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Introduction: Pathological scars, such as hypertrophic scars and keloids, are characterized by the proliferation of fibroblasts and the
deposition of collagen that often cause pruritus, pain, and disfigurement. Due to their high incidence and deformity, pathological scars
have resulted in severe physical and psychological trauma for patients. Intralesional injection of 5-fluorouracil (5-Fu) is
a recommended option for treating pathological scars. However, the efficacy of 5-Fu injection was limited and unstable due to limited
drug penetration and short retention time.

Methods: Liposomes are promising carriers that have advantages, such as high biocompatibility, controlled release property, and
enhanced clinical efficacy. Here, we constructed a transdermal 5-Fu-loaded liposome (5-Fu-Lip) to provide a more effective and safer
modality to scar treatment.

Results: Compared to 5-Fu, 5-Fu-Lip showed superior ability in inhibiting primary keloid fibroblasts proliferation, migration, and
collagen deposition, and also significantly inhibited human umbilical vein endothelial cells (HUVECs) proliferation and microvessel
construction. /n vivo experiments demonstrated that 5-Fu-Lip can significantly reduce the severity of hypertrophic scars in a rabbit ear
wounding model.

Discussion: 5-Fu-Lip provides a promising strategy to improve drug efficacy, which has great potential in the treatment of
pathological scars.
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Introduction

Pathological scars, such as hypertrophic scars and keloids, are the result of abnormal wound healing processes. At the
microscopic level, these scars involve hyperproliferation and dysregulation of signaling pathways, leading to excessive
collagen deposition." This process primarily affects keratinocytes, fibroblasts,” endothelial cells, immune cells,” as well as
signaling molecules and the associated extracellular matrix (ECM) components. The global impact of pathological scars is
significant, affecting billions of individuals worldwide. Studies have reported that hypertrophic scars occur in approximately
35% of linear surgical wounds and up to 72% of burn wounds.* Keloids also affecting 4.5-16% of the human population. The
management of scars in the United States (US) costs more than $20 billion per year, which is likely much higher worldwide.>®
Patients with scars often suffer from severe side effects, such as aesthetics, redness, pain or itching, seriously affecting quality

of life.” Therefore, an effective therapeutic modality for pathological scars is necessary.
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According to existing guidelines, intralesional drug injection is recommended as the first-line therapy for scars.® This
option is not only less invasive but also more cost-effective and accessible compared to surgical excision and laser ablation.”'°
Common injectable medications include Corticosteroids, Fluorouracil (5-Fu), and Bleomycin. Although corticosteroids have
been effective for most patients, they have also been associated with troublesome side effects, including hormonophobia,
hypopigmentation, subcutaneous fat atrophy, telangiectasias, rebound effects and ineffectiveness.'' Bleomycin is often used
as an adjuvant therapy in combination with other treatments because of its potent antitumor effects and severe side effects
caused by overdose.'? Several studies have reported using intralesional Botulinum toxin (BTX) injection to treat keloids or
hypertrophic scars.'* However, the effectiveness of this therapy and the mechanism by which it improves pathological lesions
remain unclear. 5-Fu, a common chemotherapeutic agent, is often utilized to inhibit tumor cell growth by locking both DNA
and RNA synthesis.'* It is also recommended as an injection option for treating pathological scars,® since it can inhibit the
proliferation of fibroblasts and the deposition of collagen.'> A recent study demonstrated that ~85% of keloid patients
exhibited more than a 50% improvement after receiving 12 months of intralesional injections of 5-Fu.'® However, the efficacy
of 5-Fu injection was limited and inconsistent.'” The presence of endogenous dihydropyrimidine dehydrogenase may rapidly
remove 5-Fu in tissue, resulting in a short residence time.'® Additionally, the density of the pathological tissue might hinder the
penetration of 5-Fu, which could lead to varying degrees of side effects even with high-dose infection, including extreme pain,
ulcerations, and hyperpigmentation.'**

