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Abstract: Melanoma is a malignant skin cancer associated with high mortality rates and drug
resistance, posing a significant threat to human health. The combination of chemotherapy and
photodynamic therapy (PDT) represents a promising strategy to enhance antitumor efficacy through
synergistic anti-cancer effects. Topical delivery of chemotherapeutic drugs and photosensitizers (PS)
offers a non-invasive and safe way to treat melanoma. However, the effectiveness of these treatments
is often hindered by challenges such as limited skin permeability and instability of the PS. In this study,
transfersomes (TFS) were designed to facilitate transdermal delivery of the chemotherapeutic drug
5-Fluorouracil (5-FU) and the PS Imperatorin (IMP) for combined chemo-photodynamic therapy for
melanoma. The cytotoxic and phototoxic effects of TFS-mediated PDT (TFS-UVA) were investigated
in A375 cells and nude mice. The study also demonstrated that TFS-UVA generated intracellular
ROS, induced G2/ M phase cell cycle arrest, and promoted cell apoptosis. In conclusion, this study
indicated that 5-FU/ IMP-TFS serves as an effective transdermal therapeutic strategy for chemo-PDT

in treating melanoma.
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1. Introduction

Melanoma originates from abnormal melanocytes in the basal layer of the epidermis
and has experienced a significant increase in recent years, with an estimated 99,700 new
cases of melanoma expected in the United State in the year of 2024 [1-3]. Although surgical
excision remains the primary treatment for early-stage melanoma, it can result in severe side
effects such as large skin defects [4]. Melanoma is known for its resistance to conventional
treatments including chemotherapy, radiotherapy, as well as innovative treatments such as
immunochemotherapy and bio-chemotherapy [5-7]. Therefore, it is necessary to develop
more effective therapeutic strategies to fill the gap for better melanoma treatments.

5-Fluorouracil (5-FU) is a chemotherapeutic agent known for its broad-spectrum anti-
cancer activities against colorectal, breast, and skin cancers. The therapeutic mechanism
involves cell apoptosis by blocking thymidylate synthase, thereby disrupting DNA syn-
thesis [8]. However, systemic delivery of 5-FU via oral and intravenous routes can lead
to gastrointestinal and cardiac toxicities [9]. To solve this issue, transdermal delivery of
5-FU has been introduced to restrict systemic toxicities and enhance local drug concentra-
tion. However, with poor skin permeability and low local absorption, the applications of
5-FU were limited by its hydrophilic nature [10]. The root of Angelica dahurica (Chinese
name: Baizhi), has been used in Traditional Chinese Medicine to treat skin diseases for
over 1700 years [11]. Imperatorin (IMP), the primary active component found in Angelica
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dahurica, exhibits strong pharmacological effects such as anti-cancer and anti-inflammatory
properties [12]. Researchers have demonstrated its concentration-dependent inhibition
manner and synergistic effects with cisplatin against melanoma growth [13,14]. In the
murine model, IMP administered intraperitoneally under UVA illumination showed sig-
nificant inhibition of melanoma cell viability [15]. This suggests that IMP could serve as
a novel Photodynamic Therapy (PDT) photosensitizer for treating melanoma. Chemo-
PDT represents a promising approach to overcoming the limitations of single-treatment
modalities and enhancing total treatment efficiency [16]. PDT is a safe and effective non-
invasive treatment used in dermatological conditions. Topical PDT involves the application
of PS to the skin and specific wavelengths of light for the generation of reactive oxygen
species to induce cell apoptosis through oxidative damage [17]. PDT is widely used for
skin diseases such as psoriasis [18], vitiligo [19], squamous cell carcinoma of the skin,
and melanoma [20,21]. However, challenges remain as the effectiveness of PDT is often
hindered by skin penetration and PS instability [22].

Transfersomes (TFS) are a type of liposome characterized by their highly elastic vesi-
cles [23]. Composed of phospholipids and edge-activating agents (EA), TFS destabilize
the lipid bilayer to increase vesicle deformability [24,25]. Compared to liposomes, TFS
have a smaller particle size and more elastic liposomes, enabling them to deform and
squeeze through the interstitial spaces of stratum corneum cells without compromising
their structures [26]. This property enhances its skin permeability and local drug concentra-
tion during topical administration [27,28]. Additionally, TFS share a similar phospholipid
bilayer structure with liposomes, which improves drug solubility and stability. The vesi-
cle structure enhances the effective encapsulation of both hydrophilic and hydrophobic
drugs [29]. TFS has shown its benefits in delivering drugs to localized lesions for the
treatment of melanoma [30].

