on
optimum parameters value, i.e., Z-avg, drug loading %, and EE.
Fig. 1 (A) Average vesicle size (Z-avg), (B) zeta potential, (C) field emissi
microscopy of optimized luliconazole- and niacinamide-loaded lipid na

5670 | RSC Adv., 2025, 15, 5665–5680
Among the formulations, LZNMLNs2 was selected as the opti-
mized batch, showing Z-avg of 126.40 ± 1.30 nm, PDI of 0.376,
and EE of −34.6 mV (Fig. 1A and B). The loadings of LZ and NM
in LZNMLNs2 were found to be 10.35%, and 9.13%, respec-
tively, with satisfactory EE as well (Table 1). Based on the
characterization data, LZNMLNs2 was used for further study.

FESEM analysis

The surface morphology of the LZNMLNs2 is displayed in
Fig. 1C. The shape of LZNMLNs2 displayed a spherical and
smooth surface. No agglomeration was found throughout the
sample.

Cryo-TEM analysis

The cryo-TEM image of LZNMLNs2 showed a spherical lipid
layer with an inner aqueous compartment (Fig. 2D). Further-
more, the outer surface is smooth and spherical without any
perforations, conrming its stability.

FTIR-ATR analysis

The FTIR spectra of the LZ, NM, SL, CHL, BHT, physical
mixtures, and optimized LZNMLNs are shown in Fig. 2A.
on scanning electron microscopy, and (D) cryo-transmission electron
nocarriers (LZNMLNs2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) FTIR study of LZ, NM, SL, CHL, BHT, physical mixture and optimized LZNMLNs. (B) DSC thermogram of LZ, NM and optimized
LZNMLNs. (C) XRD diffractograms of LZ, NM and optimized LZNMLNs (LZNMLNs2).
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Characteristic peaks of LZ were observed at 905.41 cm−1 (C–Cl
stretching), 1644.98 cm−1 (C]C alkene stretching), 2200 cm−1

(CN stretching), and 2830.09 cm−1 (C–H aliphatic stretching),
conrming its purity. Similarly, the FTIR spectrum of NM
showed characteristic peaks at 1672.95 cm−1 (C]O stretching),
3353.6 cm−1 (N–H stretching), and 1614.13 cm−1 (N–H
bending), conrming its purity. In the FTIR spectrum of the
physical mixture (SL, CHL, BHT, and drugs), characteristic
peaks were found at 1742.37 cm−1 corresponding to C]O
stretching of the ester in SL, 2924.52 cm−1 for O–H stretching in
CHL, 1644.98 cm−1 for C]H stretching in LZ, 3359.39 cm−1 for
N–H stretching in NM, etc. This showed no signicant alteration
in the characteristic peaks of the drugs or excipients in the
physical mixture of ingredients, conrming the absence of
incompatibility. The FTIR spectrum of LZNMLNs2 further
showed that the characteristic peaks of the drugs at 2852.2 cm−1

(C–H aliphatic stretching in LZ) and 1646.91 cm−1 (N–H
bending or C]O stretching in NM) were retained with only
slight shiing, indicating no interaction between drugs and
excipients.
DSC analysis

The physiochemical state, such as crystalline behavior or
degradation prole, including any chemical interactions in the
formulation, was evaluated using DSC. The thermogram
showed a clear, sharp, single endothermic peak for pure LZ at
153.3 °C and for NM at 133.84 °C, corresponding to their
© 2025 The Author(s). Published by the Royal Society of Chemistry
melting points, which conrms the crystalline nature of the
drugs (Fig. 2B). However, in the thermogram of LZNMLNs2,
clear sharp peaks were absent, which indicated encapsulation
of the drugs inside the lipoidal core/bilayer matrix and loss of
crystallinity. Additionally, no additional endothermic peaks
appeared in LZNMLNs2, not even in the molten state, which
supported the absence of any chemical interactions between
drugs and lipid components.
XRD analysis