Biomaterials, especially nanomaterials, have achieved many results in assisting the treatment of diseases.>'*? Liposomes
have been the first nanoformulation to be licensed for clinical use.** They are also biocompatible and biodegradable drug delivery
systems, which can provide a slow and continuous release of drugs within targeted tissues.>* Due to their efficient and targeted
drug release, the same therapeutic effect can be achieved at a lower dose, reducing the cytotoxicity to normal tissues.”> For
example, Wang et al, prepared a paclitaxel-cholesterol-loaded liposomes, that can inhibit the growth and invasion of keloids with
minor toxicity.?® This provides ideas for modifying 5-Fu to improve scar efficacy. In terms of liposome preparation technology,
our team also has a certain research base. Shan et al developed a targeted ICG-loaded liposomes using a versatile microfluidic
mixing device, showing enhanced photoacoustic imaging and photothermal therapy capabilities.*’

In this study, we aim to investigate the therapeutic efficacy of liposomes loaded with 5-Fu in pathological scars and
suggest its potential for clinical application, hoping to provide ideas for optimizing the treatment of pathological scars
and reducing side effects in patients.

Materials and Methods

Chemicals

The drugs used in the assays were S-fluorouracil (5-Fu, MedChemExpress, HY-90006). 1.2-Dipalmitoyl-sn-glycero
-3-phosphocholine (DPPC), 1.2-distearoyl-sn-glycero-3- phosphoethanolamine-N-[amino(polyethylene glycol)2000]
(DSPE-PEG2000), and cholesterol were purchased from AVT (Shanghai) Pharmaceutical Technology Co., Ltd., China.
Ethanol was purchased from Hunan Huihong Reagent Co., Ltd., China. GR resin was obtained from BMF Precision
Technology Inc., China. Dialysis bags were obtained from Hunan Yibo Biological Co., Ltd., China.

Synthesis and Characterization of 5-Fu-Lip

DPPC, DSPE-PEG2000, and cholesterol were dissolved in ethanol at a molar ratio of 70/5/25. 5-Fluorouracil was dissolved in
ultrapure water at a concentration of 3 mg/mL. The lipid solution and the 5-fluorouracil solution were introduced into the lipid
phase and aqueous phase inlets of the microfluidic chip using a dual-channel micro-injection pump. The ratio of lipid phase to
aqueous phase was 1:4, and the total flow rate was 30mL/h. The lipid phase was squeezed and diffused by the two-sided aqueous
phase to form a narrow-mixed solvent zone. When the alcohol content of the mixed solvent zone was lower than the alcohol
content required for lipid dissolution, the lipid molecules would self-assemble to form a bilayer phospholipid membrane and
further form spherical liposomes, which encapsulated the 5-fluorouracil molecules in the aqueous phase. The collected liposome
solution was placed in a dialysis bag and dialyzed in pure water to remove ethanol and unencapsulated 5-fluorouracil (Figure 1a).
5-Fu-Lip morphology was observed under a transmission electron microscope (TEM) (Talos™ F200X, Thermo Fisher
Scientific, Waltham, MA, USA). The dynamic light scattering and electrophoretic light scattering are the most common methods
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Figure | Preparation and characterization of 5-Fu-Lip. (a) A schematic diagram illustrating the synthesis of 5-Fu-Lip. (b) TEM analysis of the morphology of the blank
liposomes and 5-Fu-Lips. (c) Characteristics of blank liposomes and 5-Fu-Lips. (d) UV-vis spectra of MB solution with a series of concentrations. (e) Calibration curve
obtained by measuring the absorbance values at 265 nm. (f) Encapsulation efficiency of 5-Fu-Lip in two batches. Data are presented as the mean * SD. (n=3).

International Journal of Nanomedicine 2024:19

https:

7355

Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

for detecting the average size, polydispersity index (PDI) and zeta potential of nanoparticles. 5-Fu-Lip solution was diluted with
distilled water 10 times and the average size, PDI and zeta potential were detected with a BeNano 90 + BeNano Zeta (Dandong
Bettersize Instruments Ltd, Dandong, China).

Cell Lines and Cell Culture

Human foreskin fibroblasts (HFF-1) and Human umbilical vein endothelial cells (HUVECs) were obtained from Hunan
Engineering Research Center of Skin Health and Disease (Changsha, China). HFF-1, HUVECs, and PKFs (Primary
keloid fibroblasts) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, BasalMedia, L110KJ) supplemented
with 10% Fetal Bovine Serum (FBS, ExCell, FCS500) and 1% penicillin streptomycin solution (BI, 03—031-1B), which
was also referred to as complete medium later, in a humidified incubator at 37°C with 5% CO,. Cells were subcultured
via trypsinization once reaching a confluency of ~90% . Passages of 2 to 6 cells were used for experiment.

