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Background: Scar formation following large-area vaginal defects post-vaginoplasty is a major clinical challenge. Compared to skin
scars, vaginal scars can lead to pain during intercourse and urinary difficulties, severely impacting quality of life. Small extracellular
vesicles (sEVs) encapsulate diverse bioactive components, making them potential therapeutic agents. Designing functional scaffolds
that incorporate sEVs is a promising approach for scarless vaginal defect repair.

Methods: sEVs-loaded scaffolds were developed through electrostatic interactions between negatively charged sEVs secreted by
urine-derived stem cells (USC-sEVs) and positively charged human acellular amniotic membranes. The efficacy of sEVs-loaded
scaffolds in the treatment of vaginal defects in rabbits was assessed by histological analysis. Immunofluorescence staining, Western
blot, qRT-PCR and collagen gel contraction analyses were conducted to evaluate the antifibrotic effects of USC-sEVs. RNA
sequencing was employed to elucidate the underlying mechanisms involved. LC-MS/MS analysis was used to identify candidate
upstream proteins in USC-sEVs.

Results: In vivo experiments demonstrated that the sEVs-loaded scaffolds promoted scarless healing of vaginal defects in rabbits by
modulating collagen deposition, reducing fibrosis, and diminishing inflammation. In vitro experiments revealed that USC-sEVs
significantly inhibited the proliferation, collagen production, and activation of fibroblasts with a fibrotic phenotype, indicating the
antifibrotic properties of USC-sEVs. Transcriptome and Western blot analyses revealed that USC-sEVs treatment inhibited fibrosis by
downregulating the TGF-f and p38 MAPK signaling pathways. LC-MS/MS analysis identified 2653 proteins encapsulated in USC-
sEVs. Western blot analysis revealed that decorin, an inhibitor of the TGF-f signaling pathway, and DUSP3, a negative regulator of
p38 phosphorylation, were enriched in USC-sEVs and could be transferred to fibroblasts.

Conclusion: USC-sEVs inhibited fibrosis and promoted scarless healing by delivering decorin and DUSP3 proteins, which regulate
the TGF-f and p38 MAPK signaling pathways, respectively. This study highlights the potential of sEVs-loaded scaffolds as
a promising strategy for scarless vaginal repair following vaginoplasty, offering a novel approach for regenerative medicine with
significant translational potential for clinical application.
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Introduction
Vaginoplasty is a surgical procedure used to reconstruct the vagina and is primarily indicated for patients with congenital
vaginal atresia, those who have undergone extensive resection due to malignant vaginal tumors, and individuals who

have undergone sex reassignment surgery.' The most common surgical approach involves creating an artificial space
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between the rectum and bladder, where an inner lining material is placed.” Based on the type of inner lining material
used, vaginoplasty can be categorized into peritoneal flap vaginoplasty, intestinal vaginoplasty, and buccal mucosa
vaginoplasty, among others.>* However, the use of autologous tissue is limited due to its scarcity and the increased
morbidity at the donor site.” In recent years, tissue-engineered materials have been studied as alternatives to autologous
tissue for vaginal repair. Natural tissue-derived patches, such as animal-derived acellular dermal matrix and decellular-
ized small intestinal submucosa (SIS), might encounter issues of graft contraction and prolong epithelialization time.*’
Synthetic polymer-based patches, such as bilayer silk fibroin, were found to be prone to chronic inflammatory reactions
and fibrosis upon long-term implantation, which could ultimately lead to vaginal stenosis.® Additionally, cell-seeded
scaffolds, such as skeletal muscle-derived stem cells seeded on SIS scaffolds, faced challenges related to cell sourcing,
cell expansion, and scaffold component selection.” Currently, there is a lack of an ideal artificial vaginal lining material in
clinical practice that can effectively address these issues and achieve satisfactory repair outcomes.

The wounds following vaginoplasty are characterized by significant depth and large surface area, with epithelializa-
tion taking several months. Common postoperative issues include vaginal stenosis, insufficient length, poor elasticity, and
discomfort during intercourse, all of which are primarily attributed to scar tissue formation during the healing
process.'®!! Scar formation not only affects the appearance and physiological function of the newly reconstructed
vagina but may also increase the psychological burden on patients.'> Achieving scar-free healing is crucial for improving
clinical outcomes in vaginoplasty, yet research on promoting scarless healing in vaginal reconstruction remains limited.
Therefore, the development of tissue-engineered scaffolds that can accelerate scarless vaginal healing and allow for
personalized treatment is a research direction with potential clinical application value.

Small extracellular vesicles (sEVs) are rich in bioactive molecules such as proteins, lipids, RNAs, and other small
molecules, which can be transferred to target cells and participate in intercellular communication.'®> Compared with direct
stem cell transplantation, stem cell-derived SEVs may avoid potential risks such as immune rejection, tumorigenicity, and
instability, making them increasingly attractive options as potential therapeutic agents.'* Autologous urine-derived stem
cells (USCs) offer several advantages, including ease of collection, abundant availability, non-invasive and painless
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procedures, and low immunogenicity.'"> Moreover, during embryonic development, USCs exhibit a high degree of
homology with the urogenital system.'® Therefore, USC-derived sEVs (USC-sEVs) present unique advantages in vaginal
tissue regeneration. In this study, we designed to load sEVs onto scaffolds to prolong their retention at the wound site.

