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ABSTRACT: This study explores a novel approach to managing skin conditions through a combination therapy utilizing a
phospholipid-enriched edge activator-based nanoformulation. S-Fluorouracil (5-FU)- and sesamol (SES)-loaded transliposomes
(FS-TL) were developed using a thin film hydration method and optimized using Box-Behnken Design. FS-TL characterization
indicated a vesicle size of 165.6 + 1.1 nm, polydispersity index of 0.28 + 0.01, and a zeta potential of —33.17 + 0.9 mV, and the
percent entrapment efficiencies for 5-FU and SES were found to be 63.16 + 1.07% and 75.60 + 3.68%, respectively. The drug
loading percents for 5-FU and SES were found to be 5.87 + 0.099% and 7.03 + 0.34%, respectively. The morphological studies
exhibit the distinctive spherical shape of the nanoformulation. The in vitro drug release demonstrated sustained release with 82.52 +
1.2% and 86.28 + 1.3% releases for 5-FU and SES, respectively. The ex vivo skin permeation exhibited 81.04 + 2.1% and 78.03 +
1.7% for S-FU and SES. Confocal laser microscopy scanning (CLSM) revealed a deeper formulation penetration (30.0 ym) of
excised mice skin membranes than for a standard rhodamine solution (10.0 #m). The dermatokinetic investigation revealed that FS-
TL gel has significantly higher concentrations of 5-FU and SES (p < 0.001). The efficacy of FS-TL (p < 0.0S) in eradicating the
A431 melanoma cell line was satisfactory. These findings suggest the potential of FS-TL formulation over conventional approaches
in skin cancer management.

1. INTRODUCTION pioneering treatments to confront this persistent and

Skin cancer exhibits rapid proliferation and ranks among the formidable disease.” Based on a recent assessment which was
most prevalent malignancies globally.' In addition to conducted by the World Health Organization (WHO), India
melanoma, nonmelanoma skin cancer (NMSC) includes

basal cell carcinoma and squamous cell carcinoma, which are 5
the most often diagnosed diseases.” Squamous cell carcinoma mortality rate of around 6%.” Current treatment modalities for

contributes to over 8% of the worldwide cancer burden, with a

is invasive in nature and malignant, which can lead to melanoma include surgery, chemotherapeutics, radiation,
metastasis and ultimately result in the death of an individual.®
In 2024, the American Cancer Society estimated that
approximately 100,640 people in the United States suffered
from a melanoma diagnosis, which ranged from about 59,170 )
men and 41,470 women. Tragically, melanoma was expected to Revised:  January 28, 2025
exert a significant toll that year, with maximum cases indicating Acce_pted’ February S, 2025
8,290 fatalities—5,430 males and 2,860 females. These Published: February 12, 2025
alarming statistics emphasized the critical necessity for

increased awareness, enhanced prevention measures, and

biological therapy, and targeted therapy.®
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Table 1. QTPP and CQA Parameters for the Fabrication of FS-TL Formulation

Justification

The implementation of a sustained drug release mechanism is to ensure the attainment of optimal drug concentration levels,
hence facilitating the effective execution of anticancer activities.

This method offers targeted effects while minimizing systemic adverse reactions and increased dermal permeation.

The drug’s therapeutic efficacy should remain constant during the storage period.

Vesicles measuring under 500 nm formed a depot within hair follicles for up to 10 days, offering potential benefits for
conditions affecting hair follicles requiring extended drug delivery. This finding is particularly advantageous for diseases

affecting deeper layers of the skin. Moreover, over time, the administered drug tends to penetrate radially into other layers of

QTPP Target
Drug delivery Transliposome  Increased skin penetration
system
Release type Sustained
release
Route of Topically
administration
Stability >6 months
CQAs Target Justification
Vesicle size Less than
500 nm
the skin.*
Polydispersity Less than 0.3
index (PDI) population of phospholipid vesicles.*®
Entrapment Greater than
Efficiency 70%
Zeta potential >(+)30

Liposome delivery applications possess a PDI of about 0.3 or lower is known to be assumed to reflect a homogeneous
Confirms an improved drug loading and enhanced therapeutic outcomes.

Vesicles in suspension with a strongly negative or positive zeta potential will be repelled, preventing them from combining.*”

To overcome the limitations of monotherapy, researchers
are exploring strategies that avoid fixed doses, rapid titration,
and inflexible designs, aiming to facilitate individualized drug
adjustment for different patients.” Traditional monotherapy
approaches indiscriminately attack actively dividing cells,
eliminating both healthy and malignant cells.® The branch of
cancer management that has gained recent attention has been
combining synthetic and natural drugs. This approach offers
several benefits, including targeting various cancer pathways,
minimizing toxicity, and implementing a customized treatment
plan for increased efficacy. In addition, combination therapy
can potentially mitigate the harmful impact on healthy cells
while concurrently inducing cytotoxic effects on cancer cells.”

S-Fluorouracil (5-FU), a well-known drug known for its
potent ability to combat skin cancer, operates by impeding the
process of deoxyribonucleic acid (DNA) synthesis in cancer-
ous cells.'” Thymidylate synthase activity is blocked to cause
this inhibition, accelerating apoptosis and reducing cell
growth."" While 5-FU’s chemotherapeutic efficacy in initial
cancer treatments shows a response rate of approximately 10—
15%, its cytotoxic effects are amplified upon intracellular
activation.'” Active metabolites such as fluorodeoxyuridine
monophosphate (FAUMP) enhance the inhibition of DNA
replication, while fluorouridine triphosphate (FUTP) integra-
tes into ribonucleic acid (RNA), impairing its synthesis and
function. This dual disruption of both DNA and RNA
processes effectively suppresses tumor growth while ensuring
targeted action against rapidly proliferating cancer cells."

In the last two decades, significant modulation strategies
have been devised to enhance the tumor’s responsiveness to 5-
FU and to address its resistance in terms of therapeutic
effectiveness. These efforts involve reducing the breakdown of
5-FU, augmenting its activation, and enhancing the activity of
thymidylate synthase.'”'* Using $-FU with more recent
chemotherapeutic agents, such as irinotecan and oxaliplatin,
has enhanced response rates of 40—50%."> $-FU has potent
anticancer properties; however, its limited solubility limits its
usage in therapeutic uses. Since 5-FU is a biopharmaceutical
classification system (BCS) class III agent, in this instance, the
5-FU’s low partition coefficient (—0.88) in its unbound form
restricts its ability to enter the stratum corneum.' '’

Sesamol (SES) (S-hydroxy-1,3-benzodixole or 3,4-methyl-
enedioxyphenol) is a secondary metabolite derived from
sesame seeds (Sesamum indicum L.),'® and is classified as a
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phenolic compound. Sesamol exhibits potential in reducing the
incidence of colon cancer,”” nonsmall cell lung cancer,”’ and
malignant melanoma skin cancer,”"** and hepatocellular
carcinoma.”” In addition to its well-documented effects on
cancer, SES has been exhaustively studied for its therapeutical
properties. It has emerged as a promising metabolic regulator,
harnessing its impressive role as an antimutagenic, antioxidant,
anti-inflammatory, antiaging, and antihepatotoxic character-
istics.”* According to one study, sesamol reduced cytotoxicity,
intracellular ROS production, lipid peroxidation, oxidative
DNA damage, and apoptotic morphological alterations in
human fibroblasts caused by UVB irradiation.”> Additionally, it
was discovered that sesamol reduced the expression of
tyrosinase, tyrosinase-related protein-1 (TRP-1), TRP-2,
microphthalmia-associated transcription factor (MITF), and
melanocortin 1 receptor (MCI1R) in melan-a cells, hence
inhibiting melanin formation.*®

