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Introduction

Optimized albendazole-loaded nanostructured
lipid carrier gel: a redefined approach for localized
skin cancer treatmentf

Chinmayee Khot, 1 Kaustubh Kolekar,? Swati Dabhole,®® Akshay Mohite,?
Sameer Nadaf,® Popat S. Kumbhar*® and John Disouza () *&4

The chief purpose of the current study is to fabricate nanostructured lipid carrier (NLC)-based gel for
localized delivery of repurposed albendazole (ABZ) against skin cancer to reduce systemic and other
organ-related side effects and enhance patient compliance. ABZ NLCs were constructed by the melt-
emulsification ultrasonication method and optimized using Box-Behnken Design (BBD). The ABZ NLCs
were analyzed for mean particle size, % entrapment efficiency (%EE), and zeta potential. Furthermore, an
NLC-based gel was developed using optimized ABZ NLCs and the Carbopol-934 gelling agent and
characterized for physical properties, viscosity, texture, ex vivo skin permeation, in vitro cytotoxicity, stabi-
lity, etc. The optimized ABZ NLCs displayed a %EE of 89.85 + 5.6% and a particle size of 176.5 + 7.3 nm.
The pH of the ABZ NLC-based gel developed using 1.0% w/v of Carbopol-934 was between 5.1 and 6.0.
The viscosity of the optimized ABZ NLC-based gel was 6.64 + 0.67 Pa s. Besides, the NLC-based gel
exhibited better and controlled ABZ release at pH 5.5 and 6.8 than the conventional ABZ gel. The ex vivo
permeation of ABZ from NLCs and the NLC-based gel was 5.1 and 4.5-fold higher, respectively, than from
the conventional gel. Notably, the in vitro cytotoxicity against B16F10 cells of ABZ NLCs was 1.7-fold and
2.2-fold higher than those of pure ABZ and the ABZ NLC-based gel. A negligible cytotoxicity of the devel-
oped formulations was seen in normal HaCaT cells (human epidermal cells), signifying the compatibility
of these formulations with healthy cells. Moreover, the ABZ-incorporated NLCs and NLC gel remained
stable for twelve weeks at 4 + 2 °C. Thus, the given research concludes that the NLC-loaded gel could be
a harmless, efficient, and novel choice to treat skin cancer using repurposed ABZ.

non-melanoma skin cancers (NMSCs), including basal cell car-
cinoma (BCC) and squamous cell carcinoma (SCC), which are

Cancer is a leading cause of death worldwide."* Skin cancer
stands as one of the prevalent types of cancer, ranking 20th in
terms of occurrence.>* In the United States, around 100 000
new skin cancer cases are reported each year, leading to over
6850 deaths. Skin cancer primarily consists of melanomas,
which originate from melanocytes and are highly lethal, and
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more common but less aggressive.’ ™

Various strategies are utilized to treat skin cancers, including
chemotherapy, immunotherapy, surgical interventions, and
radiotherapy. Chemotherapy is commonly used for advanced
skin cancers and may also serve as an adjuvant therapy along-
side surgery. However, the effectiveness of many chemothera-
peutic agents is limited due to their non-specific targeting of
tumor cells, the development of multidrug resistance (MDR),
recurrence of disease, severe side effects, and high treatment
costs.’® These disadvantages of chemotherapy necessitate the
discovery of new drugs. The discovery of new drugs using a con-
ventional (de novo) approach is a stringent, costly, and lengthy
process accompanied by a poor success rate.'!

Drug repurposing is observed to be a potential avenue for
overcoming the hurdles in the path of the de novo drug discov-
ery process. Numerous drugs from diverse pharmacological
classes including antihelmintics have been reported to show
anti-skin cancer activity.”'> Albendazole (ABZ) is a wide-
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ranging benzimidazole structured antihelmintic medication. It
is usually used to cure a variety of parasitic worm infections in
humans as well as in animals.’*™*®> However, ABZ faces several
oral solid route formulation related challenges, due to low
aqueous solubility and pK, that leads to a decrease in the dis-
solution rate, GI absorption, and bioavailability of ABZ.
Moreover, systemic and other organ-related toxicities are other
key hurdles in its delivery.'® The lipophilic character of ABZ is
responsible for achieving its passive permeation through the
skin, making it an ideal candidate for topical utilization which
can also eliminate the aforesaid drawbacks. Nevertheless,
topical drug delivery through the skin is restricted by various
skin barriers.'” Therefore, there is a dire need to deliver it
using a suitable nanoparticulate platform.

At present, a variety of nanocarriers (NCs) encompassing
lipid-based NCs such as ethosomes, solid lipid nanoparticles,
liposomes, niosomes, transferosomes, nanostructured lipid
carriers (NLCs), etc. have been investigated for the adequate
transportation of various anticancer therapeutic agents.'®
These systems aim to enhance drug solubility, improve bio-
availability, and facilitate targeted delivery to tumor sites.
However, several limitations persist in these approaches. For
instance, conventional liposomes may suffer from rapid clear-
ance from circulation, leading to reduced efficacy, while nano-
particles can face challenges related to scalability and stability.
Additionally, micelles often require specific surfactants, which
may not be suitable for all therapeutic agents. In contrast, our
approach utilizes NLCs for skin cancer treatment, effectively
addressing these limitations. NLCs enhance cargo loading,
improve permeability, and allow for controlled cargo release.
They exhibit greater kinetic stability and robust structure,
mimicking the lipid matrix of the stratum corneum, which over-
comes challenges associated with dermal delivery."*" This
topical delivery method circumvents pre-systemic metabolism
and degradation of therapeutic agents in the gastrointestinal
tract, resulting in greater accumulation of the drug at the
tumor site. Furthermore, NLCs improve therapeutic effective-
ness, safety, and patient adherence.?” By enhancing drug deliv-
ery and mitigating the drawbacks of existing systems, our inno-
vative formulation offers a promising alternative for more
effective skin cancer treatment.