Inspired by the scarless healing properties of fetal wound, this study chose the natural fetal membrane, the amniotic
membrane (AM), as a scaffold.'” The AM contains extracellular matrix (ECM) components such as collagen, laminin,
and fibronectin, which provide a three-dimensional scaffold structure favorable for cell adhesion, proliferation, and
migration.'® The unique physiological environment of the vagina, including an acidic pH (3.8-4.5), a healthy micro-
biome, and sufficient moisture, plays a critical role in vaginal repair.'” The AM contains anti-inflammatory factors and
antimicrobial agents, thereby contributing to maintaining the vaginal acidic environment and supporting the restoration of
a healthy vaginal microbiome.”® Additionally, USC-sEVs also have anti-inflammatory properties.”' The wettability and
favorable permeability of the AM help maintain appropriate moisture in the vaginal repair area, further supporting the
healing process.

This study developed an AM scaffold loaded with USC-sEVs, which promoted scarless healing of the vaginal wall in
rabbits. Further in vitro experiments firstly indicated that USC-sEVs might inhibit fibrosis by delivering decorin and
DUSP3 proteins to fibroblasts. Successful development of vaginal repair scaffolds has broad potential implications in the
field of tissue engineering, particularly by providing new therapeutic strategies for the repair of organs such as the
urethra, bladder, and skin. The selection of scaffolds and the active components they carry, especially for tissues affected
by conditions like fibrosis and scarring, offer new perspectives for tissue repair. This research studied the feasibility of
the sEVs-loaded scaffold in a rabbit model, but further studies in more clinically relevant models or human trials are
required. Such advancements are crucial for advancing tissue engineering therapies towards clinical application.

Methods

Isolation, Culture and ldentification of USCs

Human urine samples were collected from healthy women who underwent full-term cesarean sections at the Department
of Obstetrics and Gynecology, Shanghai Sixth People’s Hospital. Written informed consent was obtained from all donors
prior to sample collection and use. All procedures were approved by the Independent Ethics Committee of Shanghai
Sixth People’s Hospital (Approval code: 2018-KY-035(K)). All procedures were conducted in accordance with the
Declaration of Helsinki. USCs were isolated from the urine samples of healthy women as previously described.”*?
USCs at passages 3—6 were used for subsequent experiments. Flow cytometric analysis was performed to assess the
surface markers of the USCs. Following trypsin digestion, USCs were resuspended in phosphate-buffered saline (PBS,
Servicebio, China) containing 1% fetal bovine serum (FBS, Gibco, USA), and incubated with antibodies (BD
Biosciences, USA) at 4°C for 30 minutes. The surface antigens of USCs were then detected via a flow cytometer
(Beckman Coulter, USA). The antibodies used were as follows: CD29 (1:100, 561,795), CD44 (1:100, 560,977), CD45

(1:100, 564,106), CD73 (1:100, 560,847), and HLA-DR (1:100, 560,943).

Isolation and Identification of USC-sEVs

USC-sEVs were isolated from USC culture supernatants via differential centrifugation and ultracentrifugation following
a previously published protocol.”® For removal of necrotic cellular debris, the medium was sequentially centrifuged at
300 x g for 15 minutes, 2000 x g for 30 minutes, and 10000 x g for 60 minutes, followed by filtration through 0.22 pm
sterile filters (Millipore, USA). Then, to collect sEVs, the medium was ultracentrifuged twice at 100,000 x g for
70 minutes, using a Beckman Coulter Optima XPN-100 ultracentrifuge equipped with a Type 70 Ti fixed-angle rotor
(Beckman Coulter). The pellet was resuspended in PBS. Transmission electron microscopy (TEM, Thermo Scientific,
USA) was used to observe the morphology of USC-sEVs. A small volume of vesicle suspension was placed onto
a copper grid, followed by negative staining with phosphotungstic acid solution (2% w/v). The sample was air-dried at
room temperature before being examined and photographed under a TEM. Nanoparticle tracking analysis (NTA, Particle
Metrix, Germany) was employed to determine the size distribution and particle concentration of USC-sEVs. The zeta
potential of USC-sEVs was measured via a ZetaView instrument.
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Fabrication and Characterization of sEVs-Functionalized Scaffolds
Fresh amniotic membranes (AMs) were obtained from healthy women who underwent full-term cesarean sections at the
Department of Obstetrics and Gynecology, Shanghai Sixth People’s Hospital. Written informed consent was obtained
from all donors prior to sample collection and use. All procedures were approved by the Independent Ethics Committee
of Shanghai Sixth People’s Hospital (Approval code: 2018-KY-035(K)). All procedures were conducted in accordance
with the Declaration of Helsinki. A unidirectional decellularization method was employed to preserve the stromal layer
of the AM effectively while removing the epithelial cells, yielding a high-quality decellularized AM product. Fresh AMs
were laid flat, with the epithelial surface exposed to Trypsin-like enzyme and nuclease treatment solutions. The
membranes were then sterilized via ethanol and gamma irradiation, and stored in glycerol at 4°C.

Owing to the negative charge on the surface of sEVs, this study treated wet-state acellular amniotic membrane with
a polyethyleneimine (PEI) solution to impart a positive charge, enabling the fabrication of a functionalized bio-scaffold
through electrostatic interactions. For covalent conjugation of PEI, the trimmed 1.5 cm X 1.5 cm AM segments were
immersed in 2-(N-morpholino) ethanesulfonic acid buffer (pH 5.5) containing 0.1 M 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and 0.05 M N-hydroxysuccinimide (NHS) at room temperature for 1 hour. The activated AM was
removed from the EDC/NHS solution and immersed in a 2 mg/mL branched PEI (Beyotime, China) solution at room
temperature for 12 hours. The positively charged AM was removed from the PEI solution and washed with PBS to
remove unbound PEI. The membrane was then immersed in 1 mL of a negatively charged USC-sEVs solution at
a concentration of 10x10'" particles/mL and incubated with gentle agitation at 4°C for 12 hours. The membrane was
subsequently used for further experiments.