Isolation of Primary Keloid Fibroblasts (PKFs)

With ethical approval (No0.202305092, the Medical Ethics Committee of Xiangya Hospital), human keloid tissues were
obtained from the Department of Dermatology, Xiangya Hospital, Central South University. Patients included in this
study have provided informed consents, in accordance with the Declaration of Helsinki. The protocol of PKFs extraction
referred to He Y et al*®
(BasalMedia, L110KJ) and transported to the laboratory in ice. The epidermis and fat layer of keloid tissues were

with several modifications (Figure S1). The human keloid tissues were soaked in DMEM

removed with only dense dermis remained. The remained dermis was cut into 3mm*3mm*3mm pieces and placed evenly
in T25 cell culture flasks (ExCell, CS016-0104), with about 1 cm spacing between pieces. 1 mL complete medium was
added to the culture flask. Then, tissues were incubated in a humidified incubator at 37°C with 5% CO,. After 24 hours, 2
to 3 mL of complete medium were added to the culture flask. Thereafter, the medium was changed every 3 days. Most of
PKFs would crawl out of the tissues after 15 days of culture.

Cell Proliferation Assay

HFF-1, PKFs and HUVECs were incubated in complete medium in a humidified incubator at 37°C with 5% CO,.
1.0x10* cells (As for HUVECs, 8.0x10° cells would be better) were seeded into individual wells of 96-well plates and
cultured for 24 h. The free 5-Fu and 5-Fu-Lip were diluted with medium containing serum and divided into five groups
(10.0, 20.0, 50.0, 100.0, 200.0 pg/mL). Next, 100uL of the sample solutions were added to the cell medium, while cells
treated with pure medium were used as the control. After incubation for 24 hours and 36 hours, cell viability was
measured at 450 nm using a Cell Counting Kit-8 (CCK-8, Selleck, B34302) cell proliferation and toxicity detection kit.
The half maximal inhibitory concentration (IC50) was counted by GraphPad Prism software.

Scratch Wound Healing Assay

PKFs cells were cultured in 6-well plates with a density of 4.0x10° cells per well. After reaching 80-90% confluency,
a straight line was scratched on the cell monolayer with a 10uL pipette tip. Then, cells were washed with Dulbecco’s
phosphate-buffered saline (DPBS, BI, 02-023-1A) to remove debris and then replenished with 2.0 mL serum-free
medium or appropriate drug solutions. Drug solutions including free 5-Fu (100.0 pg/mL) and 5-Fu-Lip (100.0 ng/mL) in
pure DMEM. Cell migration was recorded with a microscope and the scratched area was analyzed with ImageJ.

Transwell Migration Assay

For the vertical migration assay, a Transwell experiment was performed with 8 pum pore chambers inserted into 24-well plates
(Corning, NY, USA). PKFs were obtained, resuspended in serum-free medium, medium containing free 5-Fu (100.0 pg/mL)
and 5-Fu-Lip (100.0 pg/mL), respectively, at a concentration of 5x10%/100 uL and seeded in the upper chambers, while 500
puL of DMEM containing 30% FBS was placed into the bottom chamber as a chemotactic factor. After 24 h, cells were fixed in
4% paraformaldehyde (Servicebio, G1101-500ML) for 15 min at room temperature. Non-motile or non-migrated cells on the
top surface of the filter were removed, while motile or migrated cells on the bottom surface were stained with crystal violet.
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Endothelial Cell Tube Formation Assay

60 uL. Matrigel (Corning, 354234) was precoated into each well of a 24-well plate and polymerized at 37°C for 60 min.
Next, HUVECs were resuspended with complete medium, 5-Fu (100.0 pg/mL) and 5-Fu-Lip (100.0 pg/mL), respec-
tively, and seeded with a density of 3.0x10* cells/100pL per well. After 6 h of incubation, capillary-like tubes were
photographed by a microscope. The total length and nodes number of tubular structures were quantified with ImagelJ.

