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ABSTRACT

The purpose of this study was to enhance the topical delivery of 5-Fluorouracil (5-FU), a cancer treatment, by
developing a nanoemulgel formulation. Glycyrrhizin (GLY), a natural penetration enhancer has been investigated
to exhibit synergistic effects with 5-FU in inhibiting melanoma cell proliferation and inducing apoptosis, Hence,
GLY, along with suitable lipids was utilized to create an optimized nanoemulsion (NE) based gel. Solubility
studies and ternary phase diagram revealed isopropyl myristate (IPM), Span 80, Tween 80 as Spx and Transcutol
P as co-surfactant. IPM demonstrates excellent solubilizing properties facilitates higher drug loading, ensuring
efficient delivery to the target site.,The optimized formulation consisting of 40 % IPM, 30 % of mixture of
Tween80: Span80 (Smix) and 15 % Transcutol P provides with a nanometric size of 64.1 + 5.13 nm and drug
loading of 97.3 + 5.83 %. The optimized formulation observed with no creaming and breakeing of NE and found
thermodynamically stable during different stress conditions (temperatures of 4.0 °C and 45.0 °C) and physical
thawing (—21.0 & 0.50 °C to 20.0 + 0.50 °C). The NE was then transformed into a nanoemulgel (NEG) using 1.5
% w/w Carbopol base and 0.1 % w/w glycyrrhizin. The ex vivo permeability studies showed significant en-
hancements in drug permeability with the GLY-based 5-FU-NEG formulation compared to pure 5-FU gel in
excised pig skin upto1440 min in PBS 7.4 as receptor media. The ICsq values for Plain 5-FU gel, 5-FU-NEG, and
GLY-based 5-FU-NEG were found to be 20 ug/mL, 1.1 ug/mL, and 0.1 pg/mL, respectively in B16F10 cell lines.
The percentage intracellular uptake of GLY-5-FU-NEG and 5-FU-NEG was found to be 44.3 % and 53.6 %,
respectively. GLY-based 5-FU-NEG formulation showed alterations in cell cycle distribution, in compared to 5-
FU-NE gel. The overall findings suggest that the GLY-based 5-FU-NEG holds promise for improving anti-
melanoma activity.

1. Introduction

skin malignancies. As an anti-metabolite, its mechanism of action cen-
ters on impeding cancer cell proliferation (Naves et al., 2017). However,

Skin cancer, notably melanoma, poses a significant global health conventional 5-FU formulations like Efudex, Efudix, Carac, and Fluo-

challenge. In the United States and Europe, it ranks as the most prevalent
form of cancer, with nonmelanoma skin cancers (NMSCs) contributing
to a substantial portion of new cases annually (Nagaraja et al., 2021).
Despite representing only 1 % of skin cancers, melanoma is notoriously
lethal, responsible for a considerable number of fatalities. This di-
chotomy underscores the urgent need for innovative therapeutic stra-
tegies (Nazir et al.,, 2021). Among various anticancer agents, 5-
Fluorouracil (5-FU) has emerged as a prominent choice in combating

roplex, despite their widespread usage, exhibit significant limitations
(Naves et al., 2017; Wu et al., 2021). These include poor skin perme-
ability, limited retention at the application site, and a range of adverse
dermatological reactions, often persisting for extended periods.

To address these challenges, this study proposes a novel approach:
the development of a nanoemulsion-based hydrogel (NE) containing 5-
FU, with glycyrrhizin (GLY) serving as a penetration enhancer (Pund
et al., 2015). NEs, characterized by their biocompatibility and fluidic
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nature, are excellent candidates for enhancing drug loading and de-
livery. GLY, derived from licorice root (Glycyrrhiza glabra), has shown
promising results in improving the topical delivery of active compounds.
GLY, has remarkable ability not only to enhance the penetration of drugs
through the skin but also for its intrinsic anti-melanoma properties
(Sapra et al., 2008). This dual action positions GLY as a unique and
potent agent in the fight against skin melanoma (Chen et al., 2013). Its
capability to disrupt the skin’s outermost barrier enhances the delivery
of therapeutic agents like 5-FU directly to the target cells, while its own
anti-cancer activity contributes to a synergistic effect, potentially
amplifying the overall efficacy of the treatment (Chen et al., 2013;
Nokhodchi et al., 2002).

The innovation of this research lies in harnessing the synergistic
potential of a NE hydrogel and GLY to deliver 5-FU effectively to mel-
anoma cells. This strategy is hypothesized not only to enhance the
therapeutic efficacy of 5-FU but also to minimize its adverse effects on
healthy tissues, thus offering a targeted, more efficient, and safer
treatment alternative for melanoma. By bridging the gap between the
need for effective melanoma treatments and the current limitations of 5-
FU therapy, this study aims to contribute significantly to the field of
targeted melanoma therapy. The successful development of this nano-
emulgel could mark a pivotal advancement in skin cancer treatment,
potentially revolutionizing the clinical approach to managing this
formidable disease.

2. Materials and methods
2.1. Materials

5-FU was purchased from Himedia Pvt., Ltd. Glycyrrhizin was pur-
chased from Yucca Enterprises, Mumbai. Tween 80 and Span 80 were
purchased from CDH chemicals. Isopropyl myristate, Olive oil and
Methanol have been purchased from SD Fine chemicals. Diethyl mon-
oglycol ether (Transcutol P) was purchased from Sigma Aldrich, India.
B16F10 mutine melanoma cell lines were procudred from National
Centre for Cell Sciences (NCCS), Pune. Carbopol 940P, Carbapol 934
were purchased from Ranken, India. Annnexin V dye and Propidium
iodide was obtained from local supplier. All chemicals and in vitro re-
agents were obtained from in-house laboratory.

2.2. Methods
2.2.1. Screening of excipients

2.2.1.1. Solubility studies in different excipients. Solubility studies play a
crucial role in the development of NE formulations, as they help deter-
mine the solubility of active compounds within the formulation com-
ponents and guide the selection of appropriate ingredients (Zhao et al.,
2021). The investigated oils were rose merry oil, oleic acid, castor oil,
isopropyl myristate, vitamin E oil, and tea tree oil. Surfactants included
Tween-80, Span-80, Span20, Tween-60, and Triton X100, while Co-
surfactants included PEG-400, Transcutol P, and isopropyl alcohol.
2.0 ml of each lipid was added to 5.0 ml vials and 10 mg of excess of 5-
FU was added and thoroughly mixed using a vortex mixer (Spinix,
Mumbai India) (Al-Nima et al., 2020). Subsequently, each of the samples
was centrifuged for 20 min at 5000 rpm. The concentration of 5-FU in
the oils, surfactants and co-surfactants were measured at 266.0 nm using
UV Vis Spectrophotometer (Shimadzu 1900i double beam UV-Visible
Spectrophotometer, Japan).