The XRD diffractogram of pure LZ showed characteristic peaks
at 17.38°, 19.82°, 21.08°, 23.5°, and 27.37° with corresponding
intensities of 2455 (58), 2202 (54), 1778 (41), 1516 (119), and
2125 (55), respectively. Similarly, NM characteristic peaks were
detected at 14.80°, 14.61°, 25.69°, and 27.18° with correspond-
ing intensities of 2759 (358), 2127 (171), 1998 (193), and 1496
(66), respectively (Fig. 2C). These sharp peaks with high inten-
sity conrmed the crystalline nature of both LZ and NM.
However, the diffractogram of LZNMLNs2 did not show the
sharp and distinct peaks of LZ and NM; rather, diminished
peaks with a signicant reduction in peak height and area were
observed. The overall analysis indicated the amorphisation of
LZ and NM into the LZNMLNs2 matrix.
In vitro drug release and release kinetics

The in vitro release study of LZ and NM from LZNMLNs2 was
done by the dialysis bagmethod in simulated vaginal uid (PBS,
RSC Adv., 2025, 15, 5665–5680 | 5671
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Fig. 3 (A) In vitro drug release study of LZ and NM from optimized LZNMLNs2. (B) % Swelling of different LZNMLNsG at different time intervals.
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pH 4.2), and the results are shown in Fig. 3A. Both drugs (LZ and
NM) were appropriately released from LZNMLNs2 without any
burst release. The release of LZ and NM from LZNMLNs2 was
75.71 ± 2.79% and 67.61 ± 2.65%, respectively, in 12 h. The
study showed that LZ and NM were released from LZNMLNs2 in
a sustainedmanner without any uctuation (burst release). This
revealed that both drugs were successfully encapsulated into
the lipid matrix. The rst-order kinetic release model was found
to give the best t (R2 values of 0.9925 and 0.9921 for LZ and
NM), which suggests that the drug release might follow the
process of diffusion and erosion from the nano-lipoidal
vesicles.
Development and characterization of experimental LZNMLN
gel

The optimized LZNMLNs (LZNMLNs2) were successfully
incorporated into a gel system using a gelling polymer (Carbo-
pol and HPMC) and evaluated. Azadirachta indica gum was used
to aid sufficient bio-adhesion. The results of all evaluation
parameters are depicted in Table 3. The pH of all LZNMLNs2-
loaded gels (LZNMLNs2G) was found to range from 4.32 ±

0.10 to 4.56 ± 0.22, which is very close and compatible with
vaginal pH (4.5). The viscosity of the gels was in the range of 34
231 ± 68 cps (LZNMLNs2G1) to 43 126 ± 84 cps (LZNMLNs2G2)
(Table 3). The viscosity of the gel increased with an increase in
Table 3 Physical characterization of luliconazole- and niacinamide-load

Formulation pH Viscosity (cps) Mucoadhesive

LZNNLNs2G1 4.34 � 0.12 34 231 � 68 19.61 � 2.31
LZNNLNs2G2 4.32 � 0.10 43 126 � 84 26.32 � 1.02
LZNNLNs2G3 4.56 � 0.22 39 092 � 92 21.23 � 1.14

a Excellent. b satisfactory.

5672 | RSC Adv., 2025, 15, 5665–5680
polymer concentration. The spreadability of the gels was found
to be 6.82 ± 0.12 g cm per sec for LZNMLNs2G1, 5.03 ±

0.42 g cm per sec for LZNMLNs2G2, and 5.92 ± 0.24 g cm
per sec for LZNMLNs2G3 (Table 3). The spreadability of gel
depended on viscosity (polymer concentration) of the gel. The
extrudability of the gel was analyzed and found to be (91.04 ±

0.17% for LZNMLNs2G1, 78.2 ± 0.78% for LZNMLNs2G2), and
83.43± 1.5% for LZNMLNs2G3. The bio-adhesive strength of all
developed gels was found to be satisfactory at 19.61 ± 2.31 g for
LZNMLNs2G1, 26.32 ± 1.02 g for LZNMLNs2G2, and 21.23 ±

1.14 g for LZNMLNs2G3 (Table 3).
Swelling study

The swelling study of the gels was determined, and the results
are depicted in Fig. 3B. LZNMLNs2G2 showed satisfactory
swelling, i.e., 620.56 ± 25.29%, compared to LZNMLNs2G1
(408.34± 17.19%) and LZNMLNs2G3 (516.32± 19.99%) over an
8 h study period.
Selection of optimized LZNMLNs2G