SES demonstrates a multifaceted impact on cancer cells,
inhibiting lipid peroxidation, enhancing free radical scavenging,
upregulating antioxidant enzymes, suppressing pro-inflamma-
tory cytokines, inhibiting nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB) signaling, and
modulating various apoptotic and cell growth regulatory
proteins, including B-cell lymphoma 2 (Bcl2), BCL2-
associated X protein (Bax), tumor protein pS3, caspase-3,5-
lipooxygenase, and lectin-like oxidized low-density lipoprotein
receptor-1 (LOX-1), presenting a potential therapeutic strategy
against malignant melanoma.”’~*’

It is difficult to employ both drugs for cutaneous distribution
in treating skin cancer because of their dissimilar physiochem-
ical characteristics. Despite its favorable physicochemical
characteristics, including good water solubility (38.8 + 1.2
mg/mL) and moderate lipophilicity (log P = 1.37), sesamol
faces significant therapeutic challenges. These include poor
bioavailability and rapid systemic elimination, which limit its
therapeutic potential.’® Furthermore, when applied topically,
sesamol’s rapid transit through skin layers to systemic
circulation limits its local effect on skin tissues.’’ A novel
drug delivery system is being developed to address these
challenges. Transitioning from oral to topical administration
enhances dermal drug bioavailability and confines systemic
circulation, ensuring higher drug concentration within the
dermal layers. This innovative approach surpasses challenges

https://doi.org/10.1021/acsomega.4c09147
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Risk assessment: Ishikawa diagram unveils potential influences of material and process on the properties of TL formulation.

Table 2. Study Involving the Observation of Responses in BBD to Develop FS-TL Formulations”

Independent variables

Dependent variables

Formulation A: Lipoid S100 B: Cholesterol C: Sodium cholate Y;: Vesicle size Y;: EE 5-FU
batches (mg) (mg) (mg) (nm) Y,: PDI (%) Y,: EE SES (%)

1 90 15 S 2014 0.398 47.32 61.29
2 70 10 10 140.4 0.257 32.14 41.35
3 70 N 7.5 123.9 0.254 37.28 51.45
4 90 N 10 135.4 0.335 42.72 56.89
N 110 15 7.5 2404 0.458 59.64 74.15
6 110 S 7.5 1758.3 0.401 S52.1 67.88
7 110 10 S 220.1 0.521 47.19 63.88
8 90 10 7.5 166.8 0.301 61.11 74.23
9 70 10 S 1454 0.241 42.51 55.49
10 90 10 7.5 165.4 0.281 63.12 79.48
11 110 10 10 198.1 0.418 55.14 70.89
12 90 10 7.5 164.6 0.269 64.26 72.14
13 90 N S 144.19 0.377 30.2 68.1

14 90 10 7.5 163.8 0.287 62.12 75.19
15 70 15 7.5 159.1 0.19 42.9 55.55
16 90 15 10 182.9 0.358 43.2 63.9

17 90 10 7.5 164.9 0.345 61.39 70.98

“The Design Expert Software was utilized to summarize various parameters for given responses (Y;, Y, Y3, and Y,).

linked to oral drug administration, enhances patient com-
pliance, and mitigates adverse reactions.>”

An innovative approach was utilized to overcome the
stability and encapsulation efficiency issues commonly seen in
traditional liposomal delivery. The study presents a novel
approach for FS-TL, that together merges the merits of
liposomes as well as transfersomes for improved permeation
into deeper layers of the skin for a combination impact against
skin cancer. TL vehicles, enhanced with an edge activator,
exhibited enhanced permeability, deposition properties, and
improved solubility, drug penetration, and stability.**** The
potential conversion of TL in the form of a gel presents an
advantageous opportunity for extended residence time at the
application site and active targeting in tumor-specific dermal
administration.

The present study introduces a novel approach by
formulating, optimizing, and characterizing a TL gel
coencapsulating S-FU and SES for topical application,
combining the chemotherapeutic properties of 5-FU with the
antioxidant and anti-inflammatory benefits of SES. This
innovative formulation, which enhances drug stability, skin
penetration, and controlled release, represents an unexplored
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therapeutic strategy for localized skin cancer treatment,
offering improved efficacy and reduced side effects compared
to conventional therapies.

This manuscript includes optimization and various in vitro
studies to evaluate the prepared TL. Further, ex vivo,
dermatokinetic, penetration depth, skin interaction, and
irritation studies were conducted on mice models.

2. RESULTS AND DISCUSSION

2.1. Quality by Design (QbD) Approach for Opti-
mization. QbD is an essential step in obtaining an appropriate
and dependable formulation. Table 1 presents a detailed
compilation of the Quality Target Product Profile (QTPP) and
the critical quality attribute (CQA) factors obtained from the
QTPP. The risk assessment process utilized an Ishikawa
fishbone diagram. This methodology facilitated the examina-
tion of the impact of specific variables on CQAs, as illustrated
in Figure 1.

2.2. Development and Optimization of 5-FU and SES
TL. The formulation of FS-TL was effectively achieved through
the thin film technique followed by sonication. Subsequently,
the developed formulation underwent additional optimization

https://doi.org/10.1021/acsomega.4c09147
ACS Omega 2025, 10, 6857—-6875
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Figure 2. 3D graphs illustrate the effects of independent variables (Lipoid, cholesterol, and sodium cholate) on the dependent variables (a) Vesicle
size, (b) PD], (c) entrapment efficiency of S-FU, and (d) entrapment efficiency of SES.

Table 3. Outcomes of the Regression Analysis Conducted on Responses Y, Y,, Y3, and Y,

Quadratic model
Response (Yy)
Response (Y,)
Response (Y;)
Response (Y,)

R?
0.9995
0.9679
0.9871
0.9646

Adjusted R? Predicted R? Adequate precision SD % CV
0.9989 0.9969 148.90 1.03 0.6049
0.9266 0.9004 17.96 0.0235 7.03
0.9708 0.8422 20.60 1.92 3.86
0.9192 0.8182 14.95 2.87 4.42

utilizing the Box Behnken design (BBD). This design involved through a 3D graph (Figure 2). The Polynomial quadratic

conducting 17 experimental runs, including 5 center points, to model was deemed the most appropriate. The adjusted value
investigate the impact of independent variables on the size of R* and the predicted value of R* were found to be
(Y,), PDI (Y,), EE of 5-FU (Y;), and EE of SES (Y,) the consistent, as shown in Table 3. Additionally, all four responses
formulation (Table 2). The connection between the exhibited a minimal lack of fit, indicating that all response
independent variables and the responses was visualized surface methodology adequately fits this data.

6860 https://doi.org/10.1021/acsomega.4c09147
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Figure 3. (a) Vesicle size, (b) zeta potential, (c) TEM, and (d) SEM images of FS-TL.

2.2.1. Polynomial Equation. attributed to the ability of phospholipids to enhance drug
entrapment, resulting in an expansion of the interbilayer space,

Vesicle size = +165.10 + 33.14A + 25.63B — 6.79C and subsequently leading to an enhanced vesicle size.>”*" The
+ 7.48AB — 4.25AC — 2.43BC + 9.80A structure of cholesterol was not able to autonomously form a

— 0.2263B> + 1.10C? bilayer; instead, it becomes soluble in a bilayer of

phospholipids. Elevated cholesterol levels contribute to an

PDI = +2.966 + 0.1070A + 0.0046B — 0.0211C augmented dispersion of cholesterol molecules within the
+ 0.0302AB — 0.0298AC + 0.0005BC phospholipid bilayer, leading to a concomitant increase in the

+ 0.0107A" + 0.0184B + 0.0520C average diameter of the vesicle."' Another potential factor
EE%(5-FU) = 62.4 + 7.405A + 3.845B + 0.7475C could be the reduction in the area per phospholipid molecule

within the membrane’s plane due to the thickening caused by
cholesterol, leading to an overall enlargement of the vesicles.*”
On the other hand, elevated levels of sodium cholate result in

+ 0.48AB + 4.58AC — 4.16BC
— 5.517SA® — 8.9025B> — 12.6375C>

EE%(SES) = 74.404 + 9.12A + 1.32125B — 1.96625C enhanced emulsification and solubilization, hence causing a