The in vitro release of particles from the sEVs-loaded scaffolds was analyzed via NTA. The sEVs-loaded scaffold was
immersed in PBS, and the number of sEVs particles continuously released from the scaffold was measured at various
time points. The uptake of DiR-labeled USC-sEVs in vivo was described in Supplementary Information 1. The

microstructures of the AMs and cell-seeded AMs were observed via scanning electron microscopy (SEM, Hitachi,
Japan). The samples were dehydrated, dried, sputter-coated with gold, and then imaged via SEM. The biocompatibility of
the AMs was assessed via a live/dead cell staining assay kit (Beyotime). An AM was placed at the bottom of the culture
plates, and the fibroblasts were seeded onto the AM membrane. After 36 hours of incubation, calcein acetoxymethyl ester
(AM)/propidium iodide (PI) working solution was added, and the cells were incubated at 37°C in the dark for 30 minutes.
Calcein AM was used to stain live cells, which emitted green fluorescence, whereas PI was used to stain dead cells,
which emitted red fluorescence. The hemolysis test to assess the hemolytic rates of different samples was described in
Supplementary Information 1.

Establishment and Treatment of a Vaginal Defect Model in Rabbits

The animal experiments in this study were approved by the Animal Care and Use Committee of Shanghai Sixth People’s
Hospital (No. 2023-0517). All animal experiments were conducted in accordance with the ethical review of animal
welfare for laboratory animals (GB/T 35892-2018). Multiparous New Zealand white female rabbits weighing 4.0—4.5 kg
were used in the study. The species was selected because its capacious vaginal conditions are particularly suitable for
vaginal surgery. The rabbits were anesthetized, and the hair around the vulva was shaved. All surgical procedures were
performed under sterile conditions. A vaginal defect approximately 1 cm x 1 cm in size was created in the posterior
vaginal wall under direct visualization. The excised tissue included the vaginal epithelium, smooth muscle and
connective tissue. The in vivo experimental design was as follows. In the control group, the vaginal defects were treated
with sterile PBS. In the AM group, the vaginal defects were covered with AMs. In the sEVs group, USC-sEVs,
equivalent to the amount loaded onto AMs with sEVs, were applied to the surface of the vaginal defects. In the sEVs-
loaded scaffold group, AMs loaded with USC-sEVs were applied to the defect sites.

Histological and Immunostaining Analysis
The rabbits were euthanized at the appointed time, and the full-thickness posterior vaginal wall was collected from the
different groups. The tissues were fixed in 4% paraformaldehyde (PFA), dehydrated and embedded in paraffin. The
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vaginal tissues were sectioned at a thickness of 5 pm for staining. The sections were subjected to hematoxylin and eosin
(H&E) staining or Picrosirius red staining. For immunohistochemistry (IHC) staining, the sections were incubated with
anti-collagen IIT (1:200; Novus, USA, NBP1-05119) and anti-Interleukin-6 (IL-6) (1:300; Proteintech, China, 21865-
1-ap) antibodies overnight at 4°C. The following day, the sections were treated with a biotinylated secondary antibody
and avidin-biotin-peroxidase, followed by visualization with diaminobenzidine. Finally, the sections were counterstained
with hematoxylin. For immunofluorescence (IF) staining, the sections were incubated with anti-CD68 (1:50; Abcam, UK,
ab955) antibody overnight at 4°C in the dark. Then, the sections were incubated with the secondary antibody at room
temperature for 1 h. Images were acquired via a microscope.

Culture and Experimental Protocol of Fibroblasts

Human skin fibroblasts (BJ cells) were purchased from iCell Bioscience Co., Ltd. (Shanghai, China), and cultured in
minimum essential medium supplemented with 10% FBS and 1% penicillin—streptomycin. BJ cells were treated with 10
ng/mL transforming growth factor beta 1 (TGF-B1, PeproTech, USA, Cat# 100-21C) for 24 h to induce a fibrotic
phenotype, and the culture medium was replaced. After fibrotic phenotype induction, the BJ cells were further incubated
with fresh medium containing USC-sEVs (5x10° particles/mL) or PBS for an additional 48 h.

Proliferation Assay

Cell proliferation was assessed via a 5-ethynyl-2’-deoxyuridine (EdU)-Click 488 proliferation kit (Beyotime) according
to the manufacturer’s instructions. Next, 10 pM EdU was added to each well, and the mixture was incubated at 37°C in
5% CO, for 2 hours to label the proliferating cells. The nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI). The cells were observed under a fluorescence microscope.

Cell Immunofluorescence (IF) Analysis

After the culture medium was removed, the fibroblasts were rinsed with PBS and fixed with 4% PFA for 20 minutes at
room temperature. Then, the cells were permeabilized with 0.1% Triton X-100 for 15 minutes at room temperature,
followed by blocking with 5% bovine serum albumin (BSA; Sigma—Aldrich, USA) for 1 h at room temperature. Next,
the cells were incubated with a primary antibody against collagen I (1:2250; Abcam, ab138492) at 4°C overnight. The
next day, the cells were incubated with a secondary antibody (Proteintech) and stained with DAPI. The cells were
observed under a fluorescence microscope.