Low retention of NLCs on the skin presents a challenge for
their topical applications. To overcome this, formulating a gel
with NLCs can enhance skin retention and improve thera-
peutic efficacy in skin cancer treatment. One widely used
gelling agent for this purpose is Carbopol-934."* Carbopol-934
serves as an effective gelling agent due to its ability to undergo
cross-linking, which entraps water and forms a gel-like struc-
ture. Neutralizing a hydrated Carbopol solution allows the
polymer chains to swell and create a three-dimensional
network, stabilizing the gel matrix and improving NLC reten-
tion on the skin.>’*® This prolonged contact time facilitates
sustained drug release, optimizing delivery and therapeutic
outcomes in skin cancer treatment.

The current study aims to formulate an ABZ NLC gel for
transdermal application in treating skin cancer. We developed
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and optimized ABZ-loaded NLCs, evaluating their ABZ
content, in vitro release, and anti-cancer efficacy. The opti-
mized ABZ NLCs were then incorporated into a Carbopol-
934 gel and subjected to various ex vivo and in vitro analyses.
This NLC-based gel formulation is expected to enhance skin
permeation, enable controlled and targeted drug release at the
cancer site, and reduce systemic adverse reactions associated
with ABZ in patients with skin cancer.

Materials and methods
Materials

Albendazole was collected from Zydus, Gujarat. Compritol was
obtained as a gift sample from Gattefosse India Pvt Ltd.
Polysorbate 80 (Tween-80), olive oil, and polyethylene glycol
(PEG)-400 were purchased from Molychem, Mumbai. All
remaining chemicals utilized were of analytical quality.

Cell culture

The skin cancer (B16F10) cell line and human epidermal cells
(HaCaT) were procured from ATCC, USA. Stock cells were cul-
tured in DMEM supplemented with 10% inactivated fetal
bovine serum (FBS), penicillin (100 IU mL™") and streptomycin
(100 pg mL™") under a humidified atmosphere of 5% CO, at
37 °C until confluent.

Methods

Screening study. The composition of NLCs encompasses co-
surfactants, surfactants, and solid and liquid lipids. The solu-
bility of ABZ in various formulation components was con-
sidered while choosing those components. The visual assess-
ment of ABZ solubility within solid lipids involved placing a
consistent quantity of 1 mg of ABZ into a test tube containing
melted solid lipids in 50 mg increments. Following ABZ
addition, the test tube was visually checked to confirm com-
plete ABZ dissolution."” By mixing an excess of ABZ (2 mg)
with a predetermined weight of liquid lipids (600.0 mg) in a
glass test tube, the solubility of ABZ in various liquid lipids
was investigated. The glass test tubes were kept at 37 + 0.5 °C
in a shaker for 72 h. After the tubes were centrifuged, the
quantity of ABZ in the supernatant was measured by a spectro-
photometric technique at 305 nm. The solubility of ABZ in sur-
factants and co-surfactants (1% w/v aqueous solution) was
measured in a similar manner to that mentioned above."

Fabrication and optimization of ABZ-loaded NLCs. ABZ-
loaded NLCs were developed employing the hot melt-emulsifi-
cation ultrasonication approach.>*** The measured quantity of
solid lipid (glyceryl monostearate; GMS) and liquid lipid (oleic
acid) in a 1: 1 ratio were added to a co-surfactant (polyethylene
glycol; PEG-200) and heated at 5 °C above the melting point of
GMS. In the oil phase prepared above, the required quantity of
ABZ was dissolved. In the interim, the aqueous phase com-
prised of Tween-80 was subjected to a temperature equal to
that of the lipid phase. The ratio of Tween-80 and PEG-200
employed in NLC fabrication was 2:1. Using a magnetic
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Table 1 Experimental runs developed using BBD
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Factor 1 Factor 2 Factor 3 Response 1 Response 2

Formulation code X1: Omix conc. (%) X5: Smix conc. (%) Xj;: probe cycle number Y;: EE (%) Y,: particle size (nm)
Al 2.5 27.5 30 69.55 187.3

A2 2.5 28.5 20 75.5 338.4

A3 1.5 26.5 30 52.6 159.8

A4 3.5 28.5 30 85.6 391.4

A5 2.5 26.5 40 55.8 182.2

A6 3.5 26.5 30 68.85 340.1

A7 2.5 27.5 30 70.25 196.9

A8 2.5 26.5 20 79.65 280.4

A9 1.5 27.5 40 44.72 146.5

A10 2.5 27.5 30 72.4 187.3

Al11 1.5 27.5 20 44.72 167.3

A12 3.5 27.5 20 81.35 469.5

A13 3.5 27.5 40 65.35 209.7

Al14 2.5 27.5 30 73.75 186

A15 2.5 27.5 30 74.15 183.5

Al6 2.5 28.5 40 89.85 176.5

A17 1.5 28.5 30 51.45 147.7

stirrer, the aqueous phase was dropwise added to the lipid
phase while being stirred at 1000-1200 rpm. Later, the formu-
lation was homogenized using a probe sonicator (Dakshin Pvt
Ltd, Mumbai) for 30 min at a 75% amplitude frequency and
chilled to achieve ABZ NLCs.*

