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ABSTRACT: Mesenchymal stem cells (MSCs) play a crucial role
in regenerative medicine due to their regenerative potential.
However, traditional MSC-based therapies are hindered by issues
such as microvascular obstruction and low cell survival after
transplantation. Exosomes derived from MSCs (MSC-Exo) provide
a cell-free, nanoscale alternative, mitigating these risks and offering
therapeutic potential for liver diseases. Nonetheless, the functional
variability of MSCs from different sources complicates their clinical
application. Stem cells derived from human exfoliated deciduous :
teeth (SHED) offer advantages such as ease of procurement and oL
robust proliferative capacity, but their secretome, particularly '
SHED-Exo, remains underexplored in the context of liver disease
therapy. This study analyzed MSC-Exo from various sources via
small RNA sequencing to identify differences in microRNA profiles, aiding in the selection of optimal MSC sources for clinical use.
SHED-Exo was subsequently tested in an acute liver injury model, showing notable regenerative effects, including enhanced
hepatocyte proliferation, macrophage polarization, and reduced inflammation. Despite strong liver-targeting properties, the rapid
hepatic clearance of SHED-Exo limits its effectiveness in chronic liver diseases. To address this challenge, a GelMA-based hydrogel
was developed for in situ delivery, ensuring sustained release and enhanced antifibrotic efficacy, providing a promising strategy for
chronic liver disease management.

[l Metrics & More ’ Q Supporting Information

Acute Liver:
Injury

SHED-Exo SHED-Exo

GelMA@SHED-Exo Bile Duct

Ligation

ED-Exo A of
Injection Liver fibrosis

KEYWORDS: liver regeneration, exosome, hydrogel, liver fibrosis, mesenchymal stem cell

B INTRODUCTION

As life expectancy increases, liver diseases have emerged as a

repair.” Several types of oral stem cells have been identified,
including stem cells from human exfoliated deciduous teeth

significant global health concern and economic burden due to
their high incidence and mortality rates.”” Many liver
conditions remain inadequately treated, often advancing to
end-stage liver disease, where patients must wait for liver
transplants. This challenge has spurred interest in regenerative
medicine and tissue engineering as alternative therapeutic
strategies.”* Mesenchymal stem cell (MSC)-based therapies
are particularly promising in this field, owing to MSCs’ abilities
for self-renewal and differentiation into diverse cell lineages.
MSCs can be derived from various adult tissues, including
bone marrow, adipose tissue, umbilical cord, amniotic fluid,
and dental pulp, with their biological effects varying according
to the source.”™” Oral MSCs are a more recent focus compared
to extensively studied sources, such as umbilical cord MSCs
(UC-MSCs) and adipose-derived MSCs (ADSCs). While
research on oral MSCs is still emerging and comparative
studies are limited, these cells offer distinct advantages, such as
minimally invasive and safe harvesting procedures and
enhanced biological activity. Studies indicate that oral MSCs
play a crucial role in tissue engineering and regenerative
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(SHED), dental pulp stem cells, and gingival MSCs.”'® Among
these, SHED represent a readily accessible and minimally
invasive source of MSCs, as they are naturally shed during
childhood."'~"* This characteristic provides a plentiful and
ethically noncontroversial means of harvesting. In comparison
to other MSC sources, such as bone marrow, adipose tissue,
and umbilical cord, SHED offer several advantages, including
minimal ethical concerns, ease of collection, minimal
invasiveness, safety, and the potential for self-renewal.!
SHED also maintain high stem cell potential, encompassing
cell proliferation, pluripotency, and immune regulatory

functions.'” These attributes render SHED a promising
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candidate for regenerative therapies aimed at liver diseases,
tissue repair, and immunomodulation.

The liver plays essential roles in digestion, detoxification,
and metabolism, and its dysfunction can lead to serious
conditions, such as ALI and chronic liver diseases like fibrosis.
Given the complexities of treating these conditions, new
therapeutic strategies are needed. Due to the complex
mechanism, numerous challenges persist in the treatment
and prevention of liver injury.'® Extensive research has
demonstrated the effectiveness of stem cell therapies in
addressing these pathological changes, particularly with
MSCs in treating liver injury. Many of these studies have
advanced to clinical trials.'” Unlike treatments for acute
conditions such as ALI, chronic liver diseases often require
prolonged and repeated cell infusions, which increases the
associated risks of cell transplantation. Considering the
limitations of efficacy and side effects of the aforementioned
liver-protecting drugs, novel stem cell-based cell therapies have
emerged as a promising new strategy for tissue repair.18