+ 0.5425AB + 5.287SAC + 3.455BC decrease in the dimensions of the vesicles.* The reduced size

— 8.3945A% — 3752B% — 8.107C2 of the vesicle with enhancing the surfactant concentration can

be ascribed to enhanced membrane flexibility and softness,

2.2.2. Influence of Independent Variables on Vesicle Size leading to increased compressibility. These results align with
(Y;). The vesicle size in the developed formulation varies those of the prior study by Zaki et al.**

between 123.90 to 240.40 nm, as indicated in Table 2. 2.2.3. Influence of Independent Variables on PDI (V). The

According to the mentioned polynomial equation, it was found PDI in the developed formulation varies between 0.190—0.521,

that Lipoid S100 (A) and cholesterol (B) have a favorable as indicated in Table 2 and Figure 2b. The equation provided

impact while sodium cholate (C) has a detrimental effect on above illustrates that the inclusion of lipoid S100 (A) and

the vesicle size (Y;) as can be seen in Figure 2a. The cholesterol (B) has a positive impact on PDI, as evidenced by

augmentation of lipoid S100 concentration induces the the report in Figure 2b. The augmentation of lipoid S100 and

creation of a more compact matrix structure, resulting in the cholesterol quantities from 70 to 110 mg and S to 15 mg,

rigidity of the vesicles. This occurrence may be due to the respectively, led to an elevation in the PDI. The observed

increase in the size of a vesicle.”® This phenomenon may be decrease in PDI was attributed to the higher concentration of

6861 https://doi.org/10.1021/acsomega.4c09147
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Figure 4. (a) FTIR spectra of S-fluorouracil (5-FU), sesamol (SES), physical mixture of 5-FU and SES, and lyophilized FS-TL and (b) DSC
thermograms of mannitol, lyophilized FS-TL, physical mixture of 5-FU and SES, sesamol (SES), and S-fluorouracil (5-FU).

sodium cholate (C). The aforementioned observation implies bilayer membrane. This disruption leads to the release of drugs
that the preservation of a constant size distribution is known to from the vesicular structure, thereby diminishing drug
be crucial to minimizing interfacial tension and attaining a encapsulation.”’
homogeneous TL structure.”’ 2.3. Validation of Design. The utilization of BBD was
Influence of Independent Variables on EE% (Y; and Y.,). employed to attain the optimal formulation characterized by
Based on Table 2, the developed formulation has an reduced vesicle size and polydispersity index (PDI), as well as
entrapment efficiency of 30.2 to 64.26% for S-FU (Y;) and enhanced entrapment efficiency. Hence, FS-TL formulations
41.35 to 79.48% for SES (Y,). The polynomial equation shown were developed using process factors, the runs, and responses
above reveals that Lipoid $100 (A) and cholesterol (B) have a specified in Table 3. The experimental data retrieved from the
beneficial influence on the entrapment efficiency (Y5 and Y,), desired formulations were subsequently subjected to a
whereas sodium cholate (C) has a negative impact on the EE comparison with the predicted responses. The high level of
of 5-FU and SES (Y; and Y,) as depicted in Figure 2¢c,d. The resemblance between the predicted and experimental values
ability of TL to efficiently encapsulate a substantial amount of indicates the efficacy and precision of the optimization
the drug is regarded as a critical factor for achieving optimal approach. The study determined that the desirability ratings
topical administration. The increase in entrapment efliciency assigned to responses were consistently rated as 1, suggesting a
percentage with higher lipoid S100 concentration may be high level of desirability. These responses were associated with
linked to the expansion of the bilayer’s domain size due to the a very low level of prediction error.
formation of more TL vesicles. Consequently, this phenom- 2.4. Optimized Formulation. The optimal formulation
enon facilitates an increased potential for trapping of 5-FU and determined using the Box-Behnken design (BBD), consisted of
SES within the TL vesicles. To facilitate the establishment of lipoid S100 (87.53 mg, A), cholesterol (7.67 mg, B), and
stable vesicles, the formulation was engaged with cholesterol. sodium cholate (7.23 mg, C). This formulation was further
In this case, cholesterol’s main functions are to stop leaks, characterized for various characteristics.
make bilayers more stable, and make it harder for solutes in the 2.5. Characterization of FS-TL. 2.5.1. Determination of
vesicles’ aqueous core to be absorbed.’> The inclusion of Vesicle Size and PDI. Assessing PDI and the vesicle size is
cholesterol has been found to enhance the encapsulation crucial for the evaluation of the quality of transliposomal
effectiveness of TL. This improvement can be attributed to the formulations. The optimized formulation displayed a vesicle
increased affinity between phospholipid molecules and the size of 165.6 + 1.1 nm, and a PDI of about 0.28 + 0.01, as
heightened stiffness of the transliposomal membrane.* depicted in Figure 3a. The size of vesicles and the PDI have the
However, the entrapment effectiveness of TL vesicles is potential to impact the release and absorption of loaded drugs
reduced as the concentration of sodium cholate is enhanced upon reaching the intended site, hence directly influencing
from 5 to 10 mg. The decrease in entrapment efficiency seen at their pharmacological properties. A decrease in the size of
elevated concentrations of sodium cholate may stem from a vesicles and PDI indicates a more uniform and presumably
mechanism where, beyond a certain threshold concentration, more stable transliposomal formulation.** The size of the
sodium cholate impacts the stability (structural) of the vesicle vesicle is crucial in influencing its permeability, the drug release
6862 https://doi.org/10.1021/acsomega.4c09147

ACS Omega 2025, 10, 6857—-6875


https://pubs.acs.org/doi/10.1021/acsomega.4c09147?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09147?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09147?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09147?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

SES
L-A.A..»Ml A y VNERDN

5-FU

S

.

>

=

w

c

E e g vv‘.‘_‘_'_. ', e -
Lyophilized FS-TL

0 10 20 30 40 50 60 70 80 20

20 (degrees)

Figure S. XRD spectra of sesamol (SES), S-fluorouracil (5-FU), and lyophilized FS-TL.

from the formulation, and its stability aspects. Furthermore, it
exerts an impact on the passive targeting of neoplastic cells.
The vasculature of the tumor exhibits a wide range of sizes,
significant heterogeneity, increased permeability, and a
propensity for leakage. The permeable nature of skin tumor
cells facilitates the infiltration of nanovesicles via the enhanced
permeability retention (EPR) effect.”” The nanosystem,
characterized by its sub-200 nm vesicle size, demonstrates a
high capability to efficiently infiltrate tumor cells through the
EPR effect.’® The PDI is a measure used to describe the size
distribution of nanovesicles. An acceptable PDI score of 0.3 or
below suggests a homogeneous phospholipid vesicle popula-
tion.””

2.5.2. Zeta Potential of FS-TL. The zeta potential
magnitude offers valuable data based on the potential stability
of the colloidal system. When the zeta potential of all
suspended particles is significantly negative or positive, they
will exhibit a mutual repulsion, hence preventing any
inclination for vesicle aggregation.’!
negativity or positivity value of zeta potential are typically
regarded as being in a stable state.”> The zeta potential of FS-
TL was determined to be —33.17 + 0.9 mV, as illustrated in
Figure 3b. The presence of a negative surface potential showed
promise in facilitating the improved penetration of the drug
following its application to the skin.”> The attainment of
appropriate zeta potential is a crucial factor in the optimization
of nano drug delivery, as it exerts influence on targeted
therapeutic outcomes, stability, and the profile of drug
release.”’