The LZNMLNs2G2 was selected as an optimized formulation
based on viscosity, spreadability, extrudability, bio-adhesive
strength, and swelling, and thus it was selected for further
analysis of in vitro and in vivo efficacy.
ed lipid nanocarrier incorporated adhesive gels

strength (gf) Spreadability (g cm per sec) Extrudability (%)

6.82 � 0.12 91.04 � 0.17b

5.03 � 0.42 78.2 � 0.78a

5.92 � 0.24 83.43 � 1.5b

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Rheological properties

The ow curve of LZNMLNs2G2 and the commercial formula-
tion showed satisfactory rheological characteristics (Fig. 4A).
The viscosity of the gel decreases by increasing the shear rate. It
exhibited a shear-thinning system, i.e., pseudo-plastic ow
(non-Newtonian ow).
Ex vivo permeation study

The ex vivo permeation of LZ and NM from LZNMLNs2G2 was
studied using the excised goat mucosa, and results are repre-
sented graphically in Fig. 4B. The % permeation of LZ and NM
from LZNMLNs2G2 was found to be 61.08 ± 3.59% (1832.60 ±

107.61 mg) and 56.74± 1.87% (1702.17± 56.09 mg), respectively.
The % permeation of LZ and NM from plain LZNM-gel was
found to be 41.74 ± 2.98% (1252.17 ± 89.35 mg) and 36.52 ±

2.65% (1095.65 ± 79.56 mg), respectively. The ux of LZ and NM
from LZNMLNs2G2 was found to be 246.32± 14.46 mg cm−2 h−1

and 228.78 ± 7.54 mg cm−2 h−1, respectively. It was observed
that LZNMLNs2G2 exhibited a 1.46-fold higher permeation of
LZ than plain LZNM gel and a 1.55-fold higher permeation of
NM than plain LZNM gel.
In vitro antimicrobial efficacy evaluation against Candida
albicans

The antimicrobial activity of LZNMLNs2G2 (1 mg mL−1 drug
concentration) against Candida albicans was studied and
compared with Candid V gel (clotrimazole, 1% w/w) and control
(DMSO) (Fig. 5A). The ZOI of LZNMLNs2G2 and Candid V gel
was analyzed and found to be 34 ± 2 mm and 18 ± 1 mm,
respectively. In general, antimicrobial potency is classied as
sensitive (ZOI $ 11 mm), intermediate (ZOI, 8–10 mm), or
resistant (ZOI < 7 mm).47 The area of ZOI around LZNMLNs2G2
was a little hazy compared to the ZOI of Candid V gel, which
could be attributed to the slower/sustained release of drugs
Fig. 4 (A) Rheological graph (flow curve) of (LZNMLNs2G3) and comm
permeation of LZ and NM from LZNMLNs2G3 and LZNM gel.

© 2025 The Author(s). Published by the Royal Society of Chemistry
from the LZNMLNs2G2. This revealed that LZNMLNs2G2
exhibited signicantly (P < 0.05) higher antimicrobial activity
than Candid V gel against Candida albicans.48
Cytotoxicity study in vaginal epithelial cells

The cytotoxicity of LZNMLNs2G2 and blank gel was evaluated by
the MTT assay method on vaginal epithelial cells (ATCC PCS-
480-010), and the results are depicted in Fig. 5B. A negligible
reduction in the cell viability was observed in vaginal epithelial
cells with LZNMLNs2G2, i.e., 91.83 ± 4.91%, 88.78 ± 3.31%,
and 86.75± 3.29%, was observed at 800 mgmL−1, 1000 mgmL−1,
and 1200 mg mL−1, respectively. Thus, the results showed no
signicant reduction in cell proliferation even aer 24 h of
incubation at various tested concentrations. The results indi-
cated that LZNMLNs2G2 is non-toxic even at higher concen-
trations. The blank gel (no drugs) also did not adversely affect
vaginal epithelial cells, indicating the biocompatible nature of
the excipients used for the preparation of LZNMLNs2G2.
Pharmacokinetic study (PK)