In recent years, considerable emphasis has been placed on
the prospective application of MSC-derived exosomes to
enhance the management of inflammatory and degenerative
conditions due to their immunomodulatory properties.'’
Exosomes are a class of diminutive lipid membrane vesicles
(30—150 nm) whose biological function is often determined
by the secreting cell of origin.”” Exosomes actively participate
in various cellular interactions, including information transfer,
antigen presentation, immune and target cell regulation, and
tissue regeneration, by transporting cellular proteins, nucleic
acids, lipids, and metabolites.”’ Several studies have high-
lighted the enhanced efficacy of MSCs and its derived
exosomes on liver injury,'® underscoring significant potential
for the application of MSC-derived exosomes in ALI
therapeutics. Recent investigations have shown a preference
for exploring the potential of exosomes derived from bone
marrow mesenchymal stem cells (BMSCs) or umbilical cord-
derived MSCs in liver regeneration or attenuation of liver
fibrosis following hepa\tectomy.22 However, research on the use
of oral-derived MSCs for treating liver diseases remains

limited.”> For instance, only a few studies have explored the
therapeutic potential of SHED for liver conditions such as
fibrosis, acute liver failure, and nonalcoholic steatohepati-
tis,”*~*® with only one study indicating that SHED’s secretome
may have antifibrotic effects.”” No studies have yet investigated
the use of SHED-derived exosomes (SHED-Exo) for liver
disease treatment. To address this gap, this study focuses on
SHED-Exo as the primary research subject. Initially, sSRNA
sequencing was conducted to analyze the shared and unique
microRNAs (miRNAs) carried by exosomes from three
different MSC sources, providing a preliminary assessment of
SHED-Exo0’s therapeutic potential. Subsequently, SHED-Exo
was applied to an ALI model to evaluate its efficacy in
mitigating damage, reducing inflammation, and promoting
regeneration. Finally, to enhance SHED-Exo’s impact on liver
fibrosis, a novel hydrogel-based delivery system was developed
to prolong SHED-Exo’s retention in liver tissue, enabling
targeted and sustained release (Scheme 1).

B MATERIALS AND METHODS

Animal Ethics. The Laboratory Animal Welfare and Ethics
Committee of Zhejiang University approved all animal experimental
procedures used in this study in concordance with the NIH guidelines
for the care and use of laboratory animals.

Animals and Treatment. All animal experiments applied in the
following were conducted after approval of the Ethical Review
Committee for Laboratory Animals of Zhejiang University. C57BL/6
mice (weighing 18—22 g, male, 7 weeks old) were purchased from the
experimental Animal Center of Zhejiang University. After arriving at
the Animal Experiment Center, mice were quarantined and adapted to
the culture environment for 1 week before experiments were carried
out. During the animal rearing period, the animals were independently
ventilated according to the SPF-grade rearing standard, given standard
food and water, and alternated with light/dark for 12 h.

Cell Lines and Cell Culture. ADSCs, UC-MSCs, and SHED were
purchased from Exosomic Biomed Ltd. ADSCs were cultured in
complete Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
USA), supplemented with 10% fetal bovine serum (FBS, Gibco, USA)
and 1% penicillin/streptomycin (Gibco, USA). ADSCs were grown at
an initial density of 3 X 10° cells on T75 flasks and maintained at 37
°C in 90% humidified air with 5% CO,. The medium was replaced
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every third day.”® When 80% confluency was reached, cells were
detached using 0.25% Trypsin-EDTA (Gibco, USA) for the
experiments.

UC-MSCs were cultured at 37 °C in a humidified atmosphere of
5% CO, in a serum-free medium for MSCs (NC0103 + NCO010S. S,
Yocon, Beijing, China) as previously reported,”” with some
modification.

SHED were cultured in a maintenance medium comprising alpha
Modification of Eagle’s Medium (Gibco, USA) supplemented 10%
fetal bovine serum (AusGeneX), 100 U/mL penicillin (Gibco) and
100 U/mL streptomycin (Gibco, USA) at 37 °C in a humidified
atmosphere with 5% CO,. The culture medium was replaced every 3
days. Upon reaching 90% confluence, the cells were digested with
0.05% trypsin-EDTA (Gibco, USA) and passaged. Cells at passages
4—8 were used in the subsequent experiments.’