Formulation optimization. Utilizing Box-Behnken Design
(BBD) through Design Expert Software Version 13.0 (Stat-Ease
Inc., Minneapolis, USA), the ABZ NLCs were optimized. The
software created a total of 17 experimental runs (Table 1),
focusing on exploring the impacts of independent factors,
namely O, concentration (X;: 1.5-3.5%), Smix concentration
(X»: 26.5-28.5%), and probe cycle number (X3: 20-40 cycles),
on the entrapment efficiency (%EE; Y;) and particle size (Y3).
The data collected were evaluated using analysis of variance
(ANOVA). Ultimately, the formulation was optimized by utiliz-
ing the desirability function."®

Characterization of NLCs

% Entrapment efficiency (%EE) and % drug loading capacity
(%DLC). To estimate the quantity of unentrapped ABZ from
NLCs (E), an Eppendorf tube (2.0 mL) was filled with 0.5 mL
of ABZ NLCs and centrifuged at 10000 rpm for 90 min in a
cooling centrifuge machine. Afterward, 0.1 mL of the super-
natant was diluted with 5.0 mL of methanolic hydrochloride
and analyzed using a UV spectrophotometer at 308 nm.
Similarly, the total quantity of ABZ present in NLCs was esti-
mated by diluting ABZ NLCs (0.5 mL) with methanolic hydro-
chloride (4.5 mL). This solution was subjected to sonication
for around 10 min and analyzed using a UV spectrophotometer
at the same wavelength. Finally, the %EE was calculated using
the below formula:

E, —E
%EE = Ei-B) 100
1
ABZ entrapped
%DLC = o2 SITAPPEC 400
Total lipid
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Mean particle size and zeta potential. The particle size of
NLCs indicates their skin permeability upon topical appli-
cation, whereas the zeta potential is related to the stability of
the formulation. By employing a Horiba Zetasizer (HORIBA
SZ-100, Japan), the mean particle size and zeta potential of the
ABZ NLC formulation were measured in triplicate. Mean + SD
was used to express the outcomes."”

Scanning electron microscopy (SEM). This study was con-
ducted to determine the surface morphology of ABZ NLCs
using SEM (JSM6100, JEOL, New Delhi, India) comprised of an
image analyzing system (AnalySIS, SIS SoftwareGmbH,
Muenster, Germany). The sufficiently diluted suspension of
ABZ NLCs was placed on the grid and dried, and images were
captured.

Fourier-transform infrared (FTIR) spectroscopy. An FTIR
study was conducted with the aim of assessing the compatibil-
ity between the ABZ and NLC components. Using an FTIR
spectrophotometer (Bruker, Alpha II ATR Technique, Japan),
the FTIR spectra of pure ABZ, GMS, oleic acid, PEG-200, and a
physical mixture of ABZ with GMS, oleic acid, and PEG-200
were recorded.

Differential scanning calorimetry (DSC). A DSC investigation
was carried out to evaluate the behavior of the samples under
thermal events. DSC analysis was performed on several sample
types, including pure ABZ, pure GMS, and a physical mixture
of ABZ and GMS in a ratio of 1:1, using a PerkinElmer DSC
6000 instrument. The sample (5 mg) was hermetically sealed
and then heated at a rate of 10 °C per minute under a nitrogen
atmosphere.

Preparation of the ABZ NLC-based gel. The ABZ NLC-based
gel formulation was prepared using an optimized concen-
tration (1.0%) of Carbopol-934. The optimized ABZ-loaded
NLCs were mixed with 1.0% Carbopol-934 via constant agita-
tion at 1200 rpm using a magnetic stirrer (Remi Motors Ltd,
India) for 60 min. The final ABZ NLC-based gel formulation
was left to swell overnight. Lastly, triethanolamine was intro-
duced at a 0.05% w/w proportion to adjust the pH. A conven-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tional gel of ABZ was manufactured utilizing the same concen-
tration of Carbopol-934.226:27

Characterization of the ABZ NLC-based gel

Physical properties and pH. The ABZ-laden NLC-based gel
and the conventional gel were investigated for color, homogen-
eity, phase separation, and pH. 1 g of each gel was added into
100 mL of distilled water separately and the pH was measured
using a digital pH meter in triplicate."”

Particle size and zeta potential. A Horiba Zetasizer was uti-
lized to assess the particle size and zeta potential of the con-
ventional and ABZ NLC-based gels. Briefly, 10 mg of gel was
diluted with 100 mL of distilled water and analyzed via the
Horiba Zetasizer."

Rheological study. A Brookfield rheometer equipped with a
cone and plate was used to determine the viscosity of the ABZ
NLC gel and the ABZ conventional gel. The measurements
were performed at a rotation speed of 5 rpm and a temperature
of 25 °C + 2 °C using spindle number 7.%°

Swelling index. The swelling index is indicative of the swell-
ing potential of the gel. The swelling capacity of the ABZ NLC-
loaded gel and the ABZ conventional gel was evaluated. A Petri
dish containing 1 g of each gel formulation in porous alu-
minium foil was submerged in 10.00 mL of distilled water.
The NLC-loaded and conventional gel samples were withdrawn
at different intervals, carefully patted dry to remove excess
water, and weighed. The swelling index was determined using
the following formula:"

Swelling index (%) = [(W; — Wy)/Wy] % 100

Wy swollen gel weight at time ¢ and W: initial gel weight (at
zero time).