A pharmacokinetic study of the LZNMLNs2G2 and commercial
gel (Candid V) was performed on the rabbits and the plasma
concentration vs. time graph is depicted in Fig. 6A and the PK
data is given in Table 4. The PK graph clearly showed higher
residence of LZ and NM in plasma delivered through
LZNMLN2G2 compared to LZNM gel. The Tmax, Cmax, AUC0-t,
Kel, AUC0-inf, AUMC0-t, AUMC0-inf, half-life and MRT of LZ from
LZNMLNs2G2 were found to be 4 h, 927.63 ± 38.667 ng mL−1,
10 110.88 ± 143.87 ng h mL−1, 0.087 ± 0.021 h−1, 11 828.00 ±

103.87 ng h mL−1, 83 542.28 ± 172.18 ng h2 mL−1, 144 276.01 ±

202.12 ng h2 mL−1, 7.88 ± 0.21 h, and 8.26 ± 0.24 h, respec-
tively. However, the Tmax, Cmax, AUC0-t, Kel, AUC0-inf, AUMC0-t,
AUMC0-inf, half-life and MRT of NM from LZNMLNs2G2 were
found to be 4 h, 769.21 ± 43.67 ng mL−1, 6944.10 ± 78.93 ng h
ercial (Candid V gel), showing the shear thinning system. (B) Ex vivo

RSC Adv., 2025, 15, 5665–5680 | 5673

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08397k


Fig. 5 (A) In vitro antimicrobial activity of experimental lipid nanocarrier-embedded bigel (LZNMLNs2G2) via agar well diffusion method against
Candida albicans vs. standard gel (Candid V gel) as positive control. DMSO was used as negative control. (B) Cytotoxicity analysis of nano-bigel
(LZNMLNs2G2)/blank gel in selected vaginal epithelial cells.
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mL−1, 0.097± 0.25 h−1, 7888.45± 92.71 ng hmL−1, 54 446.91±
192.13 ng h2 mL−1, 86 823.81 ± 198.02 ng h2 mL−1, 7.13 ±

0.26 h and 7.84 ± 0.27 h, respectively. LZNMLNs2G2 exhibited
signicantly higher PK parameters than conventional LZNM
gel. The AUC0-t of LZ and NM from the LZNMLNs2G2 were 1.94-
fold and 1.33-fold higher than those of Candid V gel
(commercial gel). LZNMLNs2G2 also exhibited a signicantly
higher MRT (1.49-fold for LZ and 1.39-fold for NM) compared to
Candid V gel. This indicated sustained release of LZ and NM
from LZNMLNs2G2, maintaining the therapeutic concentration
Fig. 6 (A) Plasma concentration of LZ and NM following topical vaginal a
gel (Candid V gel). Data show mean ± SD (n = 3). (B) In vivo efficacy ev
rabbit model against commercial gel (Candid V gel).

5674 | RSC Adv., 2025, 15, 5665–5680
over an extended period. The signicantly lower elimination
rate of LZ and NM from LZNMLNs2G2 compared to Candid V
(0.157 ± 0.032 h−1) further revealed the prolonged in vivo resi-
dence time of drugs from LZNMLNs2G2, which would be
benecial in enhancing the effectiveness of the treatment.

In vivo efficacy evaluation in vaginal candidiasis model

The in vivo efficacy of LZNMLNs2G2 compared to Candid V gel
and blank gel was examined in female rabbits aer the induc-
tion of vaginitis. The results are depicted in Fig. 6B.
pplication of experimental nanogel (LZNMLNs2G2) against commercial
aluation of experimental nanogel (LZNMLNs2G2) in vaginitis-induced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Estimation of plasma pharmacokinetic parameters in albino rabbits following topical vaginal application of Candid V gel (standard) and
selected nano-biogelsa

Parameters Marketed gel (candid V) LZNMLNs2G2 (LZ) LZNMLNs2G2 (NM)

Tmax (h) 2 4 4
Cmax (ng mL−1) 781.13 � 55.07 927.63 � 38.667 769.21 � 43.67
AUC0-t (ng h mL−1) 5199.60 � 56.18 10 110.88 � 143.87 6944.10 � 78.93
Kel (h