AMLI12 and RAW264.7 cells were obtained from the cell bank of
the Chinese Academy of Sciences. AML12 cells were cultured in a
DMEM/F12 medium (Gibco, USA) supplemented with 40 ng/mL
dexamethasone (Sigma, USA), 1 X ITS (Gibco, USA), and 10% FBS
(Gibco, USA) and were maintained in a CO, incubator at 37 °C.
When the cell density reached about 80%, cells were detached using
0.25% EDTA-containing trypsin (Solarbio, China) for 2 min, followed
by centrifugation at 800 r/min for S min, and then subsequent
passage.’’ RAW264.7 cells were cultured in a DMEM medium
(Gibco, USA) supplemented with 10% FBS (Gibco, USA) and double
antibody at 37 °C with 5% CO,. Upon reaching approximately 80%
confluency, the medium was refreshed, and gentle pipet gun agitation
was applied to detach the cells from the culture vessel before
subculturing.

SHED Osteogenic and Lipogenic Differentiation Assay.
SHED were seeded into six-well plates (Corning, USA) and cultured
in a growth medium until the cells reached confluence. To induce
osteogenic differentiation, the SHED were cultured under osteogenic
culture conditions, containing 2 mmol/L S-glycerophosphate, 100
mmol/L r-ascorbic acid phosphate, and 10 nmol/L dexamethasone in
a culture medium. Two weeks post induction, 1% Alizarin Red S
staining was performed to detect matrix mineralization, followed by
observing under a microscope. For adipogenic induction, 500 nmol/L
isobutyl methylxanthine, 60 mmol/L indomethacin, 500 nmol/L
hydrocortisone, 10 mg/mL insulin, and 100 nmol/L vr-ascorbic acid
phosphate were added to the growth medium. After 3—4 weeks, the
induced cells were stained with Oil Red O and observed under a
microscope.32

Preparation of SHED-Exo. After reaching 80% fusion, SHED
were rinsed twice with PBS and incubated in a serum-free medium
(Gibco, USA) for 48 h. The medium was collected, and the
supernatant was obtained by centrifuging it at 4 °C for 10 min at 300
g rpm. The obtained supernatant was then centrifuged at 4 °C for 10
min at 2000g rpm, and the resulting supernatant was again centrifuged
at 4 °C for 30 min at 10,000g. Finally, the supernatant was filtered
using 0.22um Rapid-Flow Disposable Filter units (Nalgene, USA).
Ultrafiltration was performed using Amicon Ultra Centrifugal filters at
4000g and 4 °C. To further purify the exosomes, the filtrate was
processed using a 30% sucrose/D20 pad in Sterile Quick-Seal
Polypropylene tubes (Beckman, USA). The tubes were then
centrifuged at 120,000g for 70 min at 4 °C. Purified exosomes were
extracted, washed several times with PBSs, and then centrifuged at
4000g at 4 °C.>* The resulting exosomes were resuspended in PBS
and stored at —80 °C. The exosome size distribution and
concentration were determined using nanovision tracking analysis
(NTA). Morphological identification of exosomes was done by TEM.
Additionally, surface marker proteins of exosome, including CD9,
CD81, and TSG101, were analyzed by Western blotting.*’

Cell Proliferation Assessment. AMLI12 cells were seeded in 96-
well plates at 3000 cells per well and incubated with different
concentrations (0, 2, 5, 10 ug/mL) of exosomes for 1, 2, and 3 days. A
Cell Counting Kit-8 (CCK-8) (YEASEN, China) solution configured
with a cell culture medium at a ratio of 1:10 was added to the cells
and incubated for 1 h away from light. Then, the OD values were
measured using an enzyme marker. The cell viability was calculated

according to the following formula: cell viability = [(experimental
wells — blank wells)/(control wells — blank wells)] X 100%.

Scratch Wound Assay. AMLI12 cells were seeded in 96-well
plates and incubated with a medium containing different concen-
trations of exosomes (0, S, and 10 pg/mL). When AMLI12 cells
reached approximately 80% confluency, using a sterile pipet tip, a
straight scratch was created across the cell monolayer, ensuring
uniformity in width and length. At predetermined time points (0, 6,
12, 24, 48, 72, and 96 h), phase-contrast microscopy was used to
capture images of the scratched area, ensuring consistent magnifica-
tion and focus settings throughout the experiment. The area of cells
migrating into the scratched area was calculated by using Image]
software. The formula used to calculate the cell migration rate was as
follows: cell migration rate = (initial scratch area — observed scratch
area) /initial scratch area. Each set of experiments was repeated three
times.