2.2.1.2. Preparation of pseudo-ternary phase diagrams. Ternary phase
diagrams for NEs can be constructed to understand the phase behavior
and composition of the three main components: oil phase, aqueous
phase, and surfactant/co-surfactant mixture (Spix) (Tang et al., 2017).
Oil titration method was used to develop w/o type NEs. On the basis of
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solubility experiments, three different weight ratios (1:1, 1:2 and 2:1) of
Span 80: Tween80 (surfactants), and Transcutol P (co-surfactant) were
developed. Afterwards, IPM was added to the mixture of surfactant: co-
surfactant (Spix) in different ratios in drop wise manner, until the
formulation was transparent and clear, deionized water was eventually
added. All of the pseudo-ternary phase diagrams were developed in
order to identify the translucent and clear area (Nanoemulsification
area). Based on the solubility of 5-FU in the water phase and the lowest
amount of surfactant and cosurfactant from the every-phase diagrams,
various formulations were developed. Table 1 shows the formulation
chart of NE containing active drug. 5-FU (0.5 w/w, 5.0 mg/g) were
incorporated in water, and an optimum proportion of surfactant and
cosurfactant was additionally included with the assistance of agitation.
Oil was titrated into the continuous phase to create a homogenous phase
that is transparent and clear.

2.2.2. Characterization of developed NE batches of 5-FU

2.2.2.1. Thermodynamic stability tests. On the prepared NEs, thermo-
dynamic stability characterizations were performed, including assess-
ments of metastable and unstable preparations. To investigate cracking,
coalescence, phase separation, and creaming, all developed formula-
tions were packed in capping vials and were centrifuged at 5000 rpm for
25 min. After exposure, the formulations were visually observed for any
type of physical instability. Moreover, all formulations were exposed to
heating and cooling cycles. Three cycles were performed between tem-
peratures of 4.0 °C and 45.0 °C, and samples were stored for 48 h at each
temperature. These formulations were also subjected to freeze thaw
cycling at —21.0 + 0.50 °C to 20.0 £ 0.50 °C for 24 h. Formulations
were selected based on their physical stability during the heating and
cooling cycles. Only the thermodynamically stable preparations were
retained for further characterization and evaluation (Quan et al., 2021).

2.2.2.2. Globule size and PDI analysis. Developed nanoemulsion batches
were characterized in terms of globule size, polydispersity index (PDI),
drug content, and percentage transmittance. Using a particle size analyser
(Beckman Coulter, Delsa Nano C, USA), the polydispersity index (PDI) and
mean globule size of the developed nano emulsion were determined. By
measuring the variations in laser light intensity scattered by particles as
they diffuse through a fluid, the analyzer uses photon correlation spec-
troscopy (PCS), which enables the estimation of particle size. (Quan et al.,
2021). A 3 ml sample of the NE was placed in a cuvette for particle size
and PDI in a back scattering mode. The absence of bubbles allowed ac-
curate measurements to be obtained (Beiu et al., 2020).

2.2.2.3. Drug content and percentage transmittance analysis. All batches
of stable nanoemulsions were tested for drug content. To get the
necessary drug concentration, nanoemulsion was diluted (1 ml ofNE was
diluted up to 10 ml) with methanol. Absorbance was measured using a
UV spectrophotometer (Shimadzu 1900i double beam UV-Visible
Spectrophotometer, Japan) at 266 nm (Al-Nima et al., 2020). The drug

Table 1
Composition chart of various nanoemulsions based 5-FU formulations.
Batch 0il Surfactant Co- Water Smix
code (IPM) (Span80: surfactant (Deionized ratio
(%w/ Tween 80) (Transcutol- Water) (%w/
w) (1:1) (%w/w) P) (%w/w) w)
NE-1 50 20 20 10 1:1
NE-2 40 22.5 22.5 15 1:1
NE-3 30 25 25 20 1:1
NE-4 50 13 26 10 1:2
NE-5 40 15 30 15 1:2
NE-6 30 17 33 20 1:2
NE-7 50 26 13 10 2:1
NE-8 40 30 15 15 2:1
NE-9 30 33 17 20 2:1
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content of optimized formulation was calculated on the basis of given
formulae (1).

Initialdrugconcentration — finaldrugconcentration /initialdrugconcentration*100

Moreover, all the developed 5-FU loaded NE batches was done to
check the optical clarity of formulation and the transmittance was
calculated by taking water as a standard in a U.V. spectrophotometer at
538 nm (Beiu et al., 2020).

2.2.2.4. Transmission electron microscopy. The morphology of the opti-
mized 5-FU NE was examined using a High resolution electron micro-
scope (HRTEM 2100 Plus, Joel, Japan). A drop of the formulation
dispersion was placed on a carbon-coated copper grid and allowed to air
dry for 15 min. The sample was then stained with a 1 % w/v phospho-
tungstic acid solution and excess stain was removed The dried samples
on a grid was visualized using the software at different magnifications
(Beiu et al., 2020).

2.2.3. Development of GLY-based 5-FU NE-based gel

Nanoemulgel (NEG) containing Gly-based 5-FU NE was prepared
using the different concentrations of 0.5, 1, and 1.5 % Carbopol 940P gel
base. The appropriate concentrations of gel base were prepared by
accurately weighed Carbopol 940P and mix with water through me-
chanical shaker at 1500 rpm for 30 min. The gel base was then kept aside
24 h in the dark background for swelling. GLY, as a penetration enhancer
(0.1 % w/w, 1 mg/g) was added in optimized NE formula and dispersed
in prepared gel bases to obtain GLY-5FU-NEG (Nokhodchi et al., 2002;
Madni et al., 2018). The concentration of 0.1 % w/w was chosen based
on studies indicating its effectiveness at low concentrations without
causing skin irritation or toxicity (Beiu et al., 2020; Madni et al., 2018).
Triethanolamine was added in optimum quantity to maintain the pH of
gel preparation. The final batch chart of different concentrations of
carbopol prepared GLY based 5-FU NEG was depicted in Table 4.

2.2.3.1. Characterization of GLY-Based 5-FU NE gel. .

2.2.3.2. Homogeneity and pH. The homogeneity of the prepared opti-
mized GLY-based 5-FU Nanoemulgel with three different carbopol
concentrations was assessed through visual inspection in the container.
For pH assessment, 1 g sample of the formulation was diluted with 10 ml
of water and thoroughly shaken. The apparent pH of the diluted
formulation was measured in triplicate at 25 + 1 °C using a digital pH
meter (Mettler Toledo, Japan) equipped with a glass microelectrode.
The pH meter was allowed to equilibrate for 1 min prior to measurement
(Madamsetty et al., 2020).