Collagen Gel Contraction Assay

The collagen gel contraction assay was conducted via a cell contraction assay kit (Cell Biolabs, USA, CBA-201).
A 250 pL volume of the cell-collagen mixture was added to each well of a 24-well plate and incubated at 37°C for
1 hour to allow gel polymerization. After polymerization, 1 mL of culture medium was added on top of each collagen
gel. After a two-day incubation period, the collagen gels were released from the bottom of the wells. The size of the
collagen gels was measured on Day 3 and analyzed via ImagelJ software.

Western Blot Analysis

Protein was extracted from fibroblasts, USCs and USC-sEVs via radioimmunoprecipitation assay lysis buffer supple-
mented with phenylmethylsulfonyl fluoride, proteinase and phosphatase inhibitors. The protein concentration was
measured via a bicinchoninic acid (BCA) protein assay kit (Beyotime). The samples were mixed with 5X protein-
loading buffer (Epizyme, China) and denatured at 95°C for 10 minutes. The proteins were separated via 10% or 12.5%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE, Epizyme) and transferred onto 0.45 pm
polyvinylidene fluoride membranes (PVDF, Millipore). The membranes were blocked with 5% nonfat milk for 1 hour
and incubated with primary antibodies against CD63 (1:1000; Abcam, ab134045), TSG101 (1:1000; Abcam, ab125011),
Hsp70 (1:1000; Abcam, ab181606), calnexin (1:1000; Abcam, ab133615), collagen I (1:1000; Abcam, ab138492),
fibronectin (1:1000; Abcam, ab45688), GAPDH (1:1000; Abcam, ab181602), p38 MAPK (1:1000; CST, USA, 8690t),
p-p38 MAPK (1:1000; CST, 4511t), Smad2/3 (1:1000; CST, 8685t), p-Smad2/3 (1:1000; Abcam, ab254407), decorin
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(1:1000; Proteintech, 14667-1-ap) and DUSP3 (1:1000; Proteintech, 28284-1-ap) overnight at 4°C. The dilution ratio of
the primary antibodies was 1:1000. The membranes were then incubated with horseradish peroxidase-conjugated
secondary antibodies (Abcam) for 1 hour at room temperature. Finally, the proteins were visualized using enhanced
chemiluminescence detection reagents (Beyotime) on an Amersham ImageQuant 800 imaging system (Cytiva, USA).
Quantitative analysis of the immunoreactive bands was performed via ImagelJ software.

Real-Time Quantitative Polymerase Chain Reaction (RT—-qPCR) Analysis

Total RNA was extracted from cells and tissues via an RNAsimple Total RNA Kit (Tiangen, China, DP419) according to
the manufacturer’s instructions. Total RNA was reverse transcribed into cDNA via ABScript III Reverse Transcription
Master Mix for qPCR (ABclonal, China, RK20428). RT-qPCR assays were performed via an Applied Biosystems Prism
7900HT (Thermo Scientific) with Universal SYBR Green Fast qPCR Mix (ABclonal, RK21203). Relative mRNA
expression was normalized to that of GAPDH. The PCR primers used in this study are listed in Supplementary Table 1.

RNA Sequencing (RNA-Seq) Analysis

The RNA-seq analysis was conducted by OE Biotech Co., Ltd. (Shanghai, China). Total RNA was extracted via TRIzol
reagent (Invitrogen, USA) according to the manufacturer’s instructions. RNA purity and quantification were determined
via a NanoDrop 2000 spectrophotometer (Thermo Scientific), and RNA integrity was assessed via an Agilent 2100
Bioanalyzer (Agilent Technologies, USA). The libraries were constructed via the VAHTS Universal V6 RNA-seq Library
Prep Kit following the manufacturer’s protocol. The libraries were sequenced on an Illumina NovaSeq 6000 platform.

Astral Data-Independent Acquisition (DIA) Proteomic Experiment
Proteomic analysis was performed by the Shanghai Bioprofile Technology Company (Shanghai, China).

Protein Preparation and Digestion

Proteins were extracted from USC-sEVs via SDT lysis buffer containing 4% sodium dodecyl sulfate, 100 mm dithio-
threitol, 100 mm tris-hydrochloric acid at pH 8.0. The proteins were boiled for 3 minutes and then subjected to
ultrasonication. After centrifugation at 16,000 x g for 15 minutes, the supernatant was collected and quantified via
a BCA protein assay kit (Beyotime). An appropriate amount of protein from each sample was subjected to filter-aided
sample preparation digestion. The steps were as follows: urea buffer containing detergent, dithiothreitol, and iodoace-
tamide was added to block reduced cysteine. The protein suspension was then digested with trypsin at a 50:1 ratio
overnight at 37°C. The peptide mixtures were collected by centrifugation at 12,000 x g for 10 minutes and desalted via
C18 StageTip for subsequent analysis.