−1) 0.157 � 0.032 0.087 � 0.021 0.097 � 0.25
AUC0-inf (ng h mL−1) 5346.78 � 76.23 11 828.00 � 103.87 7888.45 � 92.71
AUMC0-t (ng h2 mL−1) 29 349.84 � 1121.32 83 542.28 � 172.18 54 446.91 � 192.13
AUMC0-inf (ng h2 mL−1) 33 819.15 � 172.19 144 276.01 � 202.12 86 823.81 � 198.02
Half-life (h) 4.41 � 0.13 7.88 � 0.21 7.13 � 0.26
MRT (h) 5.64 � 0.16 8.26 � 0.24 7.84 � 0.27

a Abbreviations: Cmax: maximum plasma drug concentration; Tmax: time taken in hours to attain maximum plasma drug concentration; AUC: area
under the plasma concentration time curve; AUMC: area under the rst moment curve; Kel: elimination rate constant; MRT: mean residence time.
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LZNMLNs2G2 exhibited a considerable decrease (to <0.05) in an
infection on the 7th day of treatment as compared to the
Candid V gel on the 10th day. However, the blank gel group
(Group III) did not show any signicant improvement in
infection. Following topical application across the infected
area, LZNMLNs2G2-treated rabbits showed complete recovery
within 7 days of treatment.
Docking analysis

Promising in vitro/in vivo antimicrobial results prompted us to
investigate the affinities of LZ and NM for key proteins linked to
Candida albicans. For LZ, higher binding affinity was observed
for all the selected Candida proteins, among which docking
with 14-a-demethylase (5TZ1) resulted in the highest docking
score of −13.44 kcal mol−1 (Table 5). Similarly, binding affini-
ties of −9.46 kcal mol−1, −11.50 kcal mol−1 and
−10.99 kcal mol−1 were observed for Als3 adhesin (4LE8),
Crystal Structure of Enolase1 (7v67), and thymidylate synthase
(5UIV) with LZ. Further, a higher binding affinity (−7.17 kcal-
mol−1) was observed for NM against 5UIV. The overall docking
study rationalized the in vitro and in vivo antimicrobial test
results.
Discussion

The goal of the current study was to improve the transepithelial
delivery of LZ and NM through LN gel. Different batches of
LZNMLNs with varying ratios of lipids (CHL and SL) at xed
concentrations of the drugs were prepared using the thin-lm
hydration method. The optimized LZNMLN (LZNMLNs2)
formulation was selected based on Z-avg, drug loading %, and
EE. The optimized formulation exhibited PDI < 0.5 (0.378),
indicating the monodispersed or narrow size distribution of the
vesicles. PDI > 0.5 indicates the broad size distribution of the
vesicles of particles.49

The FESEM image showed the spherical shape and smooth
morphology of LZNMLNs2 (Fig. 1C). The spherical size of the
LNs would help to increase contact and adhesion with the
vaginal wall. The smooth surface of the LNs may decrease irri-
tation and enhance comfort during application.50 In addition,
© 2025 The Author(s). Published by the Royal Society of Chemistry
spherically shaped particles increase drug permeation through
the vaginal epithelium and improve drug absorption. They also
allow the sustained release of encapsulated drugs over an
extended period.51

The FESEM result was further supported by Cryo-TEM
analysis. Cryo-TEM is an irreplaceable tool for the clear visual-
ization of internal morphology and lamellarity. In the cryo-TEM
of LZNMLNs2, clear unilamellar vesicles, without any structural
damage were observed (Fig. 1D). The cryo-TEM image indicated
that vesicle lamellarity did not signicantly alter the suspension
state in terms of size, shape or architecture.52

The FTIR spectra showed the absence of any major physical/
chemical interaction between LZ/NM and other lipids/
excipients used in formulating the LNs. However, a few minor
shis in characteristic peaks of drugs and lipids in the
LZNMLNs were detected, which could be attributed to the
presence of van der Waals, electrostatic, or dipole–dipole
interactions between the components during the formulation
process. Such minor physical interactions would be rather
benecial in holding the drugs together in the LNs (Fig. 2A).
Similar types of observation have been reported for curcumin-
and tetrandrine-loaded LNs.53

A DSC study was performed to analyze the crystallinity of the
therapeutic agents in the LNs.54 The sharp single endothermic
peaks of pure LZ and NM indicated their purity and crystallinity
(Fig. 2B). However, the absence of sharp endothermic peaks of
LZ and NM in LZNMLNs2 indicated encapsulation of drugs
inside the LNs with loss of their crystallinity or a change into an
amorphous form, which would be helpful for improving their
solubility.55