2.2.3.3. Spreadability. The spreadability of the gel was evaluated by
slide drag method. A modified apparatus consisting of two glass slides
was used for the evaluation. The upper slide was attached to a balance
using a hook, while the lower slide was fixed to a wooden plate. The
upper plate was weighted with 100 g, and a sample of the gel (1 g) was
placed between the two glass slides. The change in spreading diameter
resulting from the application of weight to spread the gel was observed
(n = 3). The spreadability was calculated using the following formula (2)

S =W*L/t (2

where W is the weight in a pan (gm), 'L’ is the fixed length moved by the
glass slide, S represents the spreadability (g/sec), and 't’ is the time (sec)
required to separate the slides (Madni et al., 2018; Madamsetty et al.,
2020).
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2.2.3.4. Texture analysis. The texture of the optimised GLY-based 5-FU
NEG was analysed using the automated CT3 Texture Analyzer (Brook-

@

field Engineering Laboratories, USA) by TA15/100 spindle hood. Sam-
ple was placed in sample array tray and spindle hood was dipped in
sample. The force required to break the gel was recorded. The hardness,
firmness and adhesiveness was performed in triplicate and calculated.
(Nicoli et al., 2008).

2.2.3.5. Rheological analysis. The rheological behavior of the micro-
emulsion based gel system was studied using calibrated rheometer
(Anton Paar Rheolab, USA). The viscosity of optimized GLY-5FU NEG
gel was measured using spindle no. 5 and visocity was determined at a
constant shear rate under ambient temperature.

2.2.3.6. Thermal analysis. DSC analysis of 5 FU, 5-FU NEG and GLY-
5FU-NEGwas carried out using a DSC instrument (Perkin Elmer 6000,
Pyris). Each sample was sealed in a small aluminium pan and scanned in
the range 30—350 °C at 20 °C heating rate. The empty pan was used as a
reference standard and inert nitrogen gas was inserted at a flow rate of
60 ml/min till completion of the experiment (Farhana, 2023).

2.2.4. In-vitro drug release study

The in-vitro drug release of 5-FU gel, 5-FU NEG and GLY-5FU-
NEGGLY-5FU-NEGwas determined using a modified USP Type II disso-
lution apparatus (Lab India, DS 8000, India), which was equipped with
200 ml glass vessel and enhancer cells (PSENHANC-040 Enhancer cell 4
cm? surface area membrane). The enhancer cell assembly procedure
involved loading the testing samples into the enhancer cells and fitted
with a dialysis membrane (MWCO 12 kDa) backed by a hollow circular
plate exposing a 2 cm? membrane area to the dissolution medium. The
assembled enhancer cell was then gently placed into the glass vessel. The
release medium utilized was phosphate buffer (pH 7.4) and volume was
200 ml which poured into the glass vessel. The entire assembly was
subjected to constant stirring at 50 rpm and maintained at a temperature
of 37 + 0.5 °C. At predetermined time intervals (15, 30, 60, 120, 240,
480, 720, 1020, and 1440 min), an aliquot of the release media was
withdrawn and replaced with fresh media to maintain the sink condi-
tion. The withdrawn samples were analyzed using UV-visible spectro-
photometry at 266 nm to determine the amount of 5-FU released in
tested formulations. The experiment was performed in triplicate and
comparative graphs were plotted (Simon et al., 2016).

2.2.5. Ex vivo permeation study

The ex-vivo skin permeation study was conducted using freshly
excised pig skin which was obtained from a local slaughter house. Pig
skin was chosen due to its histological similarity to human skin, with the
stratum corneum of pig pinna having a thickness of 21-26 pm and an
average of 20 hair follicles (Ayub et al., 2007). Moreover, pig skin is
readily available and widely used in skin permeation studies, making it
the preferred model for this study. The ex-vivo permeation of 5-FU gel, 5-
FU-NEG and GLY-5FU-NEGGLY-5FU-NEGwas determined using a
modified USP Dissolution Apparatus equipped with 200 ml glass vessels
and enhancer cells. The dorsal portion of pig ear skin was shaved using a
hair clipper, and subcutaneous fat was removed. The skin samples were
shaved and prepared to expose the outer layer (epidermis) to the for-
mulations while maintaining the inner layer (dermis) facing the disso-
lution medium (Ayub et al., 2007). The skin was then washed thrice with
PBS (pH 7.4). Samples were loaded into the enhancer cells which were
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then gently placed into the glass vessel filled with phosphate buffer (pH
7.4). The entire assembly was subjected to constant stirring at 50 rpm
and maintained at a temperature of 37 + 0.5 °C. At predetermined time
intervals (15, 30, 60, 120, 240, 480, 720, 1080, and 1440 min), an
aliquot of the release media was withdrawn and replaced with fresh
media. The concentration of the drug in the samples was analyzed using
UV-visible spectrophotometry. The permeation rate of 5-FU through the
skin was calculated by plotting the cumulative amount permeated per
unit area against time. (Ayub et al., 2007; Monge-Fuentes et al., 2014).
The permeability parameters including permeability coefficient (kp),
steady state flux (Js) and enhancement ratio (Er) was calculated as per
standard methodologies.

2.2.6. Cell lines studies using B16F10 melanoma cell lines

2.2.6.1. Cytotoxicity assessment and intracellular uptake. B16F10 cell
lines, a well-established murine melanoma cell lines were procured from
National Centre for Cell Science (NCCS) Pune which was utilized as a
passage number ranging from 5 to 10 (Chen and Zhang, 2016). Cells
were thawed and cultured in cell culture medium i.e. Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10 % fetal bovine
serum and 1 % penicillin-streptomycin (Chen and Zhang, 2016). Af-
terwards, maintain the cells in a controlled environment (37 °C, 5 %
CO») and passage them regularly to maintain cell viability and growth.
The cells were seeded by preparing the required number of multi-well
plates and seeded into the wells at a desired density. Incubate the
plates in the cell culture incubator for a sufficient time period to allow
the cells to attach and form a monolayer for 24 h. Samples were divided
into 3 groups Group A consisted of Pure 5-FU in gel base, Group B
consisted of 5-FU NEG and Group C consisted of GLY-5-FU NEG and
concentrations was taken at 0.1-10 pg/ml. Afterwards, the test com-
pounds were added to the respective wells containing the seeded
B16F10 cells. Include appropriate controls (e.g., untreated control) for
comparison. After incubation, the cell cytotoxicity and the ICs¢ value of
the formulation were calculated (Chen and Zhang, 2016; Rigon et al.,
2015).