In this study, we focused on developing an efficient chemo-PDT using TFS as a
nanodrug carrier for treating melanoma. The optimized TFS formulation was determined
using the Box-Behnken-Design (BBD) and characterized by particle size, potential, Fourier
transform infrared spectroscopy, and transmission electron microscopy (TEM). Drug release
kinetics were evaluated using the dialysis method and skin permeation properties were
assessed using the Franz diffusion cell method in vitro, respectively. The therapeutic
efficacy of chemo-PDT was evaluated through both in vitro and in vivo experiments. We
additionally explored the effects of photocytotoxicity on the cell cycle and cell apoptosis
in A375 cells. These results signify that this transdermal drug delivery system can be a
probable chemo-PDT candidate for the treatment of melanoma.

2. Results
2.1. The BBD Studies

The BBD optimization strategy was developed with three main factors: drug/lipid
ratio (X1), the SPC/TW-80 ratio (X2), and the hydration temperature (X3), where the
co-encapsulation efficiency (Y) was set as the experimental response value. Three different
levels of the factors are defined in Table 1, and the 3D response surface plot is shown in
Figure 1. Optimization data can be found in Supplementary Materials: Tables S1 and S2.
The results were analyzed by ANOVA using Design-Expert 8 software (R? = 0.9795), and Y
was calculated using the following equation:

Y =085-296x 1073 x X1 44412 x 1073 x X2+ 0.022 x X3 — 1.702 x 1073 x X1X2

—3.143 x 1073 x X1X3 +5.623 x 1073 x X2X3 — 0.021 x X12 — 0.029 x X22 (1)
—0.032 x X3?
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Table 1. The design of the factor levels.
Levels
Factors Definition
-1 0 1
Drug/Lipid Ratio X1 1:12.5 1:15.0 1:17.5
SPC/TW-80 Ratio X2 6:4 7:3 8:2
Hydration Temp. X3 35°C 40 °C 45°C

Y (%)
84.80

84.24
83.68
83.11
82.55
81.99
81.43
80.87
80.30
79.74
79.18

Y (%)
84.80

84.24
83.68
83.11
82.55
81.99
81.43
80. 87
80. 30
79.74
79.18

Figure 1. 3D response surface plot of encapsulation efficiency. (A) Drug/lipid ratio and SPC/TW-80
ratio; (B) drug/lipid ratio and hydration temperature; (C) SPC/TW-80 ratio and hydration temperature.

2.2. TFS Preparation, Characterization and Optimization

Studies have shown that lipid vesicles with smaller particle sizes enhance the penetra-
tion of encapsulated drugs into the skin [31]. The optimized formulation of 5-FU/IMP-TFS
had a smaller particle size of 50 = 1.92 nm (Figure 2C) and a uniform size distribution
with a PDI value of 0.20 £ 0.02 (less than 0.3). Vesicle size reduction of TFS may be due
to the addition of surfactants and using a probe sonicator. Zeta potential is a predictor of
formulation stability. High zeta potential values reduce aggregation by electrostatic interac-
tions and enhance formulation stability. The optimized zeta potential of 5-FU/IMP-TFS
was —13 &+ 1.5 mV (Figure 2B), which is consistent with the results reported by Afzal Hus-
sain [32]. The HPLC analysis revealed that the loadings of 5-FU and IMP were 2.49 + 0.02%
and 2.81 = 0.07%, respectively. The encapsulation efficiency of 5-FU and IMP in the for-
mulations were 79.71 & 0.65% and 89.89 £ 2.16%, respectively. These results indicate that
TFS has a small particle size and good dispersibility, making it capable of forming a stable
co-delivery system for hydrophilic (5-FU) and hydrophobic drugs (IMP). The methodology
for HPLC analysis is shown in Figures S1 and S2, and Tables S3-S8.

TEM revealed the microstructure of 5-FU/IMP-TFS (Figure 2A). With 80 kV accel-
erating voltage, 80 k magnification, and a work distance of 11.8 mm, the TEM image
presented the membranes of 5-FU/IMP-TES vesicles, with a clearly visible phospholipid
bilayer and a smooth, structurally intact surface. Due to its bilayer membrane structure,
TES can co-deliver lipophilic and hydrophilic drugs [33]. The FTIR spectra (Figure 2D)
confirmed the successful preparation of TFS. The characteristic absorption peaks of IMP
were observed at 3106 cm~! (=CH), 1718 cm~! (C=0), and 1145 cm~! (C-O), while those
of 5-FU were observed at 3045 cm ™! (=CH), 1650 cm~! (C=0), and 1251 cm ™! (C-F). The
physical mixture of 5-FU and IMP exhibited a superposition of characteristic peaks. This
suggested successful encapsulation of 5-FU and IMP in the TFS.
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Figure 2. Characterization of TFS. (A) TEM image of 5-FU/IMP-TFS; (B) the zeta potential of TFS;
(C) the particle size distribution of TFS; (D) the FT-IR spectroscopy of each group.