Liquid Chromatography Coupled with Tandem Mass Spectrometry (LC—MS/MS) Analysis for DIA

For each sample, an appropriate amount of peptide was separated via a Vanquish Neo ultra high performance liquid
chromatography system (Thermo Scientific). Buffer A consisted of 0.1% formic acid in water, and Buffer B consisted of
0.1% formic acid in 80% acetonitrile. The chromatographic column was equilibrated with 96% Buffer A. After sample
injection into the trap column (PepMap Neo 5 um C18 300 um x 5 mm, Thermo Scientific), the peptides were separated
via a pPPAC Neo high-throughput column (Thermo Scientific). Peptides were then analyzed via an Orbitrap Astral mass
spectrometer (Thermo Scientific) in DIA mode. The analysis duration was 24 minutes, with an electrospray voltage of
2.2 kV. The detection mode was positive ion mode, with a precursor ion scan range of 380-980 m/z. The primary mass
spectrometry resolution was 240,000, with an automatic gain control target of 500% and a maximum injection time of 3
ms. The secondary mass spectrometry resolution was 80,000, with an AGC target of 500%, a maximum injection time of
3 ms, an RF lens of 40%, an MS2 activation type of higher-energy collisional dissociation, an isolation window of 2 Th,
normalized collision energy of 25%, and a cycle time of 0.6 seconds.

Sequence Database Searching
The DIA mass spectrometry (MS) data were processed and analyzed via DIA-NN software for database searching and
protein quantification. The key parameters and settings used for DIA mass spectrometric data analysis were as follows:
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trypsin was utilized as the enzyme, with a maximum of one missed cleavage site allowed. Carbamidomethylation of
cysteine was specified as a fixed modification, whereas oxidation of methionine and N-terminal acetylation were
designated variable modifications. The database used was UniProtKB-Homo sapiens (Human) [9606]-204,141-
20240326.fasta, following a target—reverse pattern. The database search results were filtered and exported with a <1%
false discovery rate at both the peptide-spectrum-matched level and the protein level.

Bioinformatic Analysis

The proteins identified in USC-sEVs were compared with the published human proteins listed in the Vesiclepedia
database. Venn diagram and Gene Ontology (GO) enrichment analyses were carried out via FunRich software (version
3.1.3). Canonical pathway analysis was performed with Ingenuity Pathway Analysis (IPA; Qiagen).

Statistical Analysis

Statistical analysis was performed via Student’s ¢-test for single comparisons and analysis of variance (ANOVA) for
multiple comparisons with GraphPad Prism 8 software. The results are expressed as the mean + standard deviation.
Differences with a P value < 0.05 were considered significant.

Results
Characterization of USCs and USC-sEVs

Approximately 7 days after initial seeding, the cell colonies were seen attaching to the bottom of the plates. Under a light
microscope, USCs displayed a fibroblast-like or cobblestone morphology, which is typical of mesenchymal stem cells
(MSCs) (Figure 1A). Flow cytometric analysis revealed that the USCs were positive for CD29, CD44, and CD73 and
negative for CD45 and HLA-DR (Figure 1B). TEM analysis revealed that the USC-sEVs presented a characteristic cup-
shaped morphology (Figure 1C). NTA further confirmed that the diameter of the USC-sEVs ranged from approximately
50 to 200 nm (Figure 1D). Western blot analysis revealed that the USC-sEVs were positive for CD63, TSG101 and
Hsp70 but negative for calnexin, confirming that USC-sEVs were successfully isolated from the supernatant (Figure 1E).

Characterization and Biocompatibility of sEVs-Laden P-AM Scaffolds

For preparation of the sEVs-functionalized scaffold, a decellularized amniotic membrane (AM) was first produced via
a unidirectional decellularization method. The resulting AM was smooth, milky white, and semitransparent (Figure 2B).
PEI molecules were incorporated into the three-dimensional porous structure of the AM through multistep chemical
processing, rendering the AM surface positively charged. The zeta potential of the vesicle surface was —16.85 mV
(Figure S1). Owing to the negatively charged surface of the sEVs, USC-sEVs were electrostatically bound to the PEI-
modified AM surface (Figure 2A).

The sEVs release experiment demonstrated that vesicles could be continuously released from the AM for up to one
week, successfully creating an sEVs-functionalized scaffold capable of sustained USC-sEVs release (Figure 2C). To
observe the duration of sEVs in vivo, sEVs were labeled with DiR and tracked for distribution in the rabbit vaginal wall
using an in vivo fluorescence imaging system. On day 7, no fluorescent signal was detected in the sEVs group (Figure S2).
However, fluorescent signals were still visible in the P-AM-sEVs group. These results suggested that P-AM-sEVs scaffold
could provide sustained sEV delivery for over 7 days, potentially supporting wound healing over a longer period.

SEM revealed that the AM exhibited a three-dimensional porous structure with collagen fiber alignment, with pore
diameters ranging from approximately 400 nm to 1 um (Figure 2D). The three-dimensional porous structure of AM
provides a conducive environment for cell attachment and proliferation, ensuring an adequate nutrient and oxygen
supply. SEM images revealed that the fibroblasts adhered to the AM surface and exhibited a sheet-like morphology
(Figure 2E). Live/dead cell assays demonstrated that after 36 hours of incubation with AMs, the majority of the
fibroblasts remained viable, indicating that the AM material has good biocompatibility with the cells (Figure 2F).

Finally, considering that AMs, sEVs, and P-AM-sEVs scaffolds need to be in contact with the wound during in vivo
use, their hemocompatibility was also evaluated. As shown in Figure S3, the hemolysis rates of AM extract, sEVs
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dilution, and P-AM-sEVs extract were all below 5%, which met the international hemolysis assessment standards for
medical materials/devices.