2.2.6.2. Cell cycle analysis. For cell cycle analysis, carefully aspirate the
medium from the culture dish and rinse the cells once with PBS to
remove residual medium and detached cells. Add an appropriate volume
of trypsin-EDTA solution to cover the cells and incubate for a few min at
37 °C. Centrifuge the cell suspension at a low speed (e.g., 300-500 x g)
for 5 min to pellet the cells. Afterwards, fix the cells by adding cold 70 %
ethanol drop wise to the cell pellet while gently vortexing or swirling the
tube and incubate the fixed cells at 4 °C for at least 30 min or overnight.
After incubation, staining with propidium iodide has been done for
staining of DNA. The treated cells were analyzed for flow cytometry for
PI detection and the desired fluorochromes used in the experiment (Raju
et al., 2017). For gating in different cell phases i.e. GO/G1 Phase Cells
which Identified by their single DNA content, representing cells that are
either in a quiescent state (GO) or in the initial phase of the cell cycle
(G1). S Phase Cells which characterized by varying levels of DNA con-
tent due to ongoing DNA replication and last phase is G2/M Phase Cells
which distinguished by their double DNA content, indicating cells that
are either preparing for or are in the process of cell division. The data
was collected on the DNA content of the cells using appropriate gating
strategies to distinguish cell cycle phases (G0/G1, S, G2/M). The data
was analyzed using flow cytometry analysis software to determine the
distribution of cells in different cell cycle phase (Raju et al., 2017).

2.2.6.3. Intracellular uptake study. The intracellular uptake of Rhoda-
mine loaded 5-FU gel was determined in B16F10 cells in comparison
with the Rho-FU-NE (Rhodamine and 5-FU co-loaded NE) and Rho-FU
NEG (Rhodamine and 5-FU-GLY co-loaded NEG) formulation. The
formulation was prepared by loading Rhodamine B dye (Practical Grade
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Himedia Labs, India) into the formulation in a similar manner during the
production of NE preparation. The B16 F10 cells were seeded in 96 well
plates at 37 °C for 24 h followed by treating the cells. Post-treatment, the
cells were trypsinized to detach them from the well plates. The intra-
cellular uptake of the test samples were analysed by the B16F10 cells
was then quantitatively analyzed using an Elisa Reader, specifically
measuring absorbance at a wavelength of 643.5 nm. This method en-
sures a standardized approach to evaluate and compared the efficacy of
each NE based formulations in terms of their cellular uptake efficiency
(Sack et al., 2014).

2.3. Statistical analysis

Statistical analysis of multiple parameters was conducted using
Origin Software, version 8.5.1 (Northampton, USA). One-way ANOVA
was utilized at a confidence level of 95 % (p < 0.05) to assess the sta-
tistical significance and reproducibility of the proposed method.

3. Results
3.1. Solubility study

According to the results obtained, 5-FU showed maximum solubility
was observed in lipophilic surfactant Span 80. In order to encapsulate
maximum drug loading, a prototype hydrophilic surfactant was added
along with Span 80. Solubility results observed Tween 80 demarcated
maximum solubility of 8.6 mg/g. When formulating and developing NE,
short chain alcohols type co-surfactants are thought to be safe for
pharmaceutical therapeutic applications and are well compatible with
surfactants. Among the co-surfactants/co-solvents tried, maximum sol-
ubility was observed in Transcutol P. Hence IPM, Span 80, Tween 80 and
Transcutol P were used as oil, surfactant and co-surfactant for further
studies. Fig. 1 provide the compiled solubility data of 5-FU in various
oils, surfactants and co-surfactants.

3.2. Construction of pseudo-ternary phase diagrams

Pseudo ternary phase diagrams were constructed for three ratios viz.
1:1, 1:2, 2:1 of Surfactant: Co-surfactant mix (Spix). From the three
plotted phase diagrams, an equal propionate of nanoemulsification re-
gion was found to be in all ratios, respectively. However, the largest
microemulsion region was observed in the NE containing 1:1 ratio of
Smix- It was observed from the pseudo ternary phase diagrams obtained,
that an equal concentration in the surfactant concentration and co-
surfactant concentration (1:1 ratio) exhibits NE region larger in com-
parison to other phase diagrams (Fig. 2a-c). The collective Area under
the microemulsion region (AMR) was found to be 45.32, 47.32 and
46.23, respectively. From the observations gathered, the AMR is almost
equal in propionate with each Syx ratio and further selected for
formulation studies.

3.3. Characterization of developed NE batches of 5-FU

3.3.1. Thermodynamic stability tests

NEs were stored at different temperature like —21 °C to 4 °C for not
less than 48 h at each temperature. The results observed that satisfactory
stability was exhibited as they remained transparent and no creaming,
precipitation or phase separation was observed in developed formula-
tions (Table 2).

3.3.2. Percentage transmittance and drug content

5-FU-loaded NEs were evaluated for percent transmittance and ob-
tained results are shown in Table 3. The evaluated formulations
exhibited satisfactory transparency as expressed by the transmittance
values which is desired for good nanoemulsion properties. NE is char-
acterized by optimum clarity and stability which might be due to the
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15—

Solubility of drug (mg/ml )

Fig. 2. Evaluation of zones of nanoemulsions by pseudo ternary phase diagrams on the basis of various concentrations of Smix ratios of A) 1:1, B) 1:2 and C) 2:1.

Table 2 Table 3
Thermodynamic Stability of prepared batches of nanoemulsion based 5-FU In-vitro characterization of prepared nanoemulsion based batches of 5-FU
formulations. formulations.
Batch Thermodynamic Stability Studies Batch Globule Size PDI Drug Content %
Code Centrifugation Heating Cooling Freeze-Thaw code (nm) (%) Transmittance
Test Cycle cycle
NE-1 164.2 £+ 8.21 0.312 + 89.6 + 6.27 87.4 +£12.23
NE-1 - - - 0.02
NE-2 + + + NE-2 114.5 + 6.87 0.278 + 85.4 +£7.68 91.3 £+ 4.56
NE-3 - - - 0.02
NE-4 + + - NE-3 108.2 + 6.49 0.431 + 82.1 +5.74 95.4 + 6.67
NE-5 + + + 0.03
NE-6 + + + NE-4 239.1 +£7.17 0.284 + 83.6 + 5.85 84.5 +7.60
NE-7 + + + 0.01
NE-8 + + + NE-5 171.7 £ 13.73 0.239 + 81.5+7.33 86.9 + 6.08
NE-9 + + + 0.02
NE-6 156.1 + 7.80 0.27 £ 78.8 + 3.15 83.6 + 5.85
0.010
compatibility between Spix and oil phase that form an isotropic and NE-7 93.0 £7.44 0.385 + 92.5 +8.32 93.2+£8.38
spontaneous system exhibiting optimum clarity. Regarding highest drug 0.03
. . . NE-8 64.1 + 5.12 0.196 + 97.3 +5.83 98.8 +10.86
content was observed in F8 formulation i.e. 97.32 %. Hence, the results 0.01
were satisfactory and further optimized for particle size and PDI NE-9 109.3 + 7.65 0.34 + 94.4 + 11.32 96.4 + 11.56
analysis. 0.04
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Table 4
In house characterization parameters of prepared GLY-5-FU NEG formulations.
Gel batch Visual pH Spreadability (g.
appearance cm)
Carbapol 940 (0.5 %w/  Less Viscous 7.3+ 18.2 £ 0.98
w) 0.56
Carbapol 940 (1.0 % Consistency Poor 6.9 + 22.3 £1.06
w/W) 0.53
Carbapol 940 (1.5 % Good Consistency 6.7 £ 26.4 +1.12
w/w) 0.49
4
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Fig. 3. Globule size distribution of optimized NE formulation (F-8).