Vesicles with more
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2.5.3. Assessment of EE and Drug Loading. The measures
of these parameters are essential indicators that reflect the
quality of TL. The % EE for 5-FU and SES was found to be
63.16 + 1.07% and 75.60 + 3.68%, respectively. The drug
loading% for 5-FU and SES was found to be 5.87 + 0.099%
and 7.03 + 0.34%, respectively. The behavior can primarily be
attributed to interactions between the drugs and the lipid
bilayers.>*

2.5.4. Morphology Studies. Transmission electron micro-
scope (TEM) provides detailed insights into the surface
properties of FS-TL, as shown in Figure 3c. The images
confirmed the formulation’s spherical morphology and well-
defined vesicular structure, indicative of solid particulate
properties. Similarly, scanning electron microscopy (SEM)
results, depicted in Figure 3d, revealed spherical vesicles,
focusing on surface characteristics and further supporting the
structural consistency of the formulation.

2.6. Compatibility Studies. 2.6.1. Fourier Transform
Infrared (FTIR). The study used Fourier Transform Infrared
(FTIR) spectroscopy to determine possible interactions
between the drugs as well as the excipients in the formulation.
In Figure 4a, distinct peaks corresponding to specific functional
groups of 5-FU and SES were observed, confirming their
presence within the formulation. For $-FU, notable peaks
included the C=0 at 1642.18 cm™', N—H at 3119.67 cm™",
C—F at 1416.73 cm-1, C—N at 1246.87 cm™, and pyrimidine
compound at 1341.88 cm™".>® Similarly, for SES, peaks such as
disubstitution of phenyl at 737.86 cm™, C—H bonding bands
at 833.27 cm™!, symmetric (=C—O—C stretching) at 1026.20
ecm™, C—O—C stretching at 1084.73 cm™!, CH, bending at
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Figure 6. Comparative percentage of DPPH radical scavenging activity (% inhibition) for ascorbic acid (AA), Sesamol (SES), S- fluorouracil (5-
FU), and FS-TL at concentrations ranging from SO to 300 ug/mL (p < 0.0001, n = 3).

1463.93 cm™', CH bending of phenyl group at 1388.31 cm™,
phenyl skeletal frequency at 1625.26 cm™’, and unsaturated
—CH at 3171.80 cm™" were identified.”® Additionally, analysis
of the developed FS-TL formulation revealed no observable
interactions. A comparison of the FTIR spectra of the drugs,
their combination, and the transliposomal formulation
indicated efficient encapsulation of the drugs within the lipids,
highlighting the compatibility of the optimized formulation.

2.6.2. Differential Scanning Calorimetry (DSC). According
to the reported data, the melting point range of 5-FU and SES
has been documented to be between 282 °C>> and 65.3 °C.”’
Figure 4b displays the DSC thermogram of pure drug SES, S-
FU, a combination of both drugs, drug-loaded formulation FS-
TL, and pure mannitol. Upon doing a DSC analysis of the pure
S-FU and SES, it was noted that a distinct endothermic peak
occurred at a temperature of 294.44 and 67.82 °C, respectively
and there was no significant change in the peaks of both drugs
were observed in combination. This observation serves as
confirmation of the drug’s purity and crystalline characteristics.
The DSC-based thermogram of FS-TL displayed a distinct,
well-defined endothermic peak at 172.24 °C, indicative of the
presence of mannitol, aligning with the peak observed in pure
mannitol. The conversion of a substance from a crystalline
form to an amorphous nature is only indicated by the presence
of a peak corresponding to mannitol. Additionally, it
demonstrates the comprehensive encapsulation of the drugs,
with no observed instances of drug precipitation.

2.6.3. X-ray Diffraction (XRD) Analysis. The X-ray
diffraction (XRD) spectra exhibited discernible peaks corre-
sponding to 5-FU at diffraction angles of 16.5°, 19.3°, 31.48°,
and 39.4°. Additionally, recognizable peaks of SES were
observed at diffraction angles of 15.4°, 20.19°, and 30.49°, it is
evident that 5-FU and SES, both are present in a crystalline
powder (Figure S). Nevertheless, the diffraction pattern of the
drug-encapsulated FS-TL, does not exhibit any comparable
diffraction peaks for 5-FU and SES. The results suggest that
both drugs were evenly distributed within FS-TL, resulting in
their entrapment in an amorphous state. The same outcome
was likewise noted when drugs were enclosed within the nano
formulation.”®

2.7. Antioxidant Activity. The study sought to elucidate
the antioxidant potential of drug samples across a range of
concentrations, crucial for understanding their therapeutic
efficacy. Results revealed a significant positive correlation
between concentration and antioxidant activity, underscoring
the importance of dosage optimization in maximizing
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therapeutic benefits. At the highest concentration of (300
ug/mL), ascorbic acid (AA) showed the most pronounced
antioxidant activity (88.42 = 1.70%) followed closely by the
FS-TL (84.67 + 2.3%). In comparison, SES exhibited 75.25 +
1.1%, and S-FU showed the lowest inhibition among the
sample (66.88 =+ 1.5%). Notably, the radical scavenging
capability of the sample of FS-TL, when used at its greatest
concentration of 300 ug/mL, was shown to be similar to the
antioxidant capacity of AA at a similar concentration as shown
in Figure 6. Vesicular encapsulation might perhaps explain this
phenomenon due to the enhanced solubility and dispersion of
drugs. The results validate that the vesicle formulation
successfully preserved the antioxidant activity of the drugs.

Samples that have lower half-maximal inhibitory concen-
tration (ICg,) values indicate a more pronounced level of
antioxidant activity. The ICs, values for the standard sample
(AA), 5-FU, and SES were 28.19 pug/mL, 79.27 ug/mL, and
56.88 ug/mlL, respectively. The combination ratio of SFU and
SES in a 1:1 ratio was chosen due to its superior efficacy, as
shown by its lowest IC;, value compared to alternative ratios.

2.8. Combination Index. The Combination Index (CI)
for the drug ratio was 0.911, which is less than 1. This result
validates the synergistic interaction between the drugs,
reinforcing the rationale for their combined use in this specific
ratio for optimal therapeutic outcomes.

Given the detrimental effects of UV radiation-induced
oxidative stress, such as sunburn, accelerated aging, and the
formation of tumors, the antioxidant properties of compounds
like S-FU and SES hold immense therapeutic potential.*”*°
This study offers critical insights into their antioxidant
mechanisms, opening new avenues for the development of
innovative therapeutic strategies aimed at combating oxidative
stress-related disorders.

2.9. Drug Release (In Vitro). The comparative drug
release profiles of 5-FU and SES from the FS suspension and
the FS-TL formulation were evaluated using a dialysis bag. The
ES suspension exhibited a rapid release, with 82.88 + 0.64% of
5-FU and 80.15 =+ 0.24% of SES released within 4 h.
Conversely, the FS-TL formulation displayed a significantly
slower release, with only 29.82 + 1.2% of 5-FU and 28.62 +
1.5% of SES released during the same 4 h. However, over 24 h,
the FS-TL formulation demonstrated a sustained release, with
82.52 + 1.21% and 86.17 + 1.0% release for 5-FU and SES,
respectively. This biphasic release pattern included an initial
accelerated release phase within the first 4 h, attributed to the
desorption of loosely bound drug molecules and release from

https://doi.org/10.1021/acsomega.4c09147
ACS Omega 2025, 10, 6857—-6875


https://pubs.acs.org/doi/10.1021/acsomega.4c09147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09147?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09147?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

% Drug release

T T
0 5 10 15 20 25

Time (Hr)
C;
20 @
200
—~ SESTLG
& 197 —~ SESSG
o
3 —~ 5FU-TLG
1009 5FU S-G
g
=i
501
T T T T 1
o 2 4 6 8 10

Time (Hr)

Cummulative

(b)

500
<
5400- —— SES-TLG
Ed -~ SES-SG
3 300 — 5-FU-TLG
K] — 5-FU-SG
£ 200
[
Qo
o
2 100
©
0-
0 5 10 15 20 25
Time (Hr)
(d)
300
\ —~ SESTLG
200
" i —~ SESS-G
5 — 5FU-TLG
2 5FUS-G
100
\\
T T T T 1
0 2 4 6 8 10
Time (Hr)