Spreadability study. Spreadability is a crucial factor for
topical formulations, which indicates the ease of spreadability
of formulations. NLC gels should possess adequate spreading
ability upon topical application. The “slip” and “drag” attri-
butes of the gel were employed to determine its spreadability.
1.0 g of the ABZ NLC-loaded gel and the ABZ regular gel was
placed on the bottom glass slide within the designated circle
and then a second glass slide was laid on top of it. The upper
slide was loaded with 500 g of weight, and the time that it took
for the gels to spread over the designated distance was noted
and spreadability was calculated.>®?”

Spreadability (S) = Weight placed on the top slide (M) x
length of the glass slide (L)/
spreading time (T)

Texture analysis. The texture of a topical formulation plays a
crucial role in patient acceptance and compliance. The texture
parameters, including adhesiveness, cohesiveness, hardness,
and springiness, provide valuable insights into how a gel will
feel when applied to the skin. To evaluate the texture profiles
of the NLC-based gels, a TA.XT Plus Texture Analyzer (Stable
Micro Systems, London, UK) was employed. Briefly, an analyti-
cal probe measuring 1.2 cm in diameter was squeezed twice at
a rate of 30 mm min~", with a recovery period of 15 s between

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the completion of the first compression and the start of the
second, into the ABZ NLC-based gel that had been fixed to a
depth of 15 mm. The gel was analyzed at a trigger force of 4 ¢
and a temperature of 37 °C three times.*®

In vitro drug release. The release behaviour of the formu-
lations at tumor and skin pH was examined using an in vitro
release study. The release profiles of ABZ in vitro from the ABZ
NLCs, ABZ NLC gel, and pure ABZ dispersion were determined
at pH 6.8 (tumor pH). Additionally, as NLC-based gels are
intended for topical application, the release profile of ABZ
from the NLC-based gel and the ABZ conventional gel was also
evaluated at pH 5.5 (skin pH) using a dialysis bag method.
Briefly, the pure dispersion of ABZ (3 mg), ABZ NLCs, the ABZ
NLC gel, and the conventional ABZ gel (equivalent to pure ABZ
of 3 mg) were separately introduced in a dialysis bag (MWCO:
12 000 Da; Sigma, Mumbai). The end sealed dialysis bags were
placed in phosphate buffered saline (PBS; pH 6.8, and 5.5)
kept at 37 + 2 °C and maintained at 100 rpm. At time intervals
of 0.5, 1, 2, 4, 6, 8, 18, 36, and 48 h, 1 mL of PBS was with-
drawn and the same volume of fresh PBS was reintroduced to
maintain the sink condition. The ABZ released at specific time
intervals was estimated through an analytical method (n =
3).1229.30

Ex vivo skin permeation. An ex vivo permeation study was
conducted to understand the performance of the formulations
after topical application. Goat ear skin was prepared for the
experiment by cleaning it with cold water and removing the
hair using depilatory cream."*' The skin was then placed
between the donor and acceptor compartments of a Franz
diffusion cell apparatus, exposing an area of 0.785 cm?. 1 g of
ABZ NLCs, ABZ NLC gel, and conventional ABZ gel was placed
on the skin region separately. 1.0 mL of aliquot was taken at
particular time points for 8 h and analyzed using a UV-visible
spectrophotometer.

In vitro cytotoxicity. The anti-cancer potential of pure ABZ,
ABZ NLCs, and ABZ NLC gel was assessed against the B16F10
skin cancer cell line and HaCaT cells (human epidermal cells)
using the MTT assay, as described in a previous study.'*”* The
cytotoxic effects of the aforesaid formulations on B16F10 cells
were evaluated following overnight incubation at varying con-
centrations. The B16F10 cells were then brought in contact
with a solution of MTT for 4.0 h and subsequently with DMSO.
The liquid present at the top layer was then eliminated, and
the formazan crystals generated in viable B16F10 cells were
dissolved in DMSO (100 pL). The absorbance of the resulting
solution was noted at 570 nm using a microplate reader, and
the IC5, values were calculated.*?

Stability study. To evaluate the long-term stability of the
optimized ABZ NLCs and ABZ NLC gel, a stability study was
conducted following the ICH stability study guidelines Q1A
(R2). The formulations were placed into plastic bottles and
transparent glass vials, firmly sealed, and kept for three
months at 4 °C + 2 °C."* The %EE, particle size, and PDI were
considered in evaluating ABZ NLC stability, while the appear-
ance, pH, and viscosity of the ABZ NLC gel were determined at
1, 2, and 3 months to check its stability.
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Results and discussion
Screening study

The solubility of ABZ in different NLC components is shown in
ESI Fig. S1.1 ABZ exhibited the highest solubility in GMS and
oleic acid. Consequently, GMS and oleic acid were selected as
the solid and liquid lipids, respectively. The highest solubility
of ABZ in the above-mentioned lipids is capable of augmenting
loading and guaranteeing that ABZ stays encased in the system
for an extended period without prematurely leaking out.'?
Lipophilic ABZ is more soluble in Tween-80 owing to its leng-
thier aliphatic tail, which endows it with higher lipophilic pro-
perties.*® Conversely, the shorter aliphatic tails of Tween-20
contribute to its more hydrophilic nature, resulting in the
lowest solubility of lipophilic ABZ. Among the co-surfactants,
PEG-200 demonstrated higher ABZ solubility than PEG-400
and PEG-600 due to their lower hydrophilic nature in compari-
son with PEG-400 and PEG-600."* In this study, the surfactant
and co-surfactant with the highest ABZ solubility were chosen.
Tween-80 and PEG-200 exhibited the highest ABZ solubility
and were therefore selected as the surfactant and co-surfac-
tant, respectively.