2.3. In Vitro Drug Release and Ex Vivo Skin Permeation Studies

This study evaluated the in vitro drug release profiles of both drugs in free form or
TFS-loaded form (single-loaded or co-loaded) in a water/ethanol release medium (v/v
70:30) (Figure 3A). The free drug released around 80% of the medication within an hour,
while the drug-loaded TFS gradually released 90% of 5-FU and 80% of IMP over a 24 h
period. The results showed that drugs using TFS as a carrier have a certain sustained
release effect compared to the free drug. There was no significant difference in the release
rate between single-drug loading and co-drug loading.
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Figure 3. Drug release studies, skin permeation, and deposition studies. (A) The drug release profiles.
(B) Drug deposited into the skin after treatment with different formulations. (C) Rat skin permeation
profiles of 5-FU loaded formulations. (D) Rat skin permeation profiles of IMP loaded formulations.
(*** p <0.001, ns indicates statistically no significance).

TFS formulations are fluid and cannot be applied topically. Therefore, TFS was mixed
with a Carbopol gel matrix for topical administration [34]. Carbopol gel is a hydrophilic
gel matrix that is easily applied and absorbed into the skin and is often used as a ve-
hicle for topical dermal administration [35]. Incorporating the TFS liquid formulation
into a semi-solid gel for topical delivery can improve drug stability and patient com-
pliance. Permeation studies were conducted using a Franz diffusion cell (Figure 3) to
evaluate the quantitative percutaneous permeation of FU-Cream and TFS-gel formulations
across excised rat abdominal skin. The fluxes for 5-FU were 11.71 + 1.1 pg/cm?/h and
17.24 £2.1 pg/ c¢m? /h for the FU-Cream and 5-FU /IMP-TFS-Gel, respectively. The cumu-
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lative penetration amount per unit area of FU-Cream and 5-FU/IMP-TFS-Gel in 24 h was
256.19 + 15.00 pg/cm? and 375.63 + 14.84 pg/cm?, respectively (Figure 3C). For IMP, the
fluxes were 1.30 & 0.08 pg/cm?/h and 1.49 + 0.09 pg/cm?/h for the IMP-TFS-Gel and
5-FU/IMP-TFS-Gel, respectively. The IMP-TFS-Gel and 5-FU /IMP-TFS-Gel had a cumula-
tive penetration amount of 28.91 + 1.50 pg/cm? and 33.58 + 1.60 pg/cm? per unit area,
respectively, in 24 h (Figure 3D). Following the permeation studies, the gel formulations un-
derwent drug deposition study in the same experimental conditions. For drug deposition,
FU-Cream, Co-TFS-Gel (FU), IMP-TFS-Gel, and Co-TFS-Gel (IMP) demonstrated a total
skin accumulation of 3.45 & 0.67 ug, 15.30 & 1.73 ug, 25.65 & 2.19 pg, and 26.36 £ 1.793 ug,
respectively (Figure 3B). Specifically, the steady-state rate of 5-FU in TFS was 1.47 times
greater than the cream group, and the retention amount was 4.43 times that of the cream.
However, there was no significant difference for IMP. The results of drug release and the
skin permeation tests indicated that TFS gel was more effective for on-site skin delivery
compared to conventional creams. The stratum corneum barrier effect was reduced and
skin penetration was enhanced due to the small particle size and hyper-deformability of
TFS [36]. Additionally, drug deposition in the skin was improved by the slow release of
TFS and the reticular structure of the gel matrix.

2.4. Cytotoxicity and Phototoxicity Studies In Vitro

This study evaluated the effects of the cytotoxicity and phototoxicity of the drugs
on HaCaT and A375 cells using the CCK-8 assay. 5-FU is known as a hydrophilic drug
that faces challenges crossing the lipophilic cell membranes, resulting in low intracellu-
lar concentrations [37]. IMP is a lipophilic compound with low water solubility, poor
bioavailability, and rapid degradation in cell culture media [27]. In this study, TFS was per-
formed with anti-cancer and photosensitizing agents in a phospholipid bilayer to decrease
restriction and facilitate cellular uptake. In Figure 4, results show that drug-loaded TFS for-
mulations are more cytotoxic than the free drug. It is noteworthy that K-TFS formulations
without drug loading did not reduce cell viability under any conditions, which supports
the contention that safe nanocarriers can enhance cytotoxicity. Studies have proven that
solar ultraviolet radiation (UVR) is a leading factor in many skin diseases [38]. However, a
study conducted by Otilia Gag showed that UVA (10 ]/ cm?) did not have a cytotoxic effect
on HaCaT and A375 cells, whereas UVB (0.5 J/cm?) significantly reduced cell viability [39].
In addition, our studies confirmed that there was no significant toxicity in HaCaT and
A375 cells under UVA (1.5 J/cm?) irradiation. Furthermore, the combination of UVA with
furanocoumarins and their derivatives has been reported to inhibit melanoma cells [40,41].