Figure 7. Comparative analysis of S-fluorouracil (5-FU) transliposome (5-FU-TL) and sesamol (SES) transliposome (SES-TL) formulations, along
with S-fluorouracil suspension (5-FU-S-G) and sesamol suspension gel (SES-S-G). (a) In vitro drug release over time for both formulation and
suspension. (b) Ex vivo permeation through mouse skin for gel formulations and suspensions. (c) Drug present in the epidermis. (d) Drug present

in the dermis.

the transliposomal surface, followed by a slower, sustained
release phase, likely due to the elasticity of vesicles induced by
edge activators while maintaining vesicle integrity."**

The larger vesicle size in the FS suspension contributed to
its less effective membrane permeation compared to the
transliposomal formulation. The smaller vesicle size of the FS-
TL formulation enhanced drug diffusion and provided
sustained release, reducing systemic absorption and minimizing
potential systemic side effects.”>** The release kinetics of FS-
TL were evaluated using various release models, including
Higuchi (R? = 0.9961), zero-order (R* = 0.9523), first-order
(R* = 0.9922), and Korsmeyer-Peppas models (R* = 0.9935).
Based on the analysis, it can be concluded that the Higuchi
model is the most appropriate for describing drug release
behavior. Additionally, the release mechanism from the FS-TL
formulation follows a Korsmeyer-Peppas diffusion process,
which is characterized by non-Fickian diffusion.

2.10. Skin Permeation (Ex Vivo). The investigation on
permeation via the mice skin showed that the S-FU-SES
conventional gel had a cumulative drug permeation of 175.28
+ 6.41 pg/cm’® for S-FU and 162.55 + 4.07 pg/cm? for SES.
On the other hand, the FS-TLG exhibited a higher drug
permeation rate of 324.92 + 11.57 ug/cm* for S-FU and
304.12 + 6.74 ug/cm® for SES via the skin, as depicted in
Figure 7b. The primary factor leading to an enhanced
permeation was the occlusive behavior exhibited by the TL
gel nanosystems. This behavior caused a modification in the
arrangement of corneocytes and the widening of intercorneo-
cyte openings through skin hydration. As a result, there was an
increased amassing of nanoscale dru§ carriers in the epidermis
as well as dermis layers of the skin.”> Moreover, due to their
strong affinity for biological made-up membranes, the
phospholipid bilayers found in vesicles interact with the skin,
thus increasing its permeability.® Apart from that, the
presence of sodium cholate in the TL formulation works as
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an edge activator. As edge activators, these substances could
augment the permeation of vesicles across the dermal pores by
promoting vesicular deformability. Enhancing the flexibility of
vesicles increases their ability to hold and bind water when
applied without occlusion. This, in turn, improves the
integration of vesicles into the stratum corneum lipid layer,
ensuring optimal hydration conditions.”’”

2.11. Dermatokinetics. The dermatokinetic investigation
results revealed significantly higher concentrations of 5-FU and
SES from FS-TL gel (FS-TLG) in the epidermis and dermis
regions of the skin compared to those found in the FS-
suspension gel (p < 0.001), as depicted in Figure 7c,d. An
investigation using noncompartmental methods revealed that
the FS-TLG had a greater maximum concentration (Cygp max)
and the area under the curve (AUC,_g) compared to the FS-
Suspension gel. The concentration of drug accumulation in the
intended area of the skin was shown to be higher in the
developed gel formulation compared to the suspension gel
(Table 4). The findings on TL delivery indicate a substantial
increase in the permeation mechanism when administered via a
topical route. The current observation could be linked with
some previously reported outcomes of the skin permeation
study and confocal laser microscopic analysis. These studies
demonstrated an augmented penetration of the formulation,
which can be attributed to the formulation’s elasticity as well as
the presence of an edge activator and phospholipid.

2.12. Skin Interaction. In the study, the thermal
properties of mice skin were assessed by measuring the
transition midpoint (Tm) and enthalpy (AH) values using
DSC (Figure 8). The untreated mice’s skin exhibited a Tm
value of 143.36 °C and an AH value of 446.31 J/g. In
comparison, the treated mice showed a reduced Tm value of
76.6 °C alongside an elevated AH value of 966.185 J/g. This
decrease in Tm values in treated skin suggests a potential
alteration in the lipid bilayer’s phase transition temperature.
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Table 4. Dermatokinetic Parameters (Epidermis (EPI) and Dermis (DER)) of Suspension and FS-Loaded TL Gel and FS-Suspension Gel

Suspension gel SES (SES-SG) S-FU-TLG

Suspension gel S-FU (SFU-SG)

DER EPI DER EPI DER

EPI

Dermatokinetic parameters

T tin max (hr)

179.8 + 3.44 2294 + 5.38

253.53 + 1.49
1605.91 + 24.36
0.042 + 0.002

200.15 + 8.92
1203.56 + 77.69
0.071 £ 0.013

111.64 + 4.39
660.03 + 13.05

96.24 + 1.39
584.06 + 7.54

115.78 + 1.11
725.59 + 18.76

101.18 £+ 0.921
665.27 + 38.61

Cskin max (ﬂg/cmz)
AUC, 4 (ﬂg/ cm® h)

Ke (h™')

1403.47 + 30.9
0.056 + 0.02

1095.08 + 74.00
0.05 + 0.002

0.070 + 0.007 0.069 + 0.015 0.081 + 0.010

0.069 + 0.003
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Furthermore, the untreated skin displayed a second peak at
312.30 °C with an AH 296.34 J/g. In contrast, the treated skin
demonstrated a second peak at 320.466 °C with an AH of
36.82 J/g. The increase in Tm values in the treated skin
implied a potential alteration in the lipid bilayer’s phase
transition temperature. Concurrently, the decrease in AH
values suéggests heightened enthalpy during this phase
transition.”” These findings may indicate changes in lipid
bilayer structure, while an enhancement in lipid bilayer fluidity
is induced by the application of FS-TLG. Such alterations in
skin thermal properties may have implications for the
permeation and absorption of drugs, influencing the efficacy
and delivery of the formulated drugs.

2.13. Confocal Laser Scanning Microscopy (CLSM).
The utilization of CLSM is a common and effective technique
for visualizing the degree of penetration achieved by
nanocarriers. The CLSM images depicted that the hydro-
alcoholic solution containing Rhodamine B penetrated the skin
to a depth of only 10.0 um, as illustrated in Figure 9a. This
observation indicates that the solution was confined solely to
superficial layers of the skin. While, in contrast, the TLG
formulation containing a rhodamine dye exhibited a notable
permeation capacity of up to 30.0 um, as depicted in Figure 9b,
thus demonstrating an increased ability to penetrate. These
findings are in line with previous research.”

2.14. Skin Irritation. The control group, positive control
group, and FS-TLG were evaluated for skin irritation using
erythema and edema ratings. Erythema scores for the control
group (0.0 + 0.0), positive control group (3.49 + 0.55), and
FS-TLG (0.47 + 0.11) were recorded, respectively. Similarly,
the edema scores for these groups were 0.0 + 0.0, 3.87 + 0.66,
and 0.51 =+ 0.09, respectively. It is important to mention that
compounds with scores of 2 or below are classified as nonskin
irritants. The data indicates that the FS-TLG formulation
yielded scores below 2 for both erythema and edema,
suggesting nonirritant properties. Therefore, the developed
FS-TLG demonstrates no skin irritancy based on dermal
irritation data, as illustrated in Figure 10.