Similarly, the diffractograms of pure LZ and NM showed
sharp, intense peaks indicating their crystalline nature, as
supported by various reports.56,57 However, in the diffractogram
of LZNMLNs2, LZ and NM did not show sharp intense peaks
(but diminished peaks) (Fig. 2C). This revealed that LZ and NM
might lose crystallinity or change into an amorphous form.
Induction of amorphization would be helpful for improving the
solubility, bioavailability, and therapeutic activity of the drug.56

In addition, the low intensity or absence of LZ and NM peaks in
the LNs indicated the suitable encapsulation of the drugs into
RSC Adv., 2025, 15, 5665–5680 | 5675
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Table 5 In silico docking analysis of selected Candida albicans proteins with luliconazole and niacinamide

RECEPTOR
(PDB ID)

14- a-demethylase
(5TZ1)

Sequanlene epoxidase
(4MAI)

Delta(14)-sterol reductase
(4QUV)

Thymidylate synthase
(5UIV)

Luliconazole

Niacinamide
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the LN matrix, which would be helpful in protecting the drugs
from degradation and providing a sustained release prole.58,59

The in vitro release of LZ and NM from LZNMLNs2 was
studied in simulated vaginal uid (PBS, pH 4.2) using a dialysis
bag. LZ and NM exhibited sustained release over the 24 h of the
study (Fig. 3A). Owing to the hydrophilic nature of NM, it might
be encapsulated deep inside the aqueous core of the LNs, which
might result in slower release than for LZ. This result was
conrmed by a previously published report of a tetracaine-
5676 | RSC Adv., 2025, 15, 5665–5680
hydrochloride-loaded lipid vesicle.60 The sustained release of
drugs from the LNs would maintain the therapeutic concen-
tration over an extended period and would increase absorption
as well as decrease side effects. It would also help to increase
patient compliance by decreasing the dose and dosing
frequency and related adverse effects.

Furthermore, among the kinetic models, the Higuchi
kinetics model was found to be the best t because it showed
the highest R2 value and followed the non-Fickian diffusion
© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanism (erosion- and diffusion-controlled release) for the
drug release pattern.61

LZNMLNs2-gels were successfully prepared using Carbopol-
934P, HPMC-E15M, and Azadirachta indica gum. Azadirachta
indica gum (a natural adhesive polymer) was used as a bio-
adhesive agent to increase retention at the vaginal site. Addi-
tionally, Azadirachta indica gum possesses suitable antimicro-
bial properties, which would further synergize the antifungal
potency. LZNMLNs2G2 (0.5% w/v neem gum, 0.8% w/v
Carbopol-934P, and 1.5% w/v HPMC-E15M) was chosen as the
optimized gel because it exhibited optimum gel characteristics
(Table 2). Because of its excellent bio-adhesion, viscosity, and
optimum swelling (Fig. 3B), LZNMLNs2G2 would remain for
a long time on the application site, leading to an increase in
permeation and therapeutic efficacy.62

LZNMLNs2G2 exhibited a shear-thinning system (Fig. 4A),
i.e., the viscosity of the gel decreased with increasing shear rate.
This indicates that the gel followed pseudo-plastic ow (non-
Newtonian ow).63 This system may be easily spread over the
application area and evenly distributed as well as controlling
drug release. This system would be benecial for effective in vivo
application across the vaginal area.

An ex vivo permeation study of LZ and NM from
LZNMLNs2G2 was performed, and the results are shown in
Fig. 4B. LZNMLNs2G2 showed a signicantly higher perme-
ation of LZ and NM in 12 h than plain LZNM gel. The nanosize
of LZNMLNs2, which provides a high surface area to the diffu-
sion medium, led to high permeation of LZ and NM compared
to plain LZNM gel. In addition, the higher permeation of drugs
from LZNMLNs2G2 could be attributed to the high adhesion
potential of the nanogel, which provided sufficient time for the
drugs to come out of the gel matrix and permeate across the
vaginal epithelium.64 This nding agreed with a previously
published report of clotrimazole-loaded LN gel for vaginal
delivery.65