Although 5-FU restricts DNA synthesis and inhibits cell growth, its lack of selectivity
for cancer cells can harm normal cells and cause side effects such as gastrointestinal
reactions and dermatitis [42]. We developed a 48-h dark toxicity study of 5-FU and IMP
on normal HaCaT cells (Figure 4A). The cell survival rate of both IMP and IMP-TFS
was over 95%. The half maximal inhibitory concentration (ICsp) values of 5-FU and 5-
FU/IMP on HaCaT cells were 10.92 and 35.36 uM (calculated from the 5-FU concentration),
respectively. The study results indicate that IMP did not exhibit cytotoxic effects on HaCaT
cells. Furthermore, the co-delivery of 5-FU and IMP resulted in a significant reduction
in the cytotoxicity of 5-FU on HaCaT cells [43]. An assessment of the antitumor activity
of 5-FU and IMP was conducted on melanoma A375 cells using a 48-h dark toxicity test
(Figure 4B). Our study discovered that both 5-FU and IMP reduced the viability of A375
cells in a concentration-dependent manner. The ICs values for 5-FU and 5-FU/IMP were
36.89 and 21.64 pM (calculated from the 5-FU concentration), respectively. Although IMP
and IMP-TFS had limited antitumor effects, the combination of 5-FU and IMP significantly
enhanced the antitumor effects. In summary, the combination of IMP and 5-FU reduces
toxicity to normal cells and enhances the inhibitory effect on tumor cells.

Chemo-photodynamic therapy can overcome the limitations of monotherapy and
improve antitumor activity [44,45]. In studies of cellular phototoxicity, the cellular activity
of PDT decreased gradually as the concentration of IMP increased (Figure 4C). IMP-TFS+L



Int. J. Mol. Sci. 2024, 25,9611

7 of 17

>

Cell Viability (%)

@

Cell Viability (%)

damaged both normal and tumor cells, but the viability of HaCaT cells at the highest
concentration of IMP-TFS+L was still above 85%, indicating biosafety. The ICsy for 5-
FU-TFS, 5-FU/IMP-TFS, and 5-FU /IMP-TFS+L were 78.8, 60.2, and 35.24 uM (calculated
from the 5-FU concentration), respectively (Figure 4D). Among these, 5-FU/IMP-TFS+L
exhibited the strongest antitumor effect on A375 cells. The results indicate that PDT has
biosafety and significant antitumor activity, and the combination of chemo-photodynamic
therapy can further enhance the antitumor efficacy.
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Figure 4. Cytotoxicity and phototoxicity. (A) Dark toxicity study of cell viability of HaCaT cell line for
48 h. (B) Dark toxicity study of cell viability of A375 cell line for 48 h. (C) Phototoxicity study of cell
viability for HaCaT cell line for 12 h (1.5]/ cm?, UVA). (D) Phototoxicity study of cell viability of A375
cell line for 12 h (1.5J/cm?, UVA). Red dash lines reflect the half maximal inhibitory concentrations
of each group.

2.5. Intracellular Reactive Oxygen Species Generation

In chemo-photodynamic therapy, the photosensitizers IMP can react with molecular
oxygen and generate cytotoxic reactive oxygen species (ROS) which induces oxidative
damage to accelerate cell death with the excitation of UVA. To verify and quantify the
ROS excited from the photochemistry of 5-FU/IMP-TFS (aka. TFS) and UVA, intracellular
ROS generation was measured by staining with DCFH-DA assay and analyzed by flow
cytometry. As shown in Figure 5, no obvious change can be observed in ROS generation for
the groups in the dark. The quantification of intracellular ROS is presented in Figure 5A.
When A375 cells were exposed to UVA, the difference in ROS generation between groups
was obvious, as shown in Figure 5B. The TFS-UVA group could produce much more
ROS than the TFS-only group. This result indicates that increasing intracellular ROS
was induced by the photodynamic activation between IMP and UVA, resulting in the
combination therapeutic efficacy in treating A375 cells.
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Figure 5. Effect of TFS/ UVA photodynamic treatments on ROS generation in A375 cells. (A) The
quantification of intracellular ROS generated in different groups. (B) Cells were stained with DCFH-
DA and the fluorescence intensity was measured using the flow cytometry.