3.3.3. Globule size and PDI analysis

Table 3 depicts the average particle size and PDI of formulation
batches of F1-F9. The average particle size range of the optimized NE1 to
NE9 was ranged from 64.1 + 5.1 to 239.1 + 7.1 nm, respectively. The
optimized NE-8 has the desired attributes of an ideal NE formulation and
observed with a size range of 64.1 nm (Fig. 3). The average PDI of F1-F9
formulations were observed in a range of 0.196 + 0.011-0.431 + 0.036,
respectively for all the developed formulations. These results indicated
fairly stable and nanometric nature of nanoemulsions was observed.

3.3.4. Transmission electron microscopy

High-Resolution Transmission Electron Microscopy (HRTEM) was
used to examine the morphological properties of prepared GLY-5FU-
NEG. The TEM revealed a well-defined, spherical structure of nano-
emulsion globules with homogeneous outer surfaces. The developed NE
globules indicated with negligible coalescence and no drug precipitation
was observed (Fig. 4).

3.3.5. Evaluation of GLY-based nanoemuilgel

The developed GLY-based 5-FU NEG with different 3 different car-
bopol concentrations of 0.5 % w/w, 1 % w/w and 1.5 % w/w was
characterized for various physical parameters and results are shown in
Table 4. The gel formulation with carbopol concentration of 1.5 % w/w
was selected as an optimized formulation due to its good visual
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Fig. 4. TEM micrograph of Optimized nanoemulsion formulation of 5-FU.

appearance, pH and spreadability. The optimized gel formulation had a
smooth, uniform appearance and was free of roughness. The optimized
formulated topical gel’s pH was found to be 6.7 + 0.49, which is
considered to be an acceptable level to prevent the possibility of skin
irritation when applied to the skin. Spreadability aids in a uniform
application at the site and plays a significant role in patient compliance
and was found to be 26.4 + 1.12 g.cm. Moreover, the viscosity of
optimized gel was performed and was found to be 2763 cP.

3.3.5.1. Texture analysis. The optimized formulation of GLY-5FU-NEG
was evaluated for texture analysis and the parameters such as adhe-
siveness, springiness, deformation of hardness and adhesiveness force
were evaluated and the results obtained are shown in Table 5 and graph
is shown in Fig. 5.

3.3.5.2. Differential scanning calorimetric analysis. DSC investigation
was used to examine the variations in thermal behaviour for 5-FU, 5-FU-
NEG, and GLY-5FU-NEG. Thermal behavior of 5-FU revealed a distinct
endothermic peak with a sharp peak at 302.2 °C, suggesting the drug’s
crystalline state. In both gels, the peak shifted to 162.3 °C. The lack of
the 5-FU endothermic peak in the nanoemulgel formulation may be a
sign that the drug is trapped inside the gel. The results are shown in
Fig. 6.

3.3.5.3. Invitro drug release studies. In-vitro drug release of 5-FU gel, 5-
FU NEG, and GLY-5FU-NEG were performed. 5-FU gel showed 100 %
drug release within 12 h. 5-FU NEG showed 85.79 % drug release within
24 h and GLY-5FU-NEG showed 74.11 % drug release within 24 h.
Finally, the optimized GLY-5FU-NEG released 20.41 + 1.88 % in initial
2 h, which showed an initial burst release and after that showed sus-
tained release pattern till 24 h (Fig. 7). Due to the eroding outer layer of
5-FU in both gels, 5-FU burst release was depicted in optimized GLY-

Table 5

Characterization of optimised GLY based 5-FU-NEG by texture analysis.
Parameter’s Result
Adhesiveness (mJ) 0.6 £ 0.01
Springiness (n) 0.092 + 0.002
Deformation of hardness (cm) 0.21 + 0.005
Adhesiveness force (N) 0.06 + 0.007
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Fig. 5. Texture analysis of optimized GLY- 5-FU NEG formulation.

5FU-NEGGLY-5FU-NEG and optimized-5-FU-NEG When optimized GLY-
based 5-FU-NEG was allowed to fit in the numerous kinetics models, the
greatest value for R? was fit to the high standard release models (in
vitro) for 5-FU. The highest value matched to the First order, R?=0.974.
The value of (R?) of Higuchi nmodel was discovered to be 0.9443, fol-
lowed by zero order (R? = 0.9555) and Korsmeyer-Peppas (R? = 0.686).

3.3.5.4. Ex-vivo skin permeation studies. To compare the drug perme-
ation rate of optimized 5-FU gel, 5-FU NEG, and GLY-5-FU-NEG, ex vivo
skin permeation investigations were executed. The curve was plotted
between cumulative 5-FU permeation and time (h) to determine
permeability parameters such as Jg, kp, and Er. The rate of ex vivo skin
penetration was highest in the GLY-based 5-FU NEG formulation and
lowest in the 5-FU gel as depicted in Fig. 8. When compared to 5-FU gel
and other formulations, the skin penetration profile of GLY-based 5-FU
NEG was determined to be notably significant, as compared to 5-FU-
NEG and Plain 5-FU gel. The values for the above mentioned parame-
ters for the three tested formulations are shown in Table 6. Jss, Kp and Er
values for optimized formulation were found to be 9.109, 2.898 and
4.871, respectively.