Immunofluorescence Staining and Imaging

PKFs were seeded into 24-well plates at 4-5x10* cells per well and cultured with complete medium, 5-Fu (100.0 pg/mL) and
5-Fu-Lip (100.0 pg/mL) for 24 h. After that, the cells were rinsed with DPBS twice and fixed with 4% paraformaldehyde for
15 min at room temperature. Then, the cells were permeabilized by 0.5% Triton X-100 (Sangon Biotech, A600198-0500) for
20 min and were blocked by 5% bovine serum albumin (BSA, Genview, FA016) in PBS for 2 h at room temperature.
Subsequently, the cells were incubated with a primary antibody against Alpha Smooth Muscle Actin (a-SMA, 1:1000, protein
tech, 14395-1-AP), Collagen Type I (Col I, 1:250, protein tech, 14695-1-AP) and Collagen Type III (Col III, 1:250, protein
tech, 22734-1-AP) at 4°C overnight. After washing with PBS, the cells were protected from light and incubated with
a secondary antibody (Alexa Fluor 594 donkey Anti-rabbit for red, Alexa Fluor 488 donkey Anti-rabbit for green) (1:1000,
Invitrogen, A21207 and A21206) for 1 h at room temperature. The cells were washed with PBS again and then incubated with
fluoro shield mounting medium with DAPI (Abcam, ab104139) for 10 min at room temperature. Following staining, the cells
were imaged using a fluorescence microscope (Nikon, ECLIPSE Ts2R). The Integrated Density (IntDen) and the Area of each
image can be measured with ImageJ. Mean fluorescence intensity (Mean) = IntDen/Area.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from cells by Magzol reagent (Magen, R4801-01) according to the manufacturer’s protocol.
cDNA was synthesized using a Hifair™ III 1st Strand cDNA Synthesis SuperMix for gPCR Kit (Yeasen, 11141ES60).
Quantitative PCR was performed using 2X SYBR Green qPCR Master Mix (Bimake, B21703) following the manu-
facturer’s guideline. GAPDH was used as the internal control. All PCR primers used in this study were bought from
Sangon Biotech and were listed in Table S1. The qRT-PCR assays and data collection were performed on a 7500 real-

Z*AACT

time PCR system (Applied Biosystems, USA). The data were analyzed by using the values.

Protein Preparation and Western Blot

Cells were lysed in RIPA buffer according to the manufacturer’s protocol, and protein concentrations were determined by
BCA assay. The extracted protein was adjusted to a uniform concentration and denatured at 95°C for 5 minutes. Proteins
were segregated on 8% SDSPAGE and migrated to PVDF membranes (Millipore). Then, membranes were incubated
with 5% Nonfat-Dried Milk-TBST buffered for blocking followed by primary antibodies overnight at 4°C: mouse anti-f3-
actin (1:20000, proteintech, 66009-1-LG), mouse anti-GAPDH (1:3000, proteintech, 60004-1-LG), rabbit anti-a-SMA
(1:1000), rabbit anti-Col I (1:2000), rabbit anti-Col III (1:1000). Three washes were performed for 10 minutes with
TBST. The membranes were incubated with secondary antibodies (1:5000, abclonal, AS003 and AS014) for an hour at
room temperature and washed as above. Blots were detected by an imaging system (Odyssey-Fc, Li-Cor, SA).

Pharmacodynamics Studies in Rabbits

The rabbit ear hypertrophic scar model has been widely applied in scar research.”’ Two female New Zealand rabbits
(2.0-2.5 kg) were obtained from the Hunan Slac Laboratory Animal (Slac, Hunan, China). All the animal experiments
were performed in line with the guidelines of “The Service Manual of the Center of Laboratory Animals, Central South
University”, as well as in accordance with the National Institutes of Health guidelines for the care and use of laboratory
animals. And all procedures were approved by the Animal Care and Use Committee of Central South University.
A hypertrophic scar models were successfully constructed after 21 days of recovery and epithelialization. Five scars
(1 cm*1 cm) were created on the ventral side of each rabbit ear. In order to eliminate the differences between groups as
much as possible, three scars with similar size, thickness, and softness on each ear were selected, and divided into three groups
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(n=4): Control group, 5-Fu injection group and 5-Fu-Lip injection group. The control group did not receive any treatment,
whereas the injection groups received injections for 10 consecutive days. The drug dose for both injection groups was 0.5mg/
mL, and the volume was 100 pL. On the next day after the last administration, the scar tissues were collected. Sections were
made across the most elevated portion of the scar and performed with Hematoxylin and eosin (H&E) and Masson staining. For
histomorphometric analysis, the scar elevation index (SEI) which measures the ratio of total scar connective tissue area to the
area of underlying dermis is assessed.’® SEI = vertical distance from the highest point of the scar to the surface of the ear
cartilage/vertical distance from the surface of the skin on the ventral surface of the ear to the surface of the ear cartilage.