Development, optimization, and characterization of ABZ-
loaded NLCs

The melt-emulsification ultrasonication method was employed
for developing ABZ NLCs while BBD was used for their
optimization.

Fitting of data to the model

Utilizing multiple linear regression analysis (MLRA) within
Design Expert Software Version 13.0 (Stat-Ease Inc.,
Minneapolis, USA), the experimental data were fitted to esti-
mate both main and interaction effects. The polynomial
equation was generated, considering model coefficients with p
< 0.05. The reliability of the model was validated by assessing
various metrics, including the coefficient of correlation (R?)
and predicted error sum of squares (PRESS), and conducting a
lack of fit analysis.

Surface response analysis was conducted through 3D
surface response plots to elucidate the relationship between
factors, responses, and potential interaction effects.
Employing numerical optimization techniques alongside the
desirability function, efforts were made to achieve the optimal
%EE and particle size, adhering to predetermined acceptance
criteria of minimizing the particle size while maximizing the
%EE. Additionally, graphic optimization was carried out to
delineate the analytical design space and determine the posi-
tion of the optimized solution. A total of 17 runs were pro-
duced and examined (Table 1). The quadratic models emerged
as the best fits for responses Y; (R* 0.9817) and Y, (R*
0.9960), respectively. Further evaluation of the significance
and effectiveness of the model was conducted using ANOVA,
with specific outcomes presented in ESI Table S1.}

The significance of model terms was confirmed by observ-
ing probability (p) values <0.05. The F-values, indicating the
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overall significance of the models, were determined to be
41.61 and 191.41 for response variables Y; and Y,, respectively.
Regarding the goodness of fit, the adjusted R*> values were
found to be 0.9581 and 0.9908 for responses Y; and Y,
respectively, while the predicted coefficient of correlation (R?)
values were 0.7870 and 0.9458. It is worth noting that the pre-
dicted coefficient of correlation (R”) showed reasonable agree-
ment with the adjusted coefficient of correlation (R*) for both
responses Y; and Y, with a difference of less than 0.2.
Adequate precision values of 20.28 (Y;) and 47.22 (Y,) were
obtained, with values larger than 4 generally preferred.

The polynomial equations presented below elucidate the
relationships of dependent and independent variables:

Y; = +72.02 + 13.08X; + 5.69X, — 3.56X;
+4.47X:.X, — 4.75X1X; + 9.55X,X;3 (1)
—12.16X;% + 4.76X,% — 1.58X;>

Y, = + 188.20 + 98.68X; + 11.19X, — 67.84X;
+15.85X1X, — 59.75X:.X; — 16.43X,X; (2)
+37.96X12 + 33.59X,2 + 22.09X;2

The increase in %EE with higher concentrations Op,ix and
Smix could be attributed to enhanced solubilization and stabi-
lization of the drug within the formulation. It is possible that
a higher O concentration provides a more extensive oil
phase, allowing greater drug partitioning, thereby increasing
%EE. Similarly, elevated S.ix concentrations might reduce
interfacial tension and contribute to the formation of a more
stable emulsion, which could minimize drug leakage into the
aqueous phase. This combination may result in a potential
improvement in the overall %EE. The effects of these variables
on responses were further elucidated through 3D-response
surface plots (Fig. 1).

The significance of the planned models was aptly illus-
trated by plotting predicted values against actual values
(Fig. S27). Additionally, model diagnosis plots (Fig. S3A, S3B}
for response Y;j; Fig. S3C, S3Df for response Y,) were con-
structed, incorporating normal and residual versus run plots.
Upon closer inspection, it became evident that the residuals
generally adhere to a straight line, indicating an even distri-
bution of errors. This reaffirms the adequacy of the model fit,
which is crucial for validating the normality assumption and
ensuring the suitability of the model for process optimization.
The almost equal scatter on each side of the X-axis further vali-
dates the appropriateness of the recommended models.
Perturbation plots were employed to confirm the quadratic
effects of variables on both the responses Y; (Fig. S3At) and Y,
(Fig. S3Bt). These plots provide additional insight into the
influence of variables on the response variables, further sup-
porting the efficacy of the established models.

Optimization of the formulation

The formulation optimization process employed the desirabil-
ity function approach, aiming to optimize the %EE at the
highest constraint and the particle size at the lowest con-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 3D response surface plots explaining the effects of independent variables on the %EE and particle size.

straint. A batch, formulated with 2.62% Op,ix, 28.5% Smix, and
40 probe cycles, was projected to yield a %EE of 88.31% and a
mean particle size of 178.47 nm.

Subsequently, the optimized batch demonstrated a %EE and
a particle size of 89.85 + 5.6% and 176.5 + 7.3 nm, respectively,
with a polydispersity index (PDI) of 0.41 + 0.06 (Fig. 2). The
plots of numerical optimization and graphical optimization are
depicted in Fig. S4A and S4B,j respectively. These visual rep-
resentations provide insights into the optimization process and
validate the effectiveness of the chosen approach in achieving
the desired formulation goals. The predicted and actual values
for an individual response of the optimized ABZ NLC formu-
lation were in close understanding with minimal bias (<1),
implying the validity and accuracy of the fabricated model as
well as the powerful correlation between the variables.