2.6. Cell Apoptosis Analysis

The percentage of apoptotic A375 cells was assessed using Annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI) double staining for flow cytometry analy-
sis. High Annexin V and low P1I staining (Q3) indicated early apoptosis of cells. in contrast,
strong staining signals of both Annexin V label and PI (Q2) showed the cells were in
the stage of necrosis or late apoptosis. As shown in Figure 6, 14.38% of UVA-irradiated
cells were found to be apoptotic (early apoptosis plus late apoptosis) when incubated
with TFS. However, the UVA-only and the drug-only groups showed no significant cell

apoptosis. This assay indicated that chemo-photodynamic therapy could induce apoptosis
and necrosis in A375 cells.
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Figure 6. TFS/ UVA photodynamic treatments induced apoptosis in A375 cells. Cells were stained
with Annexin V-FITC and PI before flow cytometric analysis.
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2.7. Cell Cycle Analysis

PI was used to measure the cell DNA content. As shown in Figure 7, the treatment
of UVA did not alter the cell cycle compared to the control group. Cells treated with TFS
and UVA-TFS showed a significant increase in G2/M phases. These results indicated that
chemo-photodynamic therapy could impact cell cycle progression and cause cell cycle
arrest in the G2/M phase, leading to the inhibition of the cells.
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Figure 7. TFS/ UVA photodynamic therapy-induced cell cycle arrest of A375 cells. Cells were stained
with PI and the cell cycle distribution was measured by flow cytometric analysis. (Triangles indicate
the most PI-stained DNA content measured by flow cytometry).

2.8. Antitumor Therapeutic Efficacy In Vivo

A375 tumor-bearing nude mice models were used to validate the antitumor effect of
topical PDT co-administered with 5-FU and IMP. Once the tumor volume reached 150 mm?,
the A375 tumor-bearing nude mice were randomly divided into 7 groups and treated with
different protocols. All groups displayed an inhibitory effect on tumor growth except the
model and PDT groups (Figure 8A). Photographs of tumor tissues treated with the different
regimens are presented in Figure 8B. These results are consistent with the changes in tumor
volume. The group treated with 5-FU/IMP-TFS-Gel and UVA Laser exhibited the highest
tumor inhibition effect, with an IRT of 95.23% (Figure 8C). No significant weight loss was
observed in any group during the treatment period. This indicated that the treatment
regimens had a good biosafety profile (Figure 8D). To evaluate the antitumor effect in vivo,
we conducted H&E staining and histological studies of tumor tissues. The tumor cells in the
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model and PDT groups were densely packed with large nuclei and active nuclear division.
In contrast, the tumor cells in the treatment group exhibited necrotic cell disintegration, loss
of cell membrane structure, and residual cellular debris. The level of necrosis in tumor cells
varied across the different treatment groups, with the highest level of apoptosis observed
in the 5-FU/IMP-TFS-Gel with UVA Laser treatment group.
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Figure 8. Antitumor therapeutic efficacy in vivo. (A) Tumor growth inhibition curves in mice with
different treatment regimens (n = 3). (B) Photos of tumors. (C) The weight of tumors. (D). Body
weight of mice during treatment. (E) H&E staining of tumor tissues captured at x400 magnification.
Data are presented as mean + SD, n = 3; * p < 0.05, *** p < 0.001, *** p < 0.0001.

3. Discussion

The encapsulation of drugs within the nano drug delivery systems (NDDS) has been
extensively studied over the past few decades and has demonstrated great potential in
cancer treatments [46,47]. Systemic administration is typically achieved through intra-
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venous injection, providing rapid onset of action and improved drug bioavailability [48].
However, due to biological barriers, only a fraction of the therapeutic dosage from in-
travenous administrations reaches the tumor sites and residues [49]. Therefore, systemic
administration may require high doses or multiple administrations, which can lead to side
effects [50]. Administering drugs locally for skin cancer offers advantages such as non-
invasive administration during long-term treatment and increased local drug concentration
with minimal toxicity [16]. Additionally, local delivery of multi-functional nanoparticles
for photodynamic and photothermal therapy against tumor cells could exhibit enhanced
antitumor efficiency [51]. The electrostatic interaction and photochemistry of inorganic
materials and ligands would contribute to tumor inhibition [52].