H&E and Masson Staining
Tissue samples were fixed in 4% paraformaldehyde. After dewaxing and hydration, H&E and Masson’s staining were
performed following operating guidelines.

Statistical Analysis

The two-tailed Student’s #-test was used to determine the statistical differences between two groups. The one-way
ANOVA was used to determine the statistical differences between multiple groups. Statistically significance was
represented as: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. All analyses and data visualization were carried out
using GraphPad Prism software (version 9.4.0) as appropriate.

Results and Discussion

Preparation and Characterization of 5-Fu-Lip

5-Fu is a commonly used intralesional injection for treating pathological scars, as it inhibits fibroblast proliferation and
collagen deposition.'>! However, as a chemotherapeutic drug, it has a short residence time and leads to serious side
effects such as ulceration, hyperpigmentation.'®? Also, the dense scar tissue limited the penetration depth that affected
the clinical application of 5-Fu in scars. Liposome is one of the most commonly used drug delivery systems due to its
excellent biocompatibility, satisfactory ability in controlling drug release, and passive targeting capability.** In a previous
study,* triamcinolone acetonide lipid nanoparticles have shown better transdermal permeation properties and milder side
effects, which are safe and beneficial for the treatment of hypertrophic scars. A novel elastic liposome containing papain
has also been proven to be an excellent topical preparation for hypertrophic scar treatment, resulting in a significant
decrease in the scar elevation index, microvascular density, and collagen fiber.>> Therefore, to enhance the efficacy of
5-Fu and reduce its side effects, we developed liposomes for the delivery of 5-Fu (also known as stealth liposomes, SL).
Furthermore, to optimize drug utilization, we employed DSPE-PEG2000 as one of the excipients in liposome preparation
(Figure 1a). DSPE-PEG2000 has the capability to form a hydrated membrane on the surface, preventing the adsorption of
plasma components and reducing the uptake of liposomes by the reticuloendothelial system. This prolongs the circulation
time of liposomes in the body.® The drug release results indicate that the release of free 5-Fu is relatively fast, with
nearly all the drug released within 60 minutes, reaching a cumulative release percentage of 98.68%. In contrast, 5-Fu-Lip
reached its highest cumulative release percentage of 97.02% at 180 minutes (Figure S2). Thus, 5-Fu-Lip exhibits
a controlled release effect of 5-Fu and prolongs its residence time.

TEM revealed that the blank liposomes and 5-Fu-Lip exhibited a spherical structure, with average diameters of ~226
nm and ~190 nm, respectively (Figure 1b). The particle size, PDI, and zeta potential were also analyzed. The average
diameters of the blank liposomes and 5-Fu-Lip were =231 nm and =201 nm, the PDIs were ~0.233 and ~0.203, and the
zeta potentials were ~-44.4 mV and =-39.5 mV (Figure 1c). These data indicated that the structure of 5-Fu-Lip is similar
to that of blank liposomes, suggesting that excellent biocompatibility and satisfactory drug delivery ability of liposomes
are still retained. After one week and two weeks, we tested the particle size, PDI, and zeta potential of 5-Fu-Lip again to
demonstrate the stability in vitro. The results showed that there were no significant changes in the characteristics of 5-Fu-
Lip (Figure S3), which indicates that the 5-Fu-Lip can maintain stability in solution over a certain period of time. By
measuring the absorption spectra of 5-Fu solutions with different concentrations and establishing standard calibration
plots (Figure 1d—e), the encapsulation efficiency of 5-Fu-Lip in two batches are 27.29% and 34.43%, respectively.
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Microfluidic technology is a novel method for the preparation of 5-Fu-Lip, offering the advantages of precise control
and efficient preparation.>’ The microfluidic method makes it easy to regulate the particle size, allowing for the
construction of appropriate particle sizes that match different applications. Additionally, the obtained liposome particle
size is more uniform and the PDI is smaller.*® Currently, we have designed a dialysis-type microfluidic chip through 3D
printing, which enables the efficient and rapid formation of stable and uniform liposomes (Figure S4).