3.3.6. Invitro cell line study

3.3.6.1. Cytotoxicity assessment. The cytotoxicity of GLY-NE-5-FU was
compared with NE, and 5-FU was assessed in B16F10 cell lines via MTT
assay. The cells were cultured in different concentrations (0.1-10 pg/ml)
of both formulations and drug. It was observed that the high cytotoxicity
was observed at lower drug concentrations with GLY based 5-FU NEG
formulation followed by 5-FU Gel as illustrated in Fig. 9. Whereas, pure
5-FU at requires high concentration to produce the same cytotoxicity as
shown by both the liposomal formulation. The ICs( value of Plain 5-FU
gel, 5-FU-NEG and GLY-5FU-NEGGLY-5FU-NEGwas found to be 20, 1.1
and 0.1 pg/ml, respectively. These results indicate that GLY-5FU-NEG
required a much lower concentration than NE and plain Gel to kill the
same number of melanoma cells.

3.3.6.2. Intracellular uptake study. The intracellular uptake of the
formulation was determined by loading Rhodamine-B into both NE
based formulations (5-FU-NEG and GLY-5-FU-NEG) and the uptake was
checked by comparing the fluorescence intensity of the tested formu-
lations. The results depicting that the GLY-5-FU-NEG showed higher
fluorescence intensity in comparison to 5-FU-NEG as shown in Table 7.
The percentage intracellular uptake of GLY-5-FU-NEG and 5-FU-NEG
was found to be 44.3 and 53.6, respectively.

3.3.6.3. Cell cycle analysis. The results demonstrated significant alter-
ations in the cell cycle profile, suggesting potential effects of the
developed formulations on cell cycle progression in BI6F10 melanoma
cells. The observed changes in the B16F10 melanoma cells’ cell cycle
distribution indicated that the GLY-5FU-NEG formulation may have the
ability to affect cell cycle progression. The decrease in the percentage of
cells in the GO/G1 phase indicates a possible disruption of the cell cycle
arrest, while the increase in the proportion of cells in the S and G2/M
phases suggests enhanced cell cycle progression or delayed cell cycle
transition in the optimized formulation, as compared to 5-FU-NE gel
(Table 8).

4. Discussion

As nanoemulsions (NEs) have high drug loading and a high drug
solubilizing capacity, they can overcome stratum corneum barrier and
partition the drug into the skin (de Moura et al., 2021). Solubility of 5-
FU was estimated in various oils, surfactants and co-surfactants /
cosolvents.. In this present study, solubility of the chosen actives was
found to be highest in IPM amongst all the tried oil components for 5-fU
solubility. As an oil component, IPM assists in enhancing the permeation
of 5-FU through the skin barrier. Its ability to interact with the stratum
corneum lipids and disrupt the skin’s barrier function promotes deeper
penetration of the drug, enhancing its bioavailability at the site of action
(de Moura et al., 2021). IPM contributes to the physical stability of the
NE by providing a suitable medium for the dispersion of surfactants and
co-surfactants. Its compatibility with the other formulation components
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Fig. 6. DSC graphs of A) pure 5FU, B) optimized SFUNEG and C) Gly-5FU NEG.

helps prevent phase separation and maintains the nanometric size of the
emulsion droplets (Pinho et al., 2019). The most crucial factor for
creating a nanoemulsion is based on the surfactants and their toxicity
(Pinho et al., 2019; Madamsetty et al., 2020). A large amount of sur-
factant delivered transdermal may irritate the skin. According to earlier
reports, non-ionic surfactants are safer than ionic surfactants. Span 80
(sorbitan monooleate) is a non-ionic surfactant known for its excellent
emulsifying properties in oil-in-water (o/w) emulsions, contributing to
the stability of the system (Hartmann et al., 2022). Tween 80 (poly-
sorbate 80), another non-ionic surfactant, was chosen for its ability to
reduce surface tension significantly, thereby enhancing the emulsion’s
permeability and spreadability on the skin. Its compatibility with Span
80 is particularly beneficial in forming a stable interface, crucial for the
integrity of the NE (Hartmann et al., 2022; Farhana, 2023). Co-
surfactants are selected on the basis of compatibility and strong inter-
facial tension reduction ability 30]. Transcutol P (diethylene glycol
monoethyl ether), known for its excellent solubilizing capacity, serves as
a co-surfactant and penetration enhancer (Monge-Fuentes et al., 2014).
It facilitates the incorporation of both hydrophilic and lipophilic drugs,
making it ideal for our GLY based NEG formulation. According to the

final results, IPM was selected as a oil phase, Tween 80:Span 80 was
selected as a Spix and Transcutol P was selected as co-surfactant
respectively (Chen and Zhang, 2016). Ternary phase diagram
involving IPM, Tween 80: Span 80, and Transcutol P can provide valu-
able insights into the formulation of stable NE or dispersed systems
(Chen and Zhang, 2016). These diagrams are instrumental in identifying
the regions where stable emulsions are formed, guiding the optimization
of component ratios for effective NE formulations (Rigon et al., 2015).
Our results highlight that 1:1, 1:2 and 2:1 ratio of surfactant blend
(Tween 80 and Span 80) to co-surfactant (Transcutol P) within the
emulsion region was found to be the most effective. This optimized ratio
contributes to the stability, appearance, and performance of the NE
system. The 1:1 ratio ensures a delicate balance between surfactant and
co-surfactant, enhancing the system’s ability to solubilize the drug
effectively (Raju et al., 2017). This synergy enhances the reduction of
surface tension at the oil-water interface, leading to the formation of a
more stable and homogenous NE. Hence, all three rations was selected
for optimization studies (Raju et al., 2017). The characterization of
developed nanoemulsion (NE) batches of 5-FU involves a series of tests
aimed at evaluating various aspects of the formulation’s stability, drug



N. Gupta et al.

Saudi Pharmaceutical Journal 32 (2024) 101999

In-vitro drug release

—

120+

100 —

% CDR of free 5-FU gel
% CDR of 5-FU nano emulgel

% CDR of glycyrrhizin based 5-FU nano emulgel

%cummulative drug release

T
0 300 600

900

T 1
1200 1500

Time in minutes

Fig. 7. Invitro release profile of 5FU, 5FU NEG and Gly-5FU-NEG in PBS7.4 using dialysis bag method [Mean + SD, n = 3] “'p < 0.05, compared with pure 5FU gel.

Ex-vivo permeation

1800
1500
1200
900
600

300

CDR per cm? (ng/mL)

Glychrrizin based 5-FU nano emulgel
—— Free 5-FU gel

—— 5-FU nano emulgel
£ 3

1
0 200 400 600 800 10001200 1400 1600
Time in minutes

Fig. 8. Ex-vivo permeation study of 5-FU Gel, 5-FU-NEG, GLY- 5-FU NEG (n = 3, Mean + SD), "p < 0.05, compared with pure 5FU gel.