The antifungal activity of LZNMLNs2G2 against Candida
albicans was determined using the agar well diffusion method.
LZNMLNs2G2 exhibited signicantly (P < 0.05) higher activity
(ZOI: 34 ± 2 mm) than the commercial gel (Candid V gel, 2%,
ZOI: 18 ± 1 mm) (Fig. 5A). The high antifungal activity of
LZNMLNs2G2 might be due to the nanosize of the drug-loaded
LNs, which provide a high surface area and might increase
permeation of the fungal cell membrane, leading to enhanced
activity. Moreover, the sustained release of medicaments from
LZNMLNs2G2 over an extended period might be responsible for
achieving higher antifungal activity than Candid V gel. A similar
type of observation was reported in uconazole-loaded LN gel,
where a signicantly higher ZOI (34 mm) was shown by LN gel
than by plain gel (20 mm).66

A cytotoxicity study of LZNMLNs2G2 was undertaken to
determine any potential toxicity to vaginal epithelial cells upon
topical application. LZNMLNs2G2 and blank gel did not show
any toxicity to vaginal epithelial cells, as evidenced by an MTT
assay (Fig. 5B). Even at the highest concentration of drugs, no
signicant toxic effect on cells was observed (86.75 ± 3.29% cell
viability at 1200 mg mL−1). This revealed the non-toxic nature of
© 2025 The Author(s). Published by the Royal Society of Chemistry
LZNMLNs2G2 and its suitability for in vivo application for
vaginal infections.

The PK parameters of LZ and NM for LZNMLNs2G2 aer
application into rabbits were analyzed and compared to
Candid V gel, as depicted in Table 4 and Fig. 6A. LZNMLNs2G2
showed a signicantly higher Cmax AUC, AUMC, MRT, and half-
life (t1/2) of LZ and NM compared to Candid V gel. The MRT and
low elimination rate of LZNMLNs2G2 revealed the good in vivo
stability of the drugs. Additionally, it may be attributed to the
nanosize of the particles, the higher stability of the encapsu-
lated drugs, the bio-adhesive characteristic of the gel and the
sustained released of drugs into the vaginal microenvironment.
It can be revealed that the nanogel could be a good carrier for
the topical treatment of vaginal infection.

LZNMLNs2G2 showed signicantly better in vivo activity
than the commercial gel (Candid V gel) in the disease-induced
rabbit model. Infection-induced rabbits exhibited complete
recovery from vaginal infection aer 7 days of treatment with
LZNMLNs2G2 (Fig. 6B). LZNMLNs2G2 exhibited high activity
owing to an increase in solubility, protection of the drugs from
untimely degradation, and an increase in the vaginal epithelial
permeation, which led to an increase in bioavailability and
therapeutic efficacy.

Docking data revealed higher docking scores for both LZ and
NM against all selected Candida proteins. However, the docking
score of LZ was considerably higher than that of NM. Appro-
priate molecular interaction between the drugs and selected
fungal protein further rationalized our approach for the co-
delivery of both drugs in LN carriers.
Conclusion

The present research developed an LZNM-loaded LN gel as
a novel topical delivery method to improve therapeutic efficacy
against vaginal candidiasis. LZNMLNs2 was found to be nano-
sized and spherical, with a high loading of LZ and NM.
LZNMLNs2G2 showed excellent viscosity, spreadability, bio-
adhesion, and swelling index, as well as signicantly higher
ex vivo vaginal epithelial permeation. Impressive in vitro anti-
fungal activity of LZNMLNs2G2 was observed against Candida
albicans cells. An MTT assay showed the nontoxic and
biocompatible nature of the LZNMLNs2G2 formulation. In vivo
studies showed higher therapeutic effectiveness of
LZNMLNs2G2 than commercial gel (Candid V gel) in vaginitis-
induced rabbits. Based on the in vitro, in vivo, and in silico
results, LZNMLNs2G2 may be considered a suitable option for
the treatment of vaginal candidiasis. The outcome of this study
will lay the foundations for further research on comparative
efficacy analysis of LZNMLNs2G2 in other in vivo vaginitis
models, toxicity studies, and in vitro/in vivo correlation analysis
toward its future clinical translation.
Ethical statement

The study complied with the ARRIVE guidelines, and was
carried out in accordance with the U.K. Animals (Scientic
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Procedures) Act, 1986 and associated guidelines, EU Directive
2010/63/EU for animal experiments.
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