5-Fu-Lip Inhibits the Growth and Migration of PKFs
Inhibiting the proliferation and migration of scar fibroblasts is an effective strategy for treating scars.”® To better
investigate the inhibitory effects of 5-Fu and 5-Fu-Lip on scars, we extracted PKFs from patient keloid tissue. To
confirm that the extracted cells were fibroblasts, we performed immunofluorescence staining of a-SMA and F-action
(Figure S5). We assessed cell viability in PKFs and HFF-1, with HFF-1 used as a control to determine the sensitivity of
5-Fu-Lip. When the concentration of 5-Fu ranged from 10pg/mL to 100pg/mL, there were no significant differences in
the inhibition of HFF-1 viability caused by both 5-Fu and 5-Fu-Lip. However, when the concentration of 5-Fu exceeded
200pg/mL, 5-Fu-Lip demonstrated a strong inhibitory capability on the proliferation of HFF-1, with cell viability below
50% at 24 h and 36 h (p<0.05) (Figure 2a). Compared to the free 5-Fu group, 5-Fu-Lip significantly decreased cell
viability in PKFs at higher concentrations after 24 h and 36 h (Figure 2b). However, 5-Fu-Lip exhibits lower performance
than free 5-Fu at lower concentrations (less than 20 ug/mL), which may be related to the stability of 5-Fu and the
efficiency of drug release at these concentrations. At low concentrations, the differences between 5-Fu-Lip and free 5-Fu
were not statistically significant. After incubating with 5-Fu-Lip at the concentration of 100pg/mL, the inhibition rate
reached close to 50%. After 36 h of treatment, PKF viability in both groups decreased to less than 70% at all
concentrations. The IC50 was calculated from the cell viability measurements. At 24 h, the IC50 of 5-Fu-Lip for
PKFs was lower than that of HFF-1, indicating that scar fibroblasts are more sensitive to 5-Fu than normal fibroblasts
(Figure 2c). Meanwhile, the IC50s of 5-Fu-Lip were lower than those of 5-Fu for the same cell lines, suggesting that
5-Fu-Lip can achieve comparable effects to free 5-Fu at a lower concentration. Generally, liposomes have higher cellular
uptake efficiency, allowing for better exertion of pharmacological effects and even reduce the toxicity.*’

Scars usually protrude above the skin surface due to overgrowth and migration of fibroblasts.*' To assess the inhibition of
cell migration, we conducted a wound scratch assay and a transwell experiment to observe the lateral and vertical migration of
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Figure 2 Inhibitory effect of 5-Fu-Lip in cell proliferation and migration. Viability comparison of HFF-1 (a) and PKFs (b) after treated by free 5-Fu and 5-Fu-Lip for 24 hours
and 36 hours (n=5). (c) IC50 of HFF-1 and PKFs calculated based on previous treatment. (d) Representative images of lateral migration in PKFs within 36 hours. Scale bars =
200pm. (e) The relative area of the blank space to the original scratch after 24 and 36 hours (n=5). (f) Representative transwell images of vertical migration in PKFs within 24
hours. Scale bars = 200um. (¥p<0.05; **p<0.01; **p<0.001; **p<0.0001).
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PKFs. PKFs in the control group showed strong migration, while the lateral migration of 5-Fu-Lip group was significantly
inhibited at both 24- and 36-h time points (Figures 2d and S6). After 36 h, the scratch area in the control group was only (35.28
+12.10)% of the original area, whereas the relative scratch area in the 5-Fu group was (81.58+7.45)%. The migratory behavior
of PKFs in the 5-Fu-Lip group was almost completely inhibited, with a relative scratch area of (94.51+3.82)%, which showed
noticeable suppression compared to the control and 5-Fu group (p<0.0l). In the transwell assay, a large number of PKFs
crossed to the lower chamber in the control group, while significantly fewer cells migrated in the 5-Fu and 5-Fu-Lip groups
(Figure 2f). Moreover, the morphology of fibroblasts treated with 5-Fu-Lip was altered after crossing the upper chamber,
showing star-shaped flat cells under high magnification (Figure 2f), which did not have a myofibroblast morphology. The
change in morphology may also be related to their migratory ability.**