2.15. Cytotoxicity. The efficacy of FS-TL and FS-
suspension was assessed in vitro by measuring the percentage
of cytotoxicity on the A431 cell line, with results depending on
the concentration of the test samples (Figure 11). At the
highest concentration of 300 uM, the cytotoxicity percentage
was 90.38 + 0.93% for FS-TL and 77.60 + 1.00% for FS-
Suspension. A significant difference by comparing the
outcomes of cells treated with FS-TL and FS-suspension (p
< 0.05). The ICs, values, which indicate the concentration at
which 50% of cell toxicity is reached, were found to be 70.24 +
2.84 uM for FS-TL and 146.177 + 2.29 uM for FS-suspension.
The superior effectiveness of FS-TL can be attributed to the
increased sensitivity of malignant cells to 5-FU and SES,
causing inhibition of cancer cell growth as well as induction of
apoptosis, more so than the FS-suspension. These findings
align with previous research demonstrating the cytotoxic
properties of 5-FU and SES nanoformulations against various
cancer cell lines, including A431 and SK-MEL-24 melanoma
cell lines.”>*

2.16. Stability Studies. Table S illustrates the stability of
FS-TL under storage conditions. According to the results,
vesicle size, PDI, and zeta potential remained consistent at 4
°C, over the 6 months research period, formulation
demonstrating excellent stability.
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Figure 8. DSC thermograms of mice’s skin (a) untreated, and (b) treated with FS-TLG.

3. CONCLUSION

The nanoformulation of 5-FU and SES-loaded transliposomal
gel shows potential for skin cancer management. The
formulation, optimized using BBD, has favorable character-
istics, including appropriate vesicle size, and zeta potential with
a high entrapment efliciency. In vitro drug release, ex vivo skin
permeation, and dermatokinetic investigation show significant
drug delivery to both epidermis and dermal layers. The
interaction of the formulation with the skin, enhanced
permeation, and reduced irritation indicate its safety for
clinical use. Overall, based on the comprehensive evaluation, it
was concluded that the optimized FS-loaded transliposomal gel
formulation offers superior potential compared to its conven-
tional formulation, highlighting its promise for enhanced
efficacy and reduced toxicity in the management of skin cancer.
Additionally, comprehensive animal studies will be conducted
to assess the transliposomal gel’s efficacy in inhibiting tumor
growth and evaluating parameters such as tumor size, and
histopathological characteristics. These investigations aim to
authenticate the translational capability of this formulation for
effective skin cancer management.

4. EXPERIMENTAL SECTION

4.1. Materials. 5-FU (>99% purity (HPLC) was obtained
from Otto Pharmaceutics Pvt Ltd. in India, while Sesamol
(>98% purity), cholesterol, and sodium cholate (>97% purity)
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were sourced from Sigma-Aldrich Pvt Ltd. in Mumbai, India.
Lipoid S100 was acquired from Lipoid SD. Rhodamine B,
ascorbic acid, and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
procured from Sigma-Aldrich in Mumbai, India. Carbopol 940,
triethanolamine (>99% purity), and polyethylene glycol
(PEG) were bought through Unicure India Ltd. in Noida,
India. Mannitol was obtained from SD Fine-Chem Ltd. in
Mumbai, India. Other laboratory-grade materials such as
methanol, ethanol, etc., were sourced from SD Fine Chemical
Ltd. in Mumbai.

4.2. Quality Target Product Profile. A comprehensive
Quality Target Product Profile (QTTP) was conducted to
ensure the safety and eflicacy of a prepared formulation. Apart
from serving as a strategic framework, this QT'TP is intended
to support the integration of Quality by Design (QbD)
principle that would also promote a systematic approach to the
formulation development process.”” This QTTP outlines the
essential performance characteristics required of the finished
product. Through QbD, attention is directed toward critical
quality attributes (CQAs) that significantly impact formulation
quality. Variability in these CQAs is often influenced by some
Critical Process Parameters (CPPs) that usually link to various
development processes as well as Critical Material Attributes
(CMAs) concerning formulation composition. To thoroughly
assess potential factors affecting formulation quality, a series of
risk assessment studies were conducted, drawing upon a range
of techniques outlined in the ICH Q9 guidelines.”" The
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(a) Hydroalcoholic rhodamine solution

(b) Rhodamine loaded TL gel formulation

Figure 9. Comparative CLSM image of (a) hydroalcoholic solution and (b) TL formulation gel across the excised mice skin

= NY

) -

v -

i
!

1

m—

Figure 10. Skin irritation images of mice (a) normal control, (b) treated with positive control (formalin solution), and (c) FS-TLG formulation.

Ishikawa Fishbone Diagram, Failure Mode and Effects Analysis
(FMEA), and Fault Tree Analysis are frequently used tools. In
this investigation, a methodology utilizing the Ishikawa
Fishbone Diagram has been recently adopted to explore the
cause-and-effect relationships among various components.
4.3. Development of 5-FU- and SES-Loaded Trans-
liposomes (FS-TL). The process of developing TL involved a
thin-film method followed by sonication. In a 2:1 v/v solution
of chloroform and methanol, the lipid consisting of lipoid
$100, cholesterol, sodium cholate, and sesamol were meant to
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be dissolved. To evaporate the organic phase, the solution was
put into a round-bottom flask and run through a rotary
evaporator (Model Eyela N-1000 series, Tokyo Rikikikai Co.,
Ltd., Japan). The thin film thus obtained was dried and later
rehydrated with phosphate-buffered saline (PBS) at 150 rpm
which included 5-FU at a pH of 5.5. To generate a nanovesicle,
the formulation was followed by sonication for two minutes
with the help of a probe sonicator (UP100H, Hielscher,
Germany).””
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Figure 11. % Cytotoxicity of FS-TL and FS-suspension on the A431
cell line, as evaluated via the MTT assay (p < 0.0S).

4.4. Optimization of FS-TL. The preformulating inves-
tigation was carried out to explore the influence of various
independent factors on the dependent variables, such as the
amounts of lipoid S100 concentration (mg, A), cholesterol
(mg, B), and sodium cholate concentration (mg, C). These
studies aimed to evaluate vesicle size (Y;), PDI (Y,), and
entrapment efficiency (% EE; Y;, and Y,). Employing a Box-
Behnken design (3-factor), the impact of the three
independent variables was optimized. The collected runs
were analyzed via Design of Experiment version 13 software
(Stat-Ease), and the significance of each element and their
interactions was determined through analysis of variance
(ANOVA). Table 6 outlines the selected upper and lower
bounds for the experimental design, providing a comprehen-
sive framework for the research process.

4.5. Characterization of FS-TL. 4.5.1. Measurement of
Vesicle Size, PDI, and Zeta Potential. Vesicle size, PDI, and
zeta potential of the FS-TL formulation were determined at a
temperature of 25 °C with the help of dynamic light scattering
(DLS) and a Malvern zeta sizer instrument (Malvern
Instrument, UK.). To reduce the occurrence of multiple
scattering phenomena due to interparticle interaction,
formulation dispersion was diluted 10-fold using deionized
water.”?

4.5.2. Assessment of the EE and Drug Loading. The % EE
of FS-TL was determined with the help of the ultra-
centrifugation technique, followed by filtration. The FS-TL

Table 6. Dependent and Independent Variables Utilized in
the FS-TL Using BBD

Levels
Independent Variable Minimum Moderate Maximum
A = Lipoid $100 (mg) 70 90 110
B = Cholesterol (mg) S 10 15
C = Sodim cholate (mg) S 7.5 10
Dependent Variable Goals

Y, = Vesicle size (nm) <200 nm

Y, = PDI <03

Y; and Y, = Entrapment efficiency (%) >70%

(2 mL) was put in an Eppendorf tube and centrifuged at
10,000 rpm using a Cooling Centrifuge (C24, REMI
Instruments Ltd.). The supernatant obtained was filtered
(0.45S pm) after centrifugation, which was later diluted with
methanol. The UV spectrophotometric evaluation of the drug
concentration was conducted at wavelengths of 265.5 and 298
nm for 5-FU and SES, respectively. Assessing the drug-loading
capacity of TL depends significantly on the entrapment
efficiency of the drugs, a crucial determinant influenced by
multiple factors such as the formulation development process,
drug properties, and formulation variables.”*

The following equations were utilized to quantify % EE and
% drug loading.