Construction of the ALI Mouse Model. CCl4 was obtained
from Macklin Chemical (Shanghai, China). A preconfigured solution
of CCl4 was prepared by mixing it with olive oil at a concentration of
1:3 (v/v) and filtered through a 0.22 ym organic filter membrane.
Eight-week-old male C57BL/6 mice were weighed individually, and
the diluted CCl4 solution was administered at 4 uL/g by
intraperitoneal injection. Animals were examined for abnormalities 1
h after injection and once every 24 h thereafter. They were euthanized
at 48 h to collect the tissue samples.

Twenty 8-week-old C57/B6 mice were randomly divided into the
following four groups: a healthy group without any treatment
(control), a group injected intraperitoneally with CCl4 only
(CCl4), a control group treated with intraperitoneally injected
CCl4 and injected with PBS via the tail vein (CCl4+PBS), and a
treatment group injected with CCIl4 intraperitoneally and injected
with SHED-Exo via the tail vein (CCl4+SHED-Exo). The
experimental group was given 0.5 mg/mL SHED-Exo at 0.1 mL
each, and the control group was injected with an equal amount of PBS
in the tail vein as in the experimental group. After 48 h, all mice were
euthanized to collect the liver tissue and blood samples.

RNA Extraction. Total RNA was extracted from the cells utilizing
TRIzol Reagent (15596-018; Invitrogen, Carlsbad, CA) and Iysed on
ice. 20 uL of DEPC water was added to dissolve the RNA, and the
Nano Drop 2000 spectrophotometer was employed to assess the
concentration of RNA. Subsequently, the total RNA was transcribed
into complementary DNA (cDNA) utilizing the Hifair II First Strand
cDNA Synthesis kit (Yeasen, China), in accordance with the
manufacturer’s protocols. Quantification of cDNA was conducted
utilizing SYBR Green Master Mix (Yeasen, China) on a Light Cycler
480 instrument.

Western Blot Analysis. Cell and liver tissue samples were lysed
using RIPA buffer (Thermo Fisher, USA) supplemented with
phosphatase inhibitor (FUDE bio, China) and protease inhibitor
(FUDE bio, China) to facilitate protein extraction. The protein
concentration was determined using a BCA assay kit (Thermo
Scientific, USA). Following adjustment of the protein to a uniform
concentration, the samples were denatured by boiling at 100 °C for 10
min with an SDS-PAGE Sample Loading Buffer (FUDE bio, China)
and subsequently stored at —20 °C. Protein samples were separated
on 4-20% SDS/PAGE gel (ACE, Nanjing). Subsequently, the
proteins were transferred onto PVDF membranes (Sigma, USA),
which were closed with a rapid closure solution (Beyotime
Biotechnology, China) for 30 min. Then, the proteins were incubated
with specific primary antibodies at suitable dilutions (1:2000 for
internal control antibodies and 1:1000 for others). The protein signal
was detected by chemiluminescence. Gray-scale values of the bands
were analyzed by using Image]J software.

Hematoxylin and Eosin and Immunohistochemical Stain-
ing. Hematoxylin and eosin (H&E) as well as immunohistochemical
(IHC) staining procedures were performed on paraffin-embedded
liver sections. Liver tissue was fixed in 4% paraformaldehyde (Sigma,
USA) overnight, followed by dehydration, clearing, and embedding in
paraffin wax. The paraffin blocks were subsequently sectioned serially
at a thickness of 3—5 pym. Following standard deparaffinization, liver
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Figure 1. Characterization of SHED and SHED-Exo. (A) Differentiation potential of osteogenesis of SHED was confirmed by Alizarin red staining,
(B) Differentiation potential of adipogenesis of SHED was confirmed by Oil Red O staining. (C) SHED-Exo markers CD73, CD10S, CD29, and
CD90 as well as CD45 and CD34 were detected by flow cytometry. (D) Typical saucer-like morphology of SHED-Exo was captured by
transmission electron microscopy. (E) Particle size of SHED-Exo was analyzed by NTA. (F) SHED-Exo was positive for the Exo surface markers
CD9 and CD81 by Western Blot (scale bars: 200, 50, and 100 nm).