5-Fu-Lip Inhibits the Formation of Capillary-Like Tubes

Angiogenesis is crucial for efficient tissue restoration during the wound repair process.*> However, abnormal levels of
new blood vessel formation can exacerbate scar formation, leading to dysfunction and pain.** Research suggests that
reducing angiogenesis is an effective method for improving long-term healing outcomes.*> Therefore, inhibiting the
proliferation of HUVECs and the formation of capillary-like tubes can be beneficial in scar treatment.*® In our study,
5-Fu-Lip significantly decreased cell viability in HUVECs when the concentration of 5-Fu reached above 50ug/mL after
24 h and 36 h, compared to the 5-Fu group (Figure 3a). The IC50 of 5-Fu-Lip against HUVECs was lower than that of
5-Fu (Figure 3b), indicating that liposome-loaded 5-Fu had a greater pharmacological effect. Moreover, the results of the
tube formation assay showed that the number of nodes and total length of capillary-like tubes formed by HUVECsS in the
5-Fu-Lip group were significantly reduced compared to both the 5-Fu and control groups (Figures 3¢c—d, and S7). Overall,
these findings demonstrate the potential of 5-Fu-Lip in the treatment of vascular anomalies at a lower dosage.

5-Fu-Lip Inhibits the Collagen Secretion and Deposition
Scar is characterized by a large number of collagen fibers and ECM deposition.*” Collagen type I (Col I) and collagen
type III (Col III) are the main components of ECM, and both Col I and Col III increase in the process of scar
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Figure 3 Inhibitory effect of 5-Fu-Lip in capillary-like tube formation. (a)Viability of HUVECs after treated by free 5-Fu and 5-Fu-Lip for 24 hours and 36 hours (n=5). (b)
1C50 of HUVEC: calculated based on previous treatment. (c) Representative images of tube formations in different groups. Scale bars = 200um. (d and e) The percentage of
nodes number and total length for HUVECs (n=3). (*p<0.05; **p<0.01; **p<0.001).
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formation,*®*°

0-SMA plays a key role in myofibroblast contraction, scar contracture, and excessive wound healing.>® Its
expression represents the degree of cellular specialization of fibroblasts to myofibroblasts. Thus, we chose Col I, Col III,
and a-SMA as indicators of PKFs. The results of qPCR showed that the expression of Col I, Col III, and a-SMA was
significantly reduced by 5-Fu-Lip (p<0.0001) (Figure 4a). At the protein expression level, Col I, Col III, and a-SMA were
also decreased after 5-Fu-Lip treatment (Figure 4d). However, the inhibitory effect of 5-Fu-Lip on a-SMA protein
expression was more pronounced than that of 5-Fu, whereas it was not as strong on Col I and Col III protein expression.
Immunofluorescence assay showed that Col 1 and Col III expressed in the extracellular matrix, whereas a-SMA
expressed intracellularly (Figure 4c). After 24 h of drug treatment, the number of PKFs and the fluorescence intensity
of target proteins were reduced. Quantification of the mean fluorescence intensity revealed that 5-Fu-Lip significantly
inhibited the expression of Col I, Col III, and a-SMA (Figure 4b). Compared with 5-Fu, the inhibitory effect of 5-Fu-Lip

on 0-SMA was more significant, which is consistent with Western blot results.
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Figure 4 Inhibitory effect of 5-Fu-Lip in collagen secretion. (a)The expression of Col I, Col Il and a-SMA at mRNA level in different groups (n=4). (b and c) Fluorescence
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TGF-B1 is involved in various processes including inflammation, angiogenesis, fibroblast proliferation, collagen
synthesis, and ECM remodeling. Studies have indicated a close relationship between TGF-B1 and wound healing as well
as scar formation.”! High expression of TGF-B1 has been observed in hypertrophic scar tissue in comparison to scarless
tissue.> This process is typically regulated by the TGF-B1/Smad signaling pathway.®> Smad3 has been identified as
a significant downstream signaling molecule of TGF-B1 in fibrosis mediation.’* Additionally, Smad3 can interact with
other signaling pathways, such as the ERK/p38°> and MAPK>® pathways, to mediate fibrosis. Consequently, its high
expression is strongly associated with scar formation. The results of qPCR analysis demonstrated a significant reduction
in the expression of TGF-B1 and Smad3 upon treatment with 5-Fu-Lip (p<0.0001) (Figure 4a). This suggests that the
mechanism of action of 5-Fu-Lip may be related to the TGF-f1/Smad signaling pathway.