Entrapment efficiency, drug loading capacity, particle size, and
zeta potential

The optimized ABZ NLCs displayed a %EE of 89.85 + 5.6% and
a % drug loading capacity of 3.19 + 0.10%. These NLCs exhibi-
ted a mean particle size of 176.5 + 7.3 nm (Fig. 2a), a PDI of
0.41 + 0.06, and a zeta potential of —22.7 + 2.3 mV (Fig. 2b).
The PDI was determined to be <0.5, indicating a high level of
consistency in particle size distribution.?

© 2024 The Author(s). Published by the Royal Society of Chemistry

SEM

The SEM image of the ABZ NLCs (Fig. 2c) displayed spherical
particles. The particle size of NLCs obtained in the SEM analysis
was higher than those achieved with the Horiba particle size
analyzer. The aggregate formation during the processing or
storage of the freeze-dried NLC formulation could be a reason
behind the increased particle size. The aggregates within the
NLCs might consist of solid lipid NPs and liquid lipid domains,
potentially creating spherical structures. The spherical nature
of the aggregates, combined with the presence of amorphous
regions from liquid lipids, increases the available surface area
for drug interaction. The irregularities within the solid lipid
matrices provide additional space for drug molecules, enhancing
their solubility. These characteristics might provide additional
binding sites for ABZ, enhancing its solubility. Furthermore, the
mixed lipid matrix could prevent drug expulsion during crystalli-
zation, allowing for better retention and bioavailability. Overall,
the unique types and shapes of aggregates within the NLC
system may significantly contribute to improved drug solubility,
highlighting the effectiveness of NLCs for drug delivery.

FTIR analysis

The FTIR spectra of pure ABZ, GMS, oleic acid, PEG-200, and
their physical mixture are depicted in Fig. 3. In the FTIR
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spectra of pure ABZ (Fig. 3a), the peaks observed at 3326, 2931,
2860 and 2663 cm™" are attributed to the characteristic peaks
of N-H stretching, C-H aliphatic stretching, and N-H stretch-
ing in imidazole, Moreover, the peaks at
1712 em ™" and 1525 cm™" are the peaks corresponding to the
bending vibration of the O=C bond in carbamate and the
stretching vibration of the C=N group in ABZ.>* All the dis-

respectively.

1048 | RSC Pharm., 2024, 1,1042-1054

tinctive peaks of pure ABZ were noticed in the FTIR spectra of
the physical combination of the ABZ and NLC components
(Fig. 3e), suggesting compatibility between them.

DSC

A DSC thermogram of pure ABZ and GMS (Fig. 4a and b)
demonstrated prominent endothermic peaks at 219.08 °C and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 DSC thermogram of (a) ABZ, (b) GMS, and (C) the physical
mixture of ABZ and GMS.

59.23 °C which correspond to the melting point of ABZ and
GMS, respectively. In the DSC thermogram of the physical
combination of ABZ and GMS (Fig. 4c), melting endothermic
peaks were noticed at 59.01 °C and 201.19 °C. Thus, no
endothermic peak corresponding to ABZ was observed, indi-
cating the existence of ABZ under the conditions of the mole-
cules in lipids.*

Preparation of the ABZ NLC gel

The ABZ NLC gel was fabricated by incorporating
Carbopol-934 at several concentrations (0.5, 1.0, 1.5, and
2.0% w/v). Interestingly, the gel prepared with 1.0% w/v
Carbopol 934 exhibited greater consistency (viscosity: 6.64
+ 0.67 Pa s) compared to the gel prepared with other con-
centrations of Carbopol-934. Based on the observed con-
sistency and viscosity, Carbopol-934 at 1.0% w/v emerged
as the optimal concentration for the ABZ NLC gel formu-
lation. Therefore, this concentration was chosen for further
studies."**®

Characterization of the optimized ABZ NLC gel

Physical properties and pH. The optimized gel formulation
was found to be white in color with a clear or elegant appear-
ance, along with a uniform texture. Furthermore, the pH of the
gel was observed within the range of 5.1-6.0, which aligns with
the natural pH of the skin. This similarity in pH suggests that
the gel could potentially promote smooth ABZ penetration into
the skin without triggering any irritation.>”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Mean particle size and zeta potential. The ABZ-NLC gel
showed particles with a size of 220.2 + 7.4 nm and a PDI of
0.37 + 0.04 (Fig. 5a), while the conventional ABZ gel had the
largest particle size at 311.6 + 9.4 nm with a PDI of 0.47 + 0.19
(Fig. 5b). This increase in the particle size of ABZ NLCs follow-
ing incorporation into the gel could be attributed to the
adsorption of a gelling agent on the surface of NLCs, leading
to a three-dimensional polymeric structure surrounding the
NLC surface.*® The zeta potentials of the ABZ-NLC gel and the
regular ABZ gel were observed to be —32.5 + 4.2 mV and —-23.4
+ 3.2 mV, respectively (Fig. 5¢ and d). The particle size of the
ABZ-NLC gel was significantly smaller than that of the regular
gel, reflecting the inherent size advantage of NLCs. Regardless,
the overall smaller size of the NLC-based gel compared to the
conventional gel suggests improved skin permeation of ABZ.
Moreover, the lower PDI values of both gels (<0.5) indicate
greater uniformity in size distribution, potentially contributing
to better stability and reproducibility.*® Finally, the high zeta
potential values (close to + 30 mV) observed for the gels are
indicative of enhanced colloidal stability, minimizing aggrega-
tion and ensuring long-term shelf life.*