Table 6

Data analysis of permeation profile of standard and optimized gel batches.
Batch Code Jss (ug/cmz/h) Kp (cm/h) Er
5-FU Gel 1.873 £+ 0.002 0.595 + 0.003 1.000 + 0.001
5- FU NEG 7.212 £+ 0.005 2.294 + 0.027 3.855 + 0.004_
GLY-5- FU NEG 9.109 + 0.007" 2.898 + 0.65" 4.871 + 0.036™

"p < 0.05, compared with 5FU gel.

content, particle size, and morphology. Each test provides unique in-
sights into the behavior of the NE system and its potential for pharma-
ceutical application. Thermodynamic stability tests, such as
centrifugation and freeze-thaw cycles, are essential to assess the for-
mulation’s robustness against phase separation under stress conditions
(Sack et al., 2014). A stable NE should ideally withstand these chal-
lenges, maintaining a homogeneous distribution of phases (De Moura
et al., 2021). Favorable results from these tests indicate that the chosen
combination of surfactants, co-surfactants, and oil phase is effective in
preventing phase separation, ensuring consistent drug delivery and
application. The measurement of percentage transmittance provides
insights into the clarity and transparency of the NE (Pinho et al., 2019).
Higher transmittance value of developed formulations (NE-8) indicates

minimal light scattering due to uniform droplet size distribution.
Simultaneously, the evaluation of drug content ensures that the inten-
ded amount of the active pharmaceutical ingredient (5-FU) is encapsu-
lated within the nanoemulsion. High drug loading in NE-8 i.e. 97.32
suggest successful incorporation of the drug, and high transmittance
points toward the NE’s visual appeal and potential for efficient drug
delivery (Kanugo, 2022). Globule size and PDI analysis are crucial for
assessing the physical stability and homogeneity of the nanoemulsion. A
low PDI indicates a narrow size distribution of droplets, while a smaller
globule size generally enhances bioavailability due to increased surface
area (Arasi et al., 2020; Running et al., 2018). Favorable results in these
analyses suggest that the formulation is uniform, with consistent droplet
sizes, which can improve the solubilization of hydrophobic drugs like 5-
FU, leading to enhanced drug release and potential therapeutic efficacy.
TEM provides high-resolution images of the nanoemulsion structure,
allowing direct observation of droplet morphology and interactions
(Wang and Chang, 2021). TEM can reveal insights into the arrangement
of droplets, micellar structures, and potential interactions with the drug
(Liu et al., 2017). The homogeneity and integrity of these globules are
crucial for several reasons. First, the spherical shape and uniformity
suggest efficient packing of the surfactants at the oil-water interface,
which is essential for maintaining the stability of the NE. Stable NE are
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Fig. 9. Cytotoxicity profile of pure 5FU gel and developed test formulations of different serial dilutions in B16F10 cell lines.

Table 7
Evaluation of cellular uptake different test samples by MTT assay.

Samples %age uptake
Control 0+0
5FU-Gel (20 pg/mL) 11.5 +0.13
5-FU NEG (1.1 pg/mL) 44.3 + 0.33
GLY-5-FU NEG (0.1 pg/mL) 54.6 +1.38""

**p < 0.05, compared with 5FU gel.

Table 8

Drug distribution in different cell cycle phase of optimized formulations.
Treatment Groups IC50 (ng/ G Phase Go Phase S Phase

ml)
Untreated Control 10 + 0.02 75 + 1.32 10 + 0.04 5+ 0.02
5-FU Plain gel 20 + 0.33 60 + 2.43 30 + 2.42 8 + 0.02
5-FU-NEG 1.1 + 0.09 30 + 2.14 20 + 1.44 10 + 1.23
GLY based 5-FU- 0.1 + 20 + 30 + 30 +
NEG 0.001" 1.55™ 2.88" 2.43"

“p < 0.05, compared with 5-FU gel.

less prone to coalescence and phase separation, which was corroborated
by the negligible coalescence observed in our samples (Liu et al., 2017).
This stability is fundamental for ensuring the consistent delivery of the
drug over time. Furthermore, the absence of drug precipitation within
the globules is a significant finding. This indicates that the drug is well-
incorporated within the NE, either solubilized in the oil phase or
adequately dispersed throughout the system. The efficient encapsulation
and distribution of the drug within these nano-sized carriers are critical
for enhancing bioavailability, particularly for topical applications (Zhan
et al., 2021).