P-AM-sEVs Scaffolds Promoted Scarless Healing of Rabbit Vaginal Wounds by
Promoting Epithelialization, Inhibiting Inflalmmation and Modulating Collagen
Expression

To evaluate the therapeutic efficacy of the P-AM-sEVs scaffolds in promoting vaginal repair, we established a rabbit
model of posterior vaginal wall defects, and the wound healing outcomes of each group were compared and analyzed
(Figure 3A). During tissue retrieval, no notable implant reactions or signs of infection were observed, and the overall
health of the rabbits was good. Macrophage infiltration is an important indicator of immune response and potential
rejection following material implantation into a wound.?* Compared to the PBS group, the P-~AM-sEVs group showed

International Journal of Nanomedicine 2025:20 hetps: 1623



Xu et al

A 7] ) Day 7 Day 14 Day 28 .Vaginal defect model in rabbits: establishment
- 3 = and treatment
* * + ‘ - . Scarifice for futher study
AM P-AM-sEVs F
PBS
AM
sEVs
= P-AM-sEVs
8 -
8°1 1
8 4. .o
‘s T T
L
E 2 4%
o H
PBS AM sEVs P-AM-sEVs color-scale

Picrosirius red

== PBS

— AM

= SEVs

== P-AM-SEVs

m

50000 -

Polarized

40000 -
3000
20000

Distribution of orientation

90 -45 0 45 90
Orientation

Collagen orientation @

Figure 3 P-AM-sEVs scaffolds promoted scarless vaginal repair and regulated collagen deposition in rabbits on Day 14. (A) The scheme for the animal experiment. (B)
Representative images of vaginal mucosa defects subjected to different treatments. Scale bar: 5 mm. (C) H&E staining of vaginal mucosa defects in each group. Scale bar:
I mm. (D) Bright-field images of Picrosirius red-stained sections from the different groups. Scale bar: 100 ym. (E and F) Images of Picrosirius red-stained sections under
polarized light and quantification of the collagen I/lll ratio in each group. Scale bar: 50 pm. (G and H) The orientation of collagen fibers in Picrosirius red-stained sections was
quantified via Orientation | software. The color representation reflects the various fiber orientations. Scale bar: 100 pm. *, P < 0.05, compared with the PBS group; #, P <
0.05, compared with the AM group; %, P < 0.05, compared with the sEVs group.

significantly fewer CD68-positive cells on Day 7, suggesting that P-AM-sEVs might effectively reduce macrophage
infiltration and modulate local immune response (Figure S4).

Macroscopic observations after 14 days of different treatments revealed a major reduction in the wound area across
all groups, with the P-AM-sEVs group showing the most rapid healing (Figure 3B). On Day 14 and Day 28, the surfaces
of the wounds in the P-AM-sEVs group closely resembled those of normal vaginal mucosa, and were characterized by
thin, soft, and smooth features (Figure S5). H&E staining was used to assess re-epithelialization and scar formation. On
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Day 14, the PBS group presented a thin and discontinuous epithelium, pronounced inflammatory infiltration, and
substantial scar formation, indicating poor wound healing (Figure 3C). In contrast, the other treatment groups exhibited
strongly accelerated epithelialization and reduced scarring. Notably, the P-AM-sEVs group displayed a complete and
well-organized epithelial structure with markedly reduced inflammation and scar formation, which was consistent with
the macroscopic findings.

Collagen deposition and remodeling during vaginal wound healing were further investigated via Picrosirius red
staining to assess the content and distribution of collagen I and collagen III. The results revealed a marked reduction in
disorganized collagen fiber orientation in the treatment groups, suggesting a trend toward normal tissue remodeling
(Figure 3D-H and Figure S6). Importantly, the ratio of collagen I to collagen III was significantly reduced in the SEVs
and/or AM treatment groups, which might reduce scarring by modulating the ECM composition and ratio,
a characteristic similar to fetal wound healing.

IHC analysis revealed a significant increase in collagen III expression in the treatment groups compared with the
control group. The P-AM-sEVs group presented the highest level of collagen III expression, which was consistent with
the Picrosirius red staining results (Figure 4A-B and Figure S7). Intervention with AMs and sEVs might increase wound
healing by promoting collagen III deposition, increasing the stability and integrity of the tissue structure. IL-6 is a key
regulator of the acute phase of inflammation. IHC staining revealed a significant reduction in the number and intensity of
IL-6-positive cells in the treatment groups, suggesting that these treatments might promote wound healing by inhibiting
the inflammatory response (Figure 4C-D).

RT—qPCR analysis revealed that, compared with those in the control group, the AM, sEVs, and combined treatment
groups presented significantly lower expression of CollAl, Coll A2 and TGF-B1, whereas the expression of Col3A1 and
Smad7 was increased (Figure 4E). The expression of MMP2, MMP9, and IL-6 was also significantly reduced. These
results suggested that AMs and sEVs, either alone or in combination, might promote scarless healing of vaginal wall
wounds by modulating fibrosis-related genes and reducing the expression of inflammation-related genes and matrix
remodeling-related enzymes.

USC-sEVs Inhibited TGF-1-Induced Fibroblast Activation

The results of the EdU assay demonstrated that USC-sEVs treatment reduced the excessive proliferation of fibroblasts
induced by TGF-B1 (Figure 5A-B). IF staining revealed that the expression of collagen I was increased in the TGF-
B1-treated group, whereas treatment with USC-sEVs attenuated this increase (Figure 5C-D). Additionally, Western blot
analysis confirmed that USC-sEVs treatment decreased the expression levels of collagen I and fibronectin induced by
TGF-B1 (Figure SE-F). The RT—qPCR results revealed a significant reduction in the expression of fibrosis-related genes,
including CollAl, MMP2, MMP14, ACTA2, and fibronectin, in the USC-sEVs-treated group (Figure 5G). Collagen gel
contraction assays indicated that USC-sEVs treatment reduced the tension and contraction of the collagen matrix by
inhibiting TGF-B1-induced fibroblast activation and contractile ability (Figure SH-I). These findings support the
antifibrotic effect of USC-sEVs.