Rheological study. Viscosity plays a pivotal role in transder-
mal applications, impacting aspects like simplicity of appli-
cation, spreadability, payload release, and gel stability. The
measured viscosity values of the ABZ NLC-loaded gel and the
ABZ conventional gel were 6.64 + 0.67 Pa s and 14.75 + 2.4 Pa
s, respectively. Our findings align with reported viscosity
values for topical liposomal gels developed for cancer
treatment.*’

Swelling index. The ABZ NLC gel and the ABZ regular gel
exhibited swelling capacities of 26.22 + 1.5% and 21.32 + 1.1%,
respectively. Carbopol is a swellable gelling agent that forms a
hydrogen bond with water by changing the carboxylic acid
group (-COOH) into the carboxylate group (COO-). The hydro-
philic polymer matrix in both gels, which controls water intake
and expansion, ultimately causes swelling. There is a direct
correlation between the concentration of Carbopol and the
swelling index. The NLCs introduce slight physical hindrances
due to the change in lipophilicity of lipidic components but
does not significantly alter the swelling behavior, which may
be caused by the same pH and Carbopol concentration of the
formulation.”® These values fall within the acceptable range
documented in prior research, suggesting adequate water
uptake potential for sustained drug release.”®?’

Spreadability. The spreadability of the NLC-based gel sig-
nificantly impacts its performance, influencing how it inter-
acts with the skin and delivers the incorporated cargo. The
spreadability of the ABZ NLC gel was found to be 14.2 + 0.8 g
cm s'. Conversely, the conventional ABZ gel displayed a
noticeably lower spreadability of 4.6 + 0.3 g cm s~ '. This
lower spreadability of the conventional gel stems from its
higher viscosity, which makes it less easy to glide over the
skin. The observed spreadability of NLC-based gels falls
within the favorable range reported in a previous study,?®’
indicating their potential for smooth application and optimal
treatment outcomes.
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gel.

Texture analysis. Texture analysis was conducted on the NLC-
based gel to evaluate key sensory characteristics such as adhe-
siveness, cohesiveness, hardness, and springiness, all of which
play an important role in patient acceptance of topical formu-
lations. The results are presented in ESI Fig. S5.1 Gel hardness
reflects ease of application, while adhesiveness measures how
well the gel sticks to the skin. The hardness values of the ABZ
NLC gel and the ABZ conventional gel were 23.90 + 3.9 and
35.40 + 4.8 m]. The hardness of the ABZ NLC gel was less than
that of the conventional gel, suggesting excellent spreadability
and convenience of withdrawal from the container. Moreover,
the adhesiveness, hardness and cohesiveness values of the ABZ
NLC gel were 3.72 + 0.8 mm, 1.40 + 0.06 mJ, and 0.96 + 0.05,
respectively. The conventional ABZ gel displayed springiness,
adhesiveness, and cohesiveness values of 3.0 + 0.6 mm, 3.10 +
0.7 mJ, and 0.45 + 0.02, respectively. These findings indicate
that the NLC-based gel offers enhanced adhesion and pro-
longed skin contact compared to conventional formulations, as
supported by previous reports.'>** This improved sensory
profile can significantly contribute to patient satisfaction and
adherence to the treatment regimen.

In vitro ABZ release. ABZ release from the plain ABZ dis-
persion, ABZ NLCs, and the ABZ NLC-based gel in PBS pH 6.8

1050 | RSC Pharm., 2024, 1,1042-1054

was conducted to investigate tumor targeting behaviour
(Fig. 6a). The pure ABZ dispersion demonstrated a release
rate of 20.4 £ 1.7% in 48 h. The release rates of ABZ from
NLCs and the NLC gel were found to be 93.1 + 7.6% and 80.8
+ 6.5%, respectively, in 48 h. Interestingly, at acidic pH 6.8,
the release profile of ABZ was significantly higher (p < 0.05)
and sustained compared to both NLCs and the NLC-based
gel. This higher release at acidic pH could be attributed to
the weakening of the structural integrity of NLCs due to
altered lipid conformation, leading to increased diffusion
and release of encapsulated ABZ.'> This pH-sensitive release
pattern highlights the potential of these NLCs and the NLCs-
based gel to deliver ABZ specifically to tumors, which often
exhibit acidic microenvironments. Overall, the controlled
release from these systems offers a promising approach for
tumor targeting."”

Furthermore, in PBS pH 5.5, the ABZ release was 84.6 +
6.6% from the NLC-based gel and 33.7 + 3.6% from the con-
ventional gel, respectively, after 48 h (Fig. 6b). Thus, the ABZ
release from the NLC gel was remarkably greater than that
from the ABZ conventional gel. This increased ABZ release at
acidic pH could be attributed to the weakening of the NLC-
based gel structural integrity.'> Moreover, the regulated release

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of ABZ from the NLC-based gel may be attributed to the
gradual diffusion of ABZ from the matrix comprised of lipids
and gel.**