% entrapment efficiency

_ total amount of drug — amount of free drug % 100
total amount of drug

total amount of drug entrapped

% drug loading = X 100

total amount of drug and lipid

4.5.3. Morphological Studies. 4.5.3.1. Transmission Elec-
tron Microscopy. The morphology analysis of the FS-TL was
examined using a transmission electron microscope (TEM;
JEOL, Japan). A minute quantity of the diluted nano-
formulation was deposited onto a carbon—copper grid and
subsequently desiccated. Subsequently, the desiccated speci-
men was subjected to a solution containing phosphotungstic
acid at a concentration of 1% weight/volume [34]. The
specimen was subjected to further analysis using a transmission
electron microscope at 70 kV.

4.5.3.2. Scanning Electron Microscopy. Before scanning
electron microscopy (SEM) analysis, the aqueous FS-TL
formulation underwent lyophilization to achieve a dry
powdered formulation. Before freeze-drying, a cryoprotectant,
specifically 5% mannitol, was incorporated into the formula-

Table S. Stability Studies of FS-TL Formulation

Storage Time (Months) Temperature and Humidity Appearance

0 4+ 0.5 °C/60 + 5%RH Clear
40 + 275 £ S%RH Clear

1 4+ 0.5 °C/ °C/60 + S%RH Clear
40 £ 2 °C/75 = 5%RH Clear

3 4+ 0.5 °C/60 + S%RH Clear
40 + 2 °C/75 + S%RH Clear

4 4+ 0.5 °C/60 + 5%RH Clear
40 + 2 °C/75 + S%RH Cloudy

6 4 £+ 0.5 °C/60 + 5%RH Clear
40 + 2 °C/75 + S%RH Cloudy

Phase separation Vesicle size (nm) PDI Zeta potential (mV)
No phase separation 164.6 + 0.5 0.269 + 0.01 —33.17 £ 0.9
No phase separation 166.7 = 0.2 0.275 + 0.02 —32.04 £ 0.3
No phase separation 165.84 + 0.9 0.274 + 0.02 —32.82 £ 0.7
No phase separation 171.68 + 0.7 0.296 + 0.03 —3142 £ 0.5
No phase separation 166.97 + 0.6 0.288 + 0.01 31.90 £ 0.5
No phase separation 17599 £ 0.5 0.332 + 0.05 —30.11 + 0.6
No phase separation 167.19 + 0.7 0.301 + 0.01 —31.08 £ 0.8
No Phase separation 198.24 + 0.4 0.413 + 0.03 28.28 + 0.8
No phase separation 169.42 + 0.6 0.302 + 0.02 —31.05 £ 0.4
Phase separation 247.51 £ 0.8 0.496 + 0.08 —2545 £ 0.5
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tion.”> SEM analysis was conducted on the lyophilized FS-TL
formulation. The SEM images were received via a Hitachi S-
520 electron microscope, which was operated at an accelerated
voltage showing 10 kV. The samples were later mounted on
aluminum stubs with the help of a double-sided adhesive tape
and then subjected to gold coating in the Hitachi HUS-5 GB
vacuum evaporator.76

4.6. Compatibility Studies. The samples of 5-FU and SES
drugs were accurately weighed in a container, blended to form
physical mixes, evenly crushed using a mortar and pestle, and
subsequently placed into sealed glass containers resistant to
light. Using DSC, XRD, and FTIR, the produced samples were
analyzed.

4.6.1. FTIR. A 1—2 mg of test samples of 5-FU, SES, and FS-
TL were prepared by adding the samples into a KBr and
subsequently mixing and grinding them until a uniform
mixture was obtained. The drug and KBr mixture were
subsequently compressed into individual pellets. To obtain the
infrared spectra, the pellets were subjected to analysis with the
help of an FT/IR-4100 Spectrometer (Bruker Tensor 37,
Massachusetts, USA) within an IR spectral range of 400—4000
cm™!. Late, the obtained spectra were compared to the
standard spectra of 5-FU and SES.””

4.6.2. DSC. The determination of the drug’s physical state
was obtained using a DSC (PerkinElmer Pyres, Massachusetts,
USA). The pure drug sample, mixture, mannitol, and
formulation DSC were performed. The liquid formulation
was lyophilized, resulting in the formation of a lyophilized
powder. A sample weight of 2.0 mg was later carefully placed
into a standard aluminum pan. The samples were subjected to
heating from 20 to 400 °C at a constant rate of 10 °C per
minute. During the heating procedure, a steady stream of
nitrogen gas at a flow rate of 20 mL per minute was upheld to
confirm a consistent purging of the system.”®

4.6.3. Powder X-ray Diffraction (PXRD) Analysis. The
STADI P equipment provided by STOE (STOE & Cie
GmbH, Darmstadt Germany) was used for the X-ray powder
diffraction (XRD) investigation. This analysis aimed to
examine the impact of drug-excipient mixtures, both binary
and multicombination, on the crystallinity of the drugs.79 The
experimental arrangement includes a radiation source emitting
Cu—Ka radiation, and a linear position-sensitive detector
(PSD) serving as the detector. Measurements of pure drugs,
mixture and lyophilized formulation were conducted in
transmission mode with a step size of 0.15°, with every step
lasting 180 s. The measurements were conducted with a
voltage and current of about 40 kV and 30 mA, respectively.
The range of 20 angles used in the measurements was from 5°
to 60°.

4.7. Antioxidant Activity and ICs,. The evaluation of the
DPPH radical scavenging properties of both drugs and FS-TL
was carried out followed by the procedure detailed by Brand-
Williams and colleagues,81 with certain modifications. Three
test samples included ascorbic acid (AA) as a standard
antioxidant, 5-FU, SES, and FS-TL. A DPPH solution (0.1
mM) was prepared in methanol, and 100 uL of this solution
was added to 100 uL of this solution was added to 100 uL of
the test samples in a 96-well microtiter plate. Control wells
were established by adding 200 xL of DPPH solution (96 uM
in HPLC-grade methanol) to one group and 200 uL of
methanol to another. Test samples were prepared at varying
concentrations (50—300 yg/mL), with methanol serving as the
blank.
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The prepared samples were allowed to be placed in a dark
environment and were kept at a temperature of 27 °C for 30
min, allowing them to incubate. After the incubation period,
absorbance measurements were taken at 517 nm using a
microplate reader (SpectraMax M2, Molecular Devices Inc.,
USA) connected to a computer running SoftMax Pro version
6.5.1 software for data collection and analysis.*” The
scavenging activity of the DPPH radical by each sample was
calculated using the formula

% scavenging

__ absorbance (control) — absorbance (sample)

X 100

absorbance (control)

The ICs, value, defined as the concentration required to
inhibit 50% of the DPPH radicals, was determined for all test
samples, including the standard AA, 5-FU, SES, and FS-TL.*

4.8. Combination Index (Cl) Assessment. Combining
two drugs may not always exceed the cumulative efficacy of
administering the agents alone. The quantitative combination
index (CI) values lower than 1, equal to 1, and more than 1
signify synergism, additive, and antagonistic effects, respec-
tively. The mathematical equation below representing the
calculation of the combination index (CI) is as follows:

combination index = X4

DX DY

The variables dX and dY depict ICy, values of drug a and
drug b, respectively, when administered individually. On the
other hand, the variables DX and DY highlight the IC, values
of drug a and drug b when administered in combined
therapies.**

4.9. Drug Release and Kinetics Model. In a controlled
laboratory environment, the drug release from the FS-TL and
FS-suspension was compared using the dialysis bag technique.
After adding 2 mL of TL formulation and suspension, the
preactivated dialysis bags (MW: 12,000—14,000) were tightly
sealed. Subsequently, the immersion of the dialysis bag was
done in a 100 mL solution of dissolving media composed of
phosphate buffer and methanol in a ratio of 9:1 v/v, with a pH
of 5.5. The solution was equilibrated at 37 + 2 °C and stirred
at 400 rpm. A 2 mL aliquot was taken out from the beaker at
specific time intervals and replaced with an equal volume of a
new dissolving media. The samples were diluted with methanol
and filtered (0.22 um).* The quantification of the released 5-
FU and SES was estimated using a UV spectrophotometer at a
wavelength of 265.5 and 295 nm respectively.”® Higuchi
diffusion model, zero and first-order kinetics, and Korsmeyer-
Peppas model were employed to analyze the drug release
process.