The evaluation of a Glycyrrhizin (GLY)-based nanoemulgel (NEG)
involves a comprehensive set of tests aimed at assessing various aspects
of the formulation’s properties, drug release, and skin permeation ca-
pabilities (Lopes et al., 2022). Each test provides valuable insights into
the behavior of the nanoemulgel and its potential for pharmaceutical
and topical applications for skin cancer Texture analysis remains a vital
test to evaluate the sensory attributes and consistency of the NEG (Li
et al., 2015). Parameters like hardness, cohesiveness, and spreadability
give insights into the formulation’s ease of application and user expe-
rience. Favorable texture analysis with optimum deformity and hardness
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results indicate that the GLY-5FU-NEG possesses a desirable texture,
making it pleasant to use and promoting patient compliance (Li et al.,
2015). For rheological determination, the results indicated that the GLY-
5FU NEG gel exhibited a stable viscosity profile, consistent with the
desired characteristics for effective topical application. The rheological
properties demonstrated the gel’s potential for enhanced skin perme-
ability and retention, crucial for the therapeutic efficacy of 5-FU in
melanoma treatment (Chou et al., 2018). These findings underscore the
suitability of the GLY-5FU NEG formulation in maintaining a balance
between spreadability and stability, key factors in the effectiveness of
topical drug delivery systems. DSC analysis is still employed to study the
thermal behavior of the formulation components, including the active
ingredient and excipients. This test helps identify any potential in-
teractions, phase transitions, or changes in the formulation due to
temperature variations (Campos et al., 2016). Favorable DSC results can
demonstrate the compatibility of the components, ensuring that the
nanoemulgel remains stable and retains its properties over a range of
temperatures (Campos et al., 2016). In vitro drug release studies are
crucial to understanding the release profile of the active ingredient from
the plain gel (5-FU-NEG) and Gly based 5FU-NEG (Pinho et al., 2019).
By simulating physiological conditions, these tests provide insights into
the formulation’s release kinetics, which is crucial for controlling drug
delivery rates (Kanugo, 2022). The observed burst release phenomenon
in the optimized GLY-based 5-FU NEG formulation can be attributed to
the eroding outer layer of 5-FU within the gel matrix. This initial burst
release is advantageous for achieving rapid therapeutic effects, partic-
ularly in the treatment of superficial skin conditions such as melanoma.
Subsequently, the sustained release pattern observed in the optimized
GLY-based 5-FU NEG formulation can be attributed to the diffusion of
the drug from the gel matrix, facilitated by the unique properties of the
NE system (Pardini and Jordan, 1984). Furthermore, the release data of
the optimized GLY-based 5-FU NEG formulation were fitted to various
kinetics models, the highest coefficient of determination (R?) was ob-
tained for the first-order release model (R* = 0.974) (Forouz, 2020).
This indicates that the release of 5-FU from the optimized GLY-based 5-
FU NEG formulation follows a first-order kinetic process, suggesting that
the rate of drug release is proportional to the remaining drug concen-
tration within the gel matrix. This provides insights into the release
mechanism, indicating that the drug release is governed by both diffu-
sion and erosion processes (Fitton and Goa, 1991). Ex-vivo skin perme-
ation studies involve the assessment of drug penetration through a skin
membrane. This test is vital for evaluating the formulation’s ability to
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facilitate drug absorption into the skin layers (Kaplan et al., 2019). From
the observations gathered from ex vivo permeation study, it was clearly
shown that GLY-based 5-FU NEG observed superior permeability char-
acteristics which might be attributed to its small droplet size, excellent
penetration and high stability characteristics in the biological system.
GLY, a natural triterpene glycoside derived from licorice root (Glycyr-
rhiza glabra), has gained attention for its potential as a penetration
enhancer in pharmaceutical and cosmetic applications (Nokhodchi
et al., 2002; Beiu et al., 2020; Kaplan et al., 2019). This enhancement
mechanism can be attributed to its amphiphilic nature, enabling in-
teractions with the skin’s lipid bilayer. By perturbing this lipid structure,
glycyrrhizin disrupts the barrier function of the stratum corneum, the
outermost layer of the skin, consequently promoting the permeation of
active compounds (Beiu et al., 2020; Kaplan et al., 2019). Moreover,
glycyrrhizin’s interactions with skin proteins, including keratin, can
modify protein conformation and loosen the tight junctions between
skin cells, thereby facilitating the movement of molecules across skin
layers (Hasan et al., 2023). Additionally, its anti-inflammatory proper-
ties help maintain skin integrity by reducing inflammation-induced
changes that may impede permeation. The glycyrrhizin-induced hy-
dration of the stratum corneum softens the skin, enhancing its suscep-
tibility to compound penetration. Furthermore, glycyrrhizin’s potential
to modulate tight junctions may impact their formation by influencing
protein expression, potentially further increasing skin permeability
(Nagaraja et al., 2021).

An in vitro cell line study in B16 F10 cells involves a series of tests
aimed at understanding the impact of a compound or formulation on
cultured cells. Cytotoxicity assessment is a fundamental step to deter-
mine the potential toxic effects of the glycyrrhizin-based nanoemulgel
on the cultured cells. This test helps identify the concentration range at
which the formulation may adversely affect cell viability (Calienni et al.,
2019). By exposing the cells to different concentrations of the nano-
emulgel, researchers can observe whether the formulation causes cell
death, growth inhibition, or other cytotoxic effects. The possible reason
behind the higher cytotoxicity of GLY-5FU-NEG formulation in com-
parison to 5-FU NEG is the incorporation of compatible excipient i.e.
plant based natural terpene derivative GLY which promote penetration
of 5-FU into cells and have additional anti-melanoma property results in
synergistic anti-cancer activity and possible reduction in concentration
of 5-FU for therapeutic action (Bharadwaj et al., 2019). An intracellular
uptake study aims to assess how efficiently the glycyrrhizin-based
nanoemulgel is internalized by the cells (Das et al., 2013). This test
provides insights into the formulation’s ability to penetrate cell mem-
branes and deliver its active components intracellularly. By using
technique like flow cytometry, we visualize and quantify the extent of
cellular uptake (Lin et al., 2020). Favorable results would suggest that
the GLY-5FU-NEG effectively enters the cells, indicating its potential for
delivering therapeutic agents to the target site within the cells. This may
be due to improved penetration and selective targeting of GLY into the
melanoma trypsinized cells (Kurangi et al., 2021). GLY can promote the
internalization of 5-FU containing nanoemulsions into the cells, allow-
ing for improved delivery which facilitated its improved cellular uptake.
Moreover, GLY has been reported to assist in the escape of nanocarrier
from endosomes (Ruan et al., 2021). It can disrupt the endosomal
membrane and promote the release of the encapsulated 5-FU into the
cytoplasm of B16F10 cells, enhancing the intracellular uptake (Ruan
et al., 2021). To evaluate the DNA content of the cells and map out the
distribution of cells at various stages of the cell cycle, flow cytometry
analysis was carried out. Cell cycle analysis examines the distribution of
cells within different phases of the cell cycle (G1, S, G2, and M). This test
helps researchers understand how the GLY-5FU-NEG affects cell division
and proliferation. By using flow cytometry, researchers can identify any
changes in the cell cycle profile induced by the formulation. Findings
revealed significant alterations in the cell cycle profile, implying po-
tential impacts of the developed formulations on cell cycle progression
in B16F10 melanoma cells. Specifically, the observed changes in the
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distribution of the B16F10 melanoma cells’ cell cycle indicated that the
GLY-5FU-NEG formulation might possess the capability to influence cell
cycle progression. The decrease in the percentage of cells in the GO/G1
phase suggests a potential disruption of cell cycle arrest, while the in-
crease in the proportion of cells in the S and G2/M phases implies
enhanced cell cycle progression or delayed cell cycle transition in the
optimized formulation, compared to the 5-FU-NE gel [60]. Further
investigation is warranted to elucidate the underlying molecular
mechanisms involved in these effects and to evaluate the impact on cell
proliferation and apoptosis.

5. Conclusion

The present study successfully optimized and evaluated a
glycyrrhizin-based nanoemulgel for the topical delivery of 5-FU. The
formulation exhibited desirable physicochemical properties, including a
small particle size, appropriate zeta potential, and high drug entrapment
efficiency. The in vitro release studies demonstrated sustained release of
5-FU from the nanoemulgel over a 24-hour period, indicating its po-
tential for extended drug delivery. The cell line study using B16F10
confirmed the efficacy of the optimized nanoemulgel in delivering 5-FU
to the target cells. The nanoemulgel formulation significantly reduced
cell viability, indicating its potential as an effective treatment for skin
conditions where 5-FU is indicated. The use of glycyrrhizin as a natural
penetration enhancer in the nanoemulgel formulation offers the
advantage of utilizing a safe and readily available compound. The
incorporation of glycyrrhizin in the nanoemulgel system could poten-
tially enhance the permeation of 5-FU through the skin and improve its
therapeutic efficacy.
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