USC-sEVs Modulated the Gene Expression Pattern in TGF-1-Stimulated Fibroblasts
RNA-seq analysis was conducted to investigate the potential molecular mechanisms by which USC-sEVs regulate TGF-
B1-induced fibroblast functions. Heatmaps and volcano plots revealed that USC-sEVs treatment significantly altered the
differential gene expression profiles of TGF-B1-stimulated fibroblasts, with 196 upregulated genes (>2-fold, p < 0.05)
and 323 downregulated genes (<0.5-fold, p < 0.05) (Figure 6A-B).

KEGG pathway analysis revealed that USC-sEVs treatment significantly inhibited fibrosis-related pathways,
including the TGF-B signaling pathway, MAPK signaling pathway, ECM-receptor interaction, and cytokine—cytokine
receptor interaction (Figure 6C and Figures S8 and S9). These pathways collectively contribute to tissue healing by
regulating cell proliferation, migration, extracellular matrix remodeling, and inflammatory responses, which can
influence scarless healing.”>?’ Gene set enrichment analysis (GSEA) indicated that the TGF-p and MAPK signaling
pathways were significantly inhibited following USC-sEVs treatment, which was consistent with the KEGG analysis
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Figure 4 P-AM-sEVs scaffolds inhibited inflammation and reduced fibrosis in rabbits on Day 4. (A and C) IHC staining for collagen Ill and IL-6 after different treatments.
Scale bar: 100 um. (B and D) Quantification of IHC staining for collagen Ill and IL-6. n= 3 per group. (E) Quantification of the mRNA expression of fibrosis-related genes
(CollAl, CollA2, Col3Al, TGF-B1, Smad7, MMP2, MMP9 and IL-6). n=3 per group. *, P < 0.05, compared with the PBS group; #, P < 0.05, compared with the AM group; %,
P < 0.05, compared with the sEVs group.

results (Figure 6D-E). These findings suggest that USC-sEVs may inhibit fibroblast activation by modulating key
fibrotic signaling pathways.

Previous studies have shown that the TGF-f and p38 MAPK signaling pathways are crucial in the development of
fibrosis and scar formation.”®*?° Western blot analysis revealed that USC-sEVs treatment significantly reduced the
phosphorylation levels of Smad2/3 and p38 MAPK in fibroblasts (Figure 6F-G). These data indicated that USC-sEVs
might exert antifibrotic effects by inhibiting the TGF-f and p38 MAPK signaling pathways.

USC-sEVs Inhibited the TGF-3 and p38 MAPK Signaling Pathways Through Delivery of

Vesicle-Containing Decorin and DUSP3 Proteins to Fibroblasts

Extracellular vesicles can regulate biological processes in recipient cells by delivering encapsulated proteins.***' DIA-
based quantitative proteomic analysis revealed 2653 proteins in USC-sEVs, of which 2219 proteins were also found in
the Vesiclepedia database, while 434 proteins were newly identified (Figure 7A).
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IPA was used to identify the potential canonical signaling pathways associated with proteins found in USC-sEVs.
These proteins are involved in various signaling pathways, including the Wnt/B-catenin, TGF-f, BMP, PI3K/ AKT, and
ERK/MAPK pathways, all of which are closely linked to extracellular matrix organization and collagen degradation
(Figure 7B).** GO analysis via FunRich software demonstrated that USC-sEV proteins play crucial roles in terms of
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cellular components, molecular functions, and biological processes (Figure 7C). Cellular component analysis indicated
that the identified proteins predominantly originated from exosomes (45%). The identified proteins are involved in
various molecular functions, including extracellular matrix structural constituent (3.5%), catalytic activity (5.8%), and
structural constituent of cytoskeleton (2.2%) etc. Additionally, these proteins participate in biological processes such as
protein metabolism (17%), metabolism (16.9%), and energy pathways (16.4%) etc.

Decorin is a known inhibitor of the TGF-f signaling pathway, whereas DUSP3 is responsible for dephosphorylating
p38, thereby inhibiting the p38 MAPK signaling pathway.*®> > Western blot analysis revealed that USC-sEVs were
enriched with decorin and DUSP3 proteins (Figure 7D). Following USC-sEVs coincubation, the expression of decorin
and DUSP3 in fibroblasts was significantly increased (Figure 7E). These results suggest that USC-sEVs can deliver
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decorin and DUSP3 to fibroblasts, thereby modulating the TGF-f and p38 MAPK signaling pathways, suggesting that
USC-sEVs might be promising therapeutic reagents for inhibiting fibrosis and promoting scarless wound healing.

Discussion

Large-area vaginal defects following vaginoplasty are considered severe types of wound injury.>” Although vaginal tissue

has regenerative capabilities, restoring it to a normal state is often challenging. In this study, P-AM-sEVs, with their

superior therapeutic effects and the advantages of autologous customization using USC-sEVs, might provide a novel

treatment option for patients undergoing vaginal reconstructive surgery. Some studies have found that human umbilical

MSCs (UC-MSCs) and bone marrow-derived MSCs could reconstruct damaged vaginal tissue in animal models.