In vivo Therapeutic Efficacy of 5-Fu-Lip on Scars

Three weeks after the operation, the wounds had already re-epithelialized and formed scar tissues, which were obviously red and
swollen. After 10 days of administration, the scar tissue in the 5-Fu-Lip group appeared flatter compared to both the 5-Fu and
control groups. The scar bulges were smoother and the color of the scar tissue was similar to that of surrounding skin (Figure 5b).
To analyze the distribution of fibroblast and collagen deposition, H&E and Masson staining were performed. It was observed that
the control group and 5-Fu group had a large number of dense fibroblasts and irregularly arranged collagen fibers, while the 5-Fu-
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Figure 5 The therapeutic effect of 5-Fu-Lip in rabbit hypertrophic scars. (a) A flow chart of the drug injection procedure. (b) Representative images of rabbit ear scars
before and 10 days after the administration. (c) H&E images of rabbit ear scars under different administrations; Scale bars = 200um. (d) Quantification f SEI, (n=5). (e)
Masson images of rabbit ear scars under different administrations; Scale bars = 200pm. (*p<0.05; *p<0.01).
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Lip group had relatively neat and loose arrangement of fibers (Figure Sc and e). Additionally, the scar thickness was lower in the
5-Fu-lip group, and under low magnification, gland-like structures were observed, resembling normal skin (Figure 5¢).>” To
assess the severity of the scar, SEI was used, which is calculated based on H&E images. Importantly, the SEI value was
significantly lower in the 5-Fu-Lip group compared to the 5-Fu and control groups (p<0.01) (Figure 5d). These results suggest
that 5-Fu-Lip can treat scars by suppressing collagen fiber deposition and improving fibroblast alignment. We hypothesize that
the mechanism of action of 5-Fu-Lip in the treatment of pathological scars may be related to the properties of liposomes
themselves. The surface of the liposome is modified with polyethylene glycol (PEG), which grants the liposome a longer
circulation time in the body, lower immunogenicity, and better stability.’® These modifications help reduce recognition and
phagocytosis by the mononuclear phagocyte system (MPS). Thus, 5-Fu-Lip exhibits a controlled release effect of 5-Fu and
prolongs its residence time at the lesion compared to free 5-Fu, thereby enhancing treatment efficacy. In addition, liposomes can
be taken up by cells through endocytosis.”®*° With subcutaneous injection of 5-Fu-Lip, the drug bypasses the skin stratum
corneum barrier and enters directly into the subcutaneous tissue. This localized administration ensures liposome directly targeting
fibroblasts and collagen fibers. Fibroblasts internalize the liposomes, allowing the drug to exert a cytotoxic effect.

Common adverse effects of 5-Fu include gastrointestinal reactions, alopecia, and skin pigmentation. In our study, no
significant gastrointestinal and skin reactions, including hyperpigmentation, were observed due to 5-Fu-Lip. In the future,
considering the clinical application of 5-Fu-Lip, more dose-dependent skin cytotoxicity needs to be verified.

Conclusion
In this study, we constructed a liposome carrying 5-Fu to capitalize on the liposome’s strong affinity for skin, effective drug
release control, and passive targeting capability. Our goal was to provide a more effective method for scar treatment. After
analyzing the physical and chemical properties as well as the pharmacokinetics, 5-Fu-Lip was proved to be stable and safe. It
demonstrated superior ability in inhibiting scar fibroblast proliferation, migration, collagen deposition, and fibroblast-to-
myofibroblast conversion, while also reducing microvessel formation compared to free 5-Fu. These findings were further
validated in animal experiments. However, the lack of exploration of the 5-Fu-Lip mechanism and the lack of observing the
efficacy in actual clinical practice are limitations of this study. In the future, it will be more helpful for commercial production
if the biosafety of the drug-carrying material can be ensured and the drug-release ability can be verified in clinical trials.

In conclusion, the satisfactory drug release effect of 5-Fu-Lip can provide continuous efficacy at a low dose and low
toxicity, improving scar treatment outcomes while alleviating patients’ adverse effects such as itching and pain.
Therefore, we anticipate that 5-Fu-Lip may be beneficial in scar treatment.
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