In this study, nano-transfersomes co-loaded with 5-FU and IMP were designed, and
their transdermal delivery was further explored. TFS-gel could improve local drug concen-
tration and skin permeability. The strongest antitumor activity was observed in 5-FU/IMP-
TFS-Gel with UVA Laser, which may be attributed to several factors. TFS gel offers a
promising option for NDSS, with better penetration and patient adherence to skin cancer
treatments. The ability to deliver PS agents and chemotherapeutic drugs altogether to the
cancerous sites shows a great potential for skin diseases. Additionally, the topical delivery
system increases the local concentration of the drug at the affected site, resulting in a rise
in PS concentration and enhanced topical PDT. Results have indicated that chemo-PDT
significantly inhibited the growth and proliferation of melanoma. However, current studies
were limited as antitumor activities were only carried out in cell lines like HaCaT and A375,
but not in skin cells or organs. Notably, the evaluation of antitumor agents has not only
involved human cancer cells (A375 and A431), but also the human normal skin cell lines
(TE353.sk). The study showed that proapoptotic agents like saponins can induce cell apop-
tosis in cancer cells in a dose-dependent manner. However, they did not induce the same
effect in TE353.sk normal cells [53]. Similarly, TE353.sk cells and LoVo cells were employed
in a study to investigate the photokilling selectivity and efficiency of TiO, nanoparticles in
PDT. The results indicated that combined chemo-PDT could kill all LoVo cancer cells within
90 min, while it killed only 39% of TE353.sk normal cells [54]. The TE353.sk normal human
dermal fibroblasts (NHDF) were utilized for testing the proapoptotic and prooxidative
effects of gallium sensitizers compared to melanoma cancer cells and keratinocytes [55].
This study has proven that these second-generation sensitizers complemented with metal
ions did not inhibit the viability of fibroblasts and keratinocytes, but significantly reduced
the viability of cancer cells. This indicates that an ideal antitumor agent should provide
advanced therapeutic effects in cancer cells with limited toxicity to normal cells. To validate
the effectiveness of Chem-PDT agents such as 5-FU/IMP-TFS, further studies are crucial,
particularly those focusing on selective targeting and evaluating cytotoxicity across normal
skin cells and keratinocytes. Additionally, it would act selectively efficiently in cancer
cells while being less active in normal cells. While chemo-PDT shows promise in treating
melanoma, ongoing studies are needed to ensure it achieves the desired efficacy without
compromising normal cells. Future research should refine these therapies to enhance
selectivity and minimize toxicity, thereby providing safer and more effective strategies for
cancer treatment.

4. Materials and Methods
4.1. Materials

Imperatorin (purity > 98%) was purchased from Push Bio-Technology Co., Ltd. (Chengdu,
China), and 5-FU (purity > 98%) was obtained from Macklin Biochemical Co., Ltd. (Shang-
hai, China). Soybean lecithin was purchased from A. V. T. Pharmaceutical Co., Ltd. (Shang-
hai, China). Methanol (HPLC grade) was obtained from Thermo Fisher Scientific (Shanghai,
China). HQ fetal bovine serum (FBS) was purchased from TransGen Biotech Co., Ltd.
(Beijing, China). DMEM cell culture medium was purchased from Gibco (MA, USA). Cell
Counting Kit-8 (CCK-8) was obtained from Labgic Technology Co., Ltd. (Beijing, China).
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Ultra-pure water was produced using an ULUPURE integral water purification system. All
other chemical reagents were of analytical grade.

4.2. Cell Culture and Animals

Human immortalized keratinocyte cell lines, HaCaT, and human malignant melanoma
cells, A375, were obtained from ATCC, cultured in DMEM with 10% FBS and 1% peni-
cillin/streptomycin maintained at 37 °C in a 5% CO; incubator. Male SD rats (200 g)
and female BALB/c-Nu mice (4-5 weeks, 18-22 g) were obtained from SiPeiFu Biological
Technology Co., Ltd. (Beijing, China). All animal experiments were conducted under the
guidelines approved by the Institutional Animal Care and Use Committee (IACUC) of
Chengdu University of Traditional Chinese Medicine.

4.3. Preparation of TFS

TFS encapsulating IMP and 5-FU were prepared using the thin film hydration method.
Soybean lecithin (SPC), Tween-80 (TW-80), and IMP were dissolved in methanol/chloroform
(v/v =1:2), and the organic solvent was removed using a rotary evaporator. The thin lipid
film was then dissolved with UP water containing 5-FU by shaking in the water bath for
30 min and the suspension was ultrasonicated (300 W) for 5 min to retain homogeneous
size. The TFS liquid was further centrifuged at 10,000 rpm for 10 min and then the unin-
corporated IMP and 5-FU were removed by filtration through a 0.22 pm cellulose nitrate
membrane. Finally, TFS co-loaded with 5-FU and IMP was stored at 4 °C and labeled as
5-FU/IMP-TEFS.

4.4. Optimization of TFS by BBD

Based on the scope to most efficiently relate the response variables and experimental
results, BBD (Box-Behnken Design, Design-Expert 8.0.6) was used to optimize the preparation
process of 5-FU/IMP-TFS and determine the suitable formulation. The independent variables
include the drug/lipid ratio (X1), the SPC/TW-80 ratio (X2), and the hydration temperature
(X3), with co-encapsulation efficiency (Y) as the experimental response variable.

4.5. Characterization of TFS

The particle size, polydispersity index (PDI), and zeta potential of the TFS were
measured using a Malvern Zettaliter (Nano ZS, Malvern Panalytical Ltd., Malvern, UK)
dynamic light scattering detector at room temperature. Before measurement, samples were
diluted 1:10 (v/v) with UP water. The sample morphology was evaluated by TEM (HT7800,
Hitachi, Tokyo, Japan). To verify the successful preparation of the TFS, its mid-infrared
spectrum was measured using FI-IR (Clry610, Agilent, Santa Clara, CA, USA). The samples
were prepared using the potassium bromide press method and the scanning wavelengths
ranged from 4000 to 400 cm~ 1.