4.10. Skin Permeation Study. Before conducting the skin
permeation study, the developed formulation underwent
conversion into a Carbopol 940P-based gel to simulate its
intended application method and evaluate its performance in a
representative formulation. Carbopol 934P served as the
developing agent (gelling-based). It was then dissolved in
water (double distilled). Subsequently, the mixture was then
left undisturbed overnight to guarantee comprehensive solid-
ification and expansion. Then, FS-TL was added to the
Carbopol mixture while maintaining continuous stirring.
Additionally, PEG 400 at a concentration of 5% was
introduced as a humectant and plasticizer, while triethanol-
amine at a concentration of 0.5% was added and homogenized
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for neutralization purposes. As a result, a transparent FS-TL gel
(FS-TLG) was obtained.

In this investigation, the skin of mice was obtained following
euthanasia via the technique known as cervical dislocation. The
animal experimentation conducted at Jamia Hamdard was
permitted by the Institutional Animal Ethics Committee
(IAEC) (Protocol No. 2052, 2023). The experimental setup
involved the use of Franz diffusion cells, which had a surface
area of 0.785 cm® and were employed to investigate skin
permeation in mice. Ten mL of PBS (pH 5.5) was added to
the receptor compartment. It was kept at a stirring speed of
600 rpm with the help of a magnetic stirrer. The FS-TLG was
administered onto the skin in the donor cell topically. The
receptor cell was maintained at 37 + 1 °C during the entire
experiment, and agitation was accomplished using a magnetic
bead spinning at 600 rpm. A 2 mL aliquot was taken out from
the beaker at specific time points and replaced with an equal
volume of a new dissolving media. The collected samples were
subjected to further filtration. Later, these were then diluted
with PBS 5.5. Drug concentration present in samples was
measured with the help of UV spectrophotometry having a
PBS 5.5 acting as a standard solution.®”

4.11. Dermatokinetic Study. The procedures outlined in
the processing of ex vivo skin permeation investigation were
followed in the dermatokinetic experiment. Alternatively,
throughout this investigation, whole skin from the Franz cell
was excised at predetermined sampling time points of 0, 1, 4, 6,
and 8 h. The skin samples underwent washing with a normal
saline solution to eliminate any leftover formulation adhered to
the skin. Following this, the sample of skin was immersed in
water that was heated at 60 °C for a duration of two to three
minutes. Then, using forceps with sharp, fine tips, the layers of
the dermis and epidermis were diligently separated. To
enhance the drug extraction process, the layers were separately
fragmented into small pieces, which were immersed in a
solution containing methanol for about 24 h. The methanolic
solution was filtered (0.45 um) before determining the
concentration of S-FU and SES spectrophotometrically at
wavelengths of 265.5 and 295 nm, respectively. For the dermis
and epidermis, the concentration of 5-FU and SES per square
centimeter of skin over time was shown individually. The
parameters for dermatokinetics like T maw Cokin maw K€, and
AUC,_g, were calculated using the pK Solver 3.0 program.47

4.12. Skin Interaction Study. The study examined the
interaction between FS-TLG and skin using a differential
scanning calorimeter (DSC). Two Franz diffusion cells were
utilized with each cell having a phosphate buffer at a pH of 5.5
in the receptor compartment. Freshly prepared mice skins were
attached to the cells. The FS-TLG was put on the skin sample
attached to a Franz cell, and an 8-h permeation investigation
was conducted. Within the procedure section, you could
include a line. A control group consisting of untreated skin
samples were kept in the donor section of a Franz diffusion
cell, alongside some treated samples, to facilitate a comparative
analysis of skin permeation behavior under identical exper-
imental conditions. The skin samples were taken out of the
Franz cell, properly cleaned using distilled water, and then
dried when the permeation examination was completed.
Afterward, the dehydrated skin sample was divided into
small pieces and securely enclosed in aluminum pans for
subsequent analysis using DSC.*

4.13. Evaluation of the Penetration Depth. Confocal
laser scanning microscopy (CLSM) (410 Zeiss, Germany) was
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employed to evaluate the extent to which the TL gel and
hydroalcoholic solution penetrated the skin. To treat the
mice’s skin on the Franz diffusion cell, a hydroalcoholic
solution and a formulation including a mixture of Rhodamine
B dye were smeared. The skin was taken off after eight hours,
and any residual formulation that had adhered to it was
cleaned with ethanol. Subsequently, the sample was vertically
sectioned into slices with a thickness of 52 um. These slices
were then affixed onto slides, allowing for the observation of
fluorescence intensity across various layers of the skin via
confocal laser scanning microscopy (CLSM). Utilization of an
argon laser beam at 488 and 532 nm was employed for
optically exciting and detecting fluorescence emission,
respectively.”

4.14. Skin Irritation Study. An experiment assessing skin
irritation was conducted on mice’s skin. A comparative
investigation evaluated the potential irritation caused by the
formulated product (FS-TLG) compared to a 0.8% v/v
Formalin solution as a positive control whereas, no treatment
as a negative control. The potential of the formulation to
induce skin irritation was evaluated using the Draize test. Hair
remover was used to remove hair from the mice’s dorsal
surface. After 24 h of administering, the formulation including
treatment as well as the positive control, all the animals were
regularly monitored for the presence of any erythema and
edema. Severity scores that range from 0 to 4 were
subsequently given based on the observed symptoms.”

4.15. Cytotoxicity Studies on A431 Cell Lines. The
cytotoxicity of normal A431 cells was assessed with the help of
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) evaluation to evaluate the effects of the FS-TL and FS-
suspension.”® For this, 200 uL of A431 cell suspension
containing 2 X 10° cells were seeded into each well of a 96-well
plate, with three wells per condition. The plates were then
incubated for 24 h at 37 °C in an atmosphere containing 5%
CO,. Following a 24-h incubation period, cells were clinged to
well and exposed to different concentrations (ranging from 25
to 300 uM) of FS-TL and FS-suspension in fresh media. The
cells were then incubated for a further 24 h at 37 °C. After the
drug treatment, the media in each well was removed, and 10
uL of MTT solution having a concentration of 5 mg/mL in
PBS was later applied to the cells. The well’s capacity was
augmented to 100 yL including an additional 90 uL containing
fresh medium. The cells treated with MTT were placed in a 5%
CO, atmosphere and incubated at 37 °C for 4 h. After the
incubation period, the liquid culture was removed, and all the
cells were subjected to washing using PBS. Following a 4-h
incubation period, formazan crystals formed due to the
reduction of MTT within the mitochondria. The formazan
crystals were dissolved in DMSO (150 pL/well) and their
presence was assessed by measuring the absorbance at 550 nm
with the help of Biorad USA microplate reader.”” The equation
below is used to calculate the % cell cytotoxicity.

% cell cytotoxicity

absorbance of control — absorbance of test sample

absorbance of control
X 100

The absorbance of control represents a measurement from
untreated cells (100% viability).

4.16. Stability Studies. To evaluate the stability of the FS-
TL samples, they were stored in storage conditions of 4 + 0.5
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°C/60 + 5% RH and 40 + 2 °C/75 + 5% RH for 6 months, in
accordance with ICH guidelines (QlA R2). The evaluation
parameters considered for assessment were appearance, phase
separation, size of vesicle, PDI, and zeta potential.

4.17. Statistical Analysis. The experimental data under-
went statistical analysis by a one-way analysis of variance
(ANOVA) utilizing GraphPad Prism (v 8.0, GraphPad
Software Inc.,, San Diego, CA, USA). Statistical significance
was determined for p-values less than 0.05 and 0.0001. The
reported values are expressed as the mean =+ standard
deviation.
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