samples underwent staining with H&E (Sigma, USA) to visualize the with 0.1% Triton X-100 and blocked with 10% bovine serum albumin
histological pattern within necrotic liver areas. (BSA). Subsequently, cells were incubated overnight at 4 °C with
Immunofluorescence Staining. After fixation with 4% paraf- antibodies diluted in 10% BSA, followed by incubation with the
ormaldehyde (Sigma, USA), cell or liver samples were permeabilized corresponding fluorescent secondary antibodies. Following staining
17951 https://doi.org/10.1021/acsami.4c19748
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Figure 2. sSRNA sequencing analysis of exosomal samples. (A—E) Differential miRNA Venn diagram of sSRNA sequencing results of exosomes from
ADSC, UC-MSC, and SHED. (F) Cluster analysis of differentially expressed sRNA.

with DAPI (Beyotime Biotechnology, China), cells or liver samples
were visualized by using laser scanning confocal microscopy (Leica,
USA).

TUNEL Staining. Liver biopsy sections and a well plate were
stained using the Situ Apoptosis Detection Kit (Beyotime
Biotechnology, China) following the instructions. An antifluorescence
quenching sealing solution was employed to observe the plate under a
fluorescence microscope immediately after sealing. Cy3 (red
fluorescence) exhibited an excitation wavelength of SS0 nm and an
emission wavelength of 570 nm.

ELISA Assay. The serum samples obtained from the experimental
mice were appropriately diluted and combined with a series of known
standard concentrations. Subsequently, these mixtures were added to
microplate wells precoated with the antigen of interest. The presence
and quantity of the target IL-1B and CXCL1 were then determined
with ELISA kits (ABclonal, China). Finally, the signal generated was
measured using an ELISA plate reader, and the concentrations of IL-
1B and CXCLLI in the serum samples were extrapolated based on the
standard curve obtained from the known concentrations of the
standard solution.

Preparation of GelMA Solution. To prepare a 5% GelMA
solution with 0.5% LAP, appropriate amounts of GelMA and LAP
powder were accurately weighed based on the desired volume. The
mixture was dissolved in PBS at 37 °C in a water bath and then
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sterilized by filtering through a 0.22 ym membrane. The solution was
stored, protected from light, until further use.

Synthesis of the GelMA@SHED-Exo Hydrogel. For the
preparation of the GelMA@SHED-exo hydrogel, the required
amounts of GelMA and LAP powder were weighed according to
the solution volume. SHED-Exo at a predetermined concentration
was added into PBS as a solvent, and the powders were dissolved in a
37 °C water bath. Sterilization was performed by filtering, and then
the solution was exposed to UV light at 365 nm with an intensity of 2
W/cm? for approximately 10 s to cross-link and form the GelMA@
SHED-exo hydrogel.

Cell Culture on Biomaterial Surfaces. GelMA and GelMA@
SHED-exo hydrogels were prepared in a 24-well plate as described
above. AML12 cells were digested to create a suspension at a
concentration of 5 X 10° cells/mL. 1 mL of this cell suspension was
added to each well and mixed thoroughly before placing the plate in
an incubator. Once cells adhered, their morphology was observed
under a microscope. The cells were stained with a live/dead assay kit,
and cell viability was assessed using fluorescence microscopy.

Live/Dead Staining Procedure. Calcein-AM and PI solutions
were prepared using a buffer. The cell culture medium was removed
from the wells and replaced with the staining solutions. The cells were
incubated at 37 °C for 45 min, washed twice with PBS, and then
observed and photographed under a fluorescence microscope.
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Figure 3. SHED-Exo promotes hepatocyte proliferation and migration in vitro. (A) Fluorescent images of SHED-Exo uptake by AML12 cells. (B)
Flow cytometric analysis of the percentage of AML12 cells that have internalized exosomes. (C) Migration rate of AMLI2 treated with SHED-Exo
(0, S, 10 pg/mL) was tested by the scratch wound assay. (D) Cell proliferation rate of AML12 treated with SHED-Exo (0, S, 10 ug/mL) was
detected by the CCK-8 assay. (E) Quantitative analysis of the wound healing assay (n = S; *p < 0.0S, **p < 0.01, **¥p < 0.001, scale bars: 10 ym,

100 ym).

Bile Duct Ligation (BDL) Model Construction. A section of the
bile duct was gently isolated