4.6. Encapsulation Efficiency (EE%) and Drug Loading (DL%)

The EE% and DL% of 5-FU/IMP-TFS were analyzed with the HPLC (Agilent 1260,
Santa Clara, CA, USA). The samples were centrifuged for 20 min at 5000 rpm and 4 °C.
Then, samples were subjected to column chromatography using 95:5 (v/v) water/methanol
to yield 5-FU, and 30:70 (v/v) water/methanol to yield IMP. The analysis was completed
using a C18 analytical column (4.6 mm x 150 mm, 5 pm), with a column temperature set at
30 °C. The injection volume was 10 pL, and the flow rate was 1.0 mL/min. The detection
wavelengths were 265 nm and 300 nm, respectively. The EE% and DL% were calculated
using the following equations:

The weight of drug encapsulated

EE% = The weight of the drug added

X 100%

The weight of drug mearsured
The weight of all the materials

DL% = x 100%
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4.7. Drug Release, Skin Permeation, and Deposition Studies

The release profile of TFS was assessed by performing the cumulative in vitro studies
in a water/ethanol medium (v/v = 70:30). TFS suspension was added to dialysis bags,
and the samples were immersed in 40 mL of the release medium. The temperature was
maintained at 37 + 0.5 °C with a 100 rpm rotation rate. At predetermined time intervals (1,
2,4,6,8,10,12, and 24 h), 1 mL of dissolution medium was withdrawn and replaced with
an equal volume of fresh medium. The drug concentration was quantified using HPLC.

The ex vivo skin permeation was determined using a Franz diffusion cell. The cleaned
skin was clamped between the donor and receptor compartments of the cell (0.64 cm?). The
skin was mounted carefully with the stratum corneum facing the donor compartment, and
the dermal side was exposed to the receptor medium. The skin in the donor compartment
was treated with TFS gel and 5-FU cream and the receptor compartment (5 mL) was filled
with a water/ethanol receptor medium (v/v = 70:30). The diffusion cell assembly was
maintained at 32 & 1 °C, with the contents of the receptor compartment stirred at 100 rpm
using a magnetic stirrer. Samples were withdrawn at regular intervals (1, 2, 4, 6, 8, 10,
12, and 24 h) through the sampling port and replaced with an equal volume of fresh
diffusion medium to maintain sink conditions throughout the experiment. Drug content
was analyzed using HPLC. The experiment was conducted in triplicate.

To assess drug deposition in the skin, the mounted skin on the diffusion cell was
carefully removed and washed with receptor medium. The skin was cut into small pieces
and placed in a grinding tube. Methanol was added for tissue grinding, followed by
ultrasonic treatment for 10 min. The mixture was then centrifuged at 10,000 rpm for 5 min,
and the supernatant was filtered through a 0.22 pm cellulose nitrate membrane. The drug
content of the samples was analyzed using the HPLC.

4.8. Preparation of TFS Gel

The TFS gel was prepared by incorporating the optimized TES into the dispersion of
Carbopol 940. A precise weight of 1% Carbopol 940 was slowly added to TFS suspension
and stirred continuously (1000 rpm) at room temperature overnight until evenly dispersed.
Triethanolamine was added dropwise with continuous stirring to achieve TFS gel.

4.9. Cell Culture

Cells in the logarithmic growth phase were seeded into 96-well plates at a density
of 5 x 10° cells per well in 10% FBS medium. After 24 h of incubation, the medium was
replaced with 1% FBS medium containing different formulations for 48 h. Plates designated
as controls were kept in the dark, while the others were irradiated with a UVA irradiator
(365 nm) at a dose of 1.5 J/ cm?. After 12 h of incubation in 1% FBS medium, 10 uL of
CCK-8 reagent was added, and the cells were further incubated for 1 h at 37 °C in the dark.
Optical density was then measured at 450 nm using a microplate reader (Gen5, BioTek,
Winooski, VT, USA). The experiments were performed in triplicate.