Ex vivo skin permeation. A study of ex vivo skin permeation
of ABZ was conducted using goat ear skin, comparing the
efficacy of NLCs, the NLC-based gel, and the conventional gel
formulation. The permeability of ABZ through goat ear skin
from ABZ NLCs was found to be 205 + 2.7 ug cm™2, with a flux
of 6.2 pg cm™ h™". In contrast, the ABZ NLC gel exhibited a
permeability of 180 + 2.2 ug cm™” and a flux of 5.5 pg em™>
h™'. In comparison, the permeability of ABZ from the conven-
tional gel was significantly lower, recorded at 40 + 1.7 pg cm™>
with a flux of 1.27 pg em™> h™' (Fig. 7). Notably, the per-
meation of ABZ from ABZ NLCs and the ABZ NLC gel was
found to be 5.1 and 4.5 times greater, respectively, than that
observed with the conventional gel. This marked enhancement
in ABZ permeation from the NLC-based formulations can be
attributed to several factors. The nanoscale dimensions of the
NLCs increase the solubility and dissolution rate of ABZ, allow-
ing for more effective drug absorption through the skin
barrier. Smaller particle size enhances the surface area for
drug release and interaction with the skin. Additionally, the
smaller particle size of the NLC-based gel facilitates greater
contact with the skin surface, which enhances drug delivery by

=o=ABZ NLC gel
»ABZ conventional gel
ABZ NLCs

- -
o N
N ;
—

o
2

N~
"

N
1

Cumulative ABZ permeation (ug/cm?)
o

o

10

o
N
F e
o
©

Time (h)

Fig. 7 Ex vivo permeation of formulations in PBS pH 7.4.
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maximizing the interaction between the formulation and the
stratum corneum. Furthermore, the disruption of the stratum
corneum lipid structure by the NLCs may promote enhanced
permeability, as the lipid nanoparticles can fluidize the skin
lipids, further aiding in drug diffusion. Overall, these findings
highlight the significant potential of NLCs and NLC-based gels
as effective delivery systems for enhancing the transdermal
permeation of ABZ, surpassing conventional gel
formulations."

In vitro cytotoxicity. Each formulation, when confronted
with the B16F10 melanoma cell line, exhibited cytotoxic effects
that scaled with the ABZ concentration. The IC;5, values of
pure ABZ, ABZ NLCs, and the ABZ NLC gel were determined to
be 3.18 + 0.34 uM, 1.87 + 0.10 pM, and 4.13 + 0.75 pM, respect-
ively, against B16F10 cells following 48 h of incubation. The
cytotoxicity of ABZ NLCs was noticeably greater (1.7-fold
higher than that of pure ABZ) and (2.2-fold higher than that of
the ABZ NLC gel), respectively. This significant rise in cyto-
toxicity of ABZ NLCs could be attributed to increased intra-
cellular (endocytosis-mediated uptake by cells) in the cancer
cell.*> Furthermore, the decrease in cytotoxicity (higher ICso
value) of ABZ loaded into the NLC-based gel may be due to its
controlled cargo release from the ABZ NLC-based gel. The pres-
ence of the polymer gel matrix likely slows down ABZ release
from the NLC-based gel, delaying its encounter with cancer
cells and thereby mitigating its toxic impact.'> No ICs, values
were detected in HaCaT cells treated with the above-mentioned
formulations (reduction in cell viability was less than 15%).*°
Thus, negligible or lack of cytotoxicity against HaCaT cells
indicates the biocompatibility of the developed formulations
against HaCaT normal cells.

Stability. The ABZ within the NLCs remained especially
stable, with 80-90% of EE after three months of cold storage.
Minimal 1-4% deterioration was found throughout this time,
demonstrating the good stability of ABZ NLCs. The particle
size remained constant, falling within the constrained range of
160-200 nm, with a PDI of 0.103-0.398. Thus, no significant
change in the %EE and particle size of ABZ NLCs was found
following three months of storage, demonstrating the excep-
tional stability of NLCs in cold temperatures.
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The ABZ NLC-based gel was observed to be white, elegant,
pleasing, and homogeneous in consistency. This gel had rather
constant pH levels, ranging from 5.4 to 6.0. Furthermore, the
viscosity (6.32-6.64 Pa s) of the gel after three months was close
to that of the fresh formulation. The NLC-based gel viscosity,
PH, and physical appearance all remained essentially the same,
which is evidence of its exceptional stability.

Conclusion

This study investigated the potential of ABZ, a repurposed anti-
fungal medication for the treatment of melanoma skin cancer.
Our findings displayed remarkable cytotoxicity of ABZ against
the B16F10 cell line, indicating its repurposing potential
against skin cancer. The optimization process involved the
probe cycle number, Spix concentration, and O, concen-
tration as independent attributes and the %EE and particle
size as response variables. The optimization using BBD
demonstrated significant effects of independent variables on
the response variables. The NLC-based gel demonstrated opti-
mistic viscosity, physical properties, and texture attributes, sig-
nifying the aptness of the developed NLC-based gel for topical
use. Moreover, the nanometer size of both ABZ NLCs and the
ABZ NLC gel is indicative of its permeation through the skin.
The controlled release behaviour, substantial permeation, and
cytotoxicity towards B16F10 cells and the lack of toxicity
towards normal HaCaT cells revealed its promise and effective-
ness in localized delivery against skin cancer.

In a nutshell, compared to conventional oral or injectable
chemotherapies, this localized and controlled delivery of
repurposed ABZ offers a glimmer of hope. Reduced dosage
and dose frequency and minimized side effects, while amplify-
ing treatment efficacy and patient adherence - those are the
promise of this innovative approach. The ABZ-loaded NLCs
integrated into the gel formulation stand as a potential, safe,
effective, and novel way in the fight against skin cancer.
However, further investigations into the animal cancer model
are of vital significance.
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