38,39

However, the short retention time of directly transplanted stem cells at the site limited the duration of their therapeutic

effects. The use of UC-MSCs alone in vaginal reconstruction in rats has been reported to provide better therapeutic
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outcomes than SIS implantation alone or combined with UC-MSCs/SIS transplantation.*® This might be related to
chronic inflammation and collagen deposition caused by SIS implantation. Shi et al used 3D printing technology to
construct a hydrogel scaffold containing decellularized ECM, gelatin methacrylate, and silk fibroin, which encapsulated
UC-MSC-derived exosomes, to facilitate vaginal reconstruction in rats.*' However, the varying degradation rates of the
three components in the scaffold might result in instability during the repair process.

Scar formation is closely associated with the inflammatory environment, myofibroblast activity, and collagen
deposition.** Studies have shown that collagen ITI-deficient mice exhibit increased levels of myofibroblast differentiation
and scar formation, suggesting that collagen III plays a critical role in scar-free healing.* In our study, the combined
application of AMs and sEVs increased the proportion of type III collagen and reduced the deposition of type I collagen,
resembling the collagen remodeling pattern observed in fetal wound healing. Compared with adult wounds, fetal wound
healing involves fewer inflammatory cells, which may lead to distinct profiles of cytokines and growth factors in the
wound microenvironment.** Both in vivo and in vitro experiments indicated that the combination of sEVs and AMs
significantly reduces inflammatory responses.

sEVs are known to encapsulate various bioactive components, including RNA, lipids, and proteins, from parent cells
and mediate intercellular communication by transferring these active components.*>~*” Currently, there is relatively little
research on the proteins enriched in USC-sEVs. In this study, we performed DIA proteomic analysis to explore the
protein composition of USC-sEVs. We identified 2208 proteins, and GO analysis revealed that these vesicular proteins
play critical roles in biological processes, including protein metabolism, energy pathways, cell growth, and signal
transduction. Investigating these proteins and their mechanisms provides a foundation for developing therapeutic SEVs
for scarless healing. Although our data suggest that the regulatory effects of USC-sEVs are mediated through the decorin
and DUSP3 proteins, the potential involvement of other proteins cannot be excluded. For example, USC-sEVs contain
matrix metalloproteinases (MMPs), including MMP1, MMP2, MMP7, MMP§, MMP9, MMP10, MMP14, and MMP15,
which can directly participate in ECM degradation and remodeling.***’ Additionally, USC-sEVs are rich in members of
the platelet-derived growth factor (PDGF) family, such as PDGFC and PDGFA, which play essential roles in wound
healing and angiogenesis.’®>* Notably, we also identified a novel set of 434 proteins not included in the current
Vesiclepedia database.

The TGF-B signaling pathway has long been a focus of scar research.’*>* Targeting TGF-P1 or its downstream
signaling pathways (such as the Smad signaling pathway) may be an effective strategy to promote scarless healing.**->
However, owing to the complex regulatory mechanisms of TGF- signaling in different types of cells, sustained or
excessive inhibition could interfere with the normal wound healing process. The p38 MAPK signaling pathway plays
a critical role in various diseases, including inflammatory diseases, cancer, cardiovascular diseases, nervous system
diseases, and diabetes.”>>° Targeted inhibition of the p38 MAPK signaling pathway, such as the use of the p38 MAPK
inhibitor SB203580, has shown good potential in reducing the number of hypertrophic scars in the skin.®® There is also
substantial crosstalk between the TGF-B and p38 MAPK signaling pathways.®'®® Further study of the interactions
among target points and their related regulatory processes can provide new research avenues for the treatment of wound
healing. Although our data indicated that the regulatory effects of USC-sEVs were partly achieved through the TGF-
and p38 MAPK signaling pathways, the achievement of scarless healing actually involves the complex regulation of
multiple signaling pathways. IPA suggested that various proteins identified in USC-sEVs are involved in multiple
canonical signaling pathways, which act synergistically. Therefore, the potential mechanisms by which USC-sEVs
promote scarless healing require further investigation.

In conclusion, the effectiveness of P-AM-sEVs biological scaffolds in promoting scarless healing suggests potential
directions for future scaffold design: optimizing scaffold functionality by integrating elements that regulate collagen
dynamics, inhibiting key fibrotic pathways, and promoting favorable immune responses. These strategies could involve
the use of different biomaterials, growth factors, or sEVs derived from other cell types, each tailored to meet the specific
repair needs of the target tissue. These improvements will lead to new prospects for the clinical application of scarless

tissue repair.
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Conclusion

In this study, we developed a novel acellular tissue-engineered approach for vaginal reconstruction. The AM scaffold
loaded with USC-sEVs promoted scar-free healing of the vaginal wall in rabbits by accelerating epithelialization,
suppressing immune responses, and modulating collagen deposition. These findings not only provide a new therapeutic
strategy for vaginal scar-free healing but also offer novel insights for tissue-engineering repair of other organs, such as
the urethra, bladder, and skin. Further investigation revealed that the decorin/TGF-p and DUSP3/p38 MAPK signaling
pathways were potential molecular mechanisms through which USC-sEVs inhibited fibrosis. The in vitro mechanistic
exploration not only provides a theoretical basis for the clinical translation of this treatment but also offers important
experimental evidence for future optimization of therapeutic strategies.
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