4.10. Animal Experiment Design

Female BALB/c-Nu mice (4-5 weeks, 18-22 g) were divided into 7 groups for differ-
ent treatments. Cultured A375 cells were injected subcutaneously into each mouse at a
concentration of 5 x 10° cells. Antitumor tests were conducted with an equivalent tumor
volume (around 150 mm?). Tumor volume was measured every three days and calculated
as the following equation:

Tumor volume = length x width?® /2 (2)

The 7 groups were (1 = 6): model, PDT, 5-FU-Cream, IMP-TFS-Gel, 5-FU /IMP-TFS-
Gel, IMP-TFS-Gel Laser, and 5-FU/IMP-TFS-Gel Laser treated groups. The concentration
of 5-FU or IMP in all preparations was 0.5% w/w. A spatula was used to apply the cream or
gel formulation (200 mg) once daily for 21 consecutive days to the area (1 cm x 2 cm) where
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the tumor cells were injected. For PDT experiments, the residual drug was wiped off the
administration site with a 75% alcohol cotton 4 h after application and administration. The
site was then illuminated with UVA (6 ]/cm?) daily. The inhibition rate of tumor growth
(IRT) was calculated using the following formula: IRT = 100% X (mean tumor weight of
the control group—mean tumor weight of the experimental group) / mean tumor weight
of the control group. The mice were sacrificed 21 days after treatment, and their tumors
were harvested and fixed in 10% neutral buffered formalin for further study. Histological
analysis was performed using H&E staining, and tumors were sectioned into thin slices
and processed routinely into paraffin.

4.11. Detection of the Generation of ROS

A375 cells were placed in 6-well plates at the density of 5 x 10* cells per well for
24 h. After incubation with 5-FU/IMP-TFS (100 uM) for 4 h, cells were washed three times
using a PBS buffer and added fresh medium. One plate was exposed to UVA (power
dose = 1.5]/cm?) for 10 min and another was kept in the dark incubation. After 12 h
of incubation, the cells were washed and added with ROS probe 2',7’-dichloroflurescin
diacetate (DCFH-DA, Sigma-Aldrich, St. Louis, MO, USA). The cells were incubated for
30 min at 37 °C and the fluorescence intensity was measured using the flow cytometry with
Green-B (GRN-B, 488 nm) fluorophores detection channel (Guava EasyCyteTM, Luminex,
Austin, TX, USA).

4.12. Cell Cycle and Apoptosis Analysis

5 x 10* A375 cells were seeded in 6-well plates for 24 h and treated with 5-FU/IMP-
TES (100 uM) for 4 h. The cells were washed three times using PBS buffer and fresh
medium. One plate received UVA exposure (power dose = 1.5 J/cm?) for 10 min and
another plate was incubated in the dark. The cells were harvested, washed, and fixed with
ethanol at —20 °C for 20 h, and the suspension was centrifuged and washed twice with PBS
(4 °C). Cells were stained with Guava cell cycle reagent according to the manufacturer’s
instructions. Stained cells were analyzed by flow cytometry with Red-B fluorophores
detection channel (Guava EasyCyteTM, Luminex, Austin, TX, USA).

Cell apoptosis was measured using the propidium iodide (PI) and Annexin V-FITC
apoptosis assay kit. Cells were treated, harvested, and washed with PBS before being
stained with PI/ Annexin V kit according to the manufacturer’s instructions. Stained cells
were analyzed by flow cytometry with a Green-B, Red-B (488 nm) fluorophores detection
channel (Guava EasyCyteTM, Luminex, Austin, TX, USA).

4.13. Statistical Analysis

All quantitative data are shown as mean £ SD, n > 3. Statistical analyses were
performed using GraphPad Prism 9.5.1 (MacOS) and Design-Expert 8.0.6 software and
*p <0.05,*p<0.01,**p <0.001, *** p < 0.0001.

5. Conclusions

In summary, we have developed a 5-FU/ IMP transdermal delivery system combined
with chemo-photodynamic therapy for melanoma. The morphology of 5-FU/IMP-TFS
was revealed with a particle size of 50 = 1.92 nm and —13 £ 1.5 mV zeta potential. The
in vitro drug release profiles and skin permeation studies were further evaluated. The
steady-state rate of 5-FU in TFS was 1.47 times greater than conventional cream, and the
retention was 4.43 times than that of the cream group. The study utilized 5-FU as the
chemotherapeutic agent while IMP served as the photosensitizer, and 5-FU/IMP was co-
encapsulated in the transdermal delivery vehicle TFS and embedded in Carbopol gel. The
TFS gel has been shown to significantly improve skin permeability and increase local drug
concentration compared to conventional creams. At the cellular level, the combination of
5-FU and IMP significantly reduced the toxicity of 5-FU in normal cells while enhancing
the inhibition of tumor cells. Additionally, 5-FU/IMP-TES, acting as both a chemotherapy
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and photodynamic agent, could improve anti-cancer efficiency when exposed to UVA laser
sources. We also verified the results in nude mouse tumor models. The ROS generation,
cell cycle, and cell apoptosis studies have proven the enhancement made by the combined
chemo-photodynamic therapy. Overall, this study indicates that TFS, a transdermal delivery
vehicle co-loaded with 5-FU and IMP, represents a novel therapeutic option for synergistic
anti-cancer treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ijms25179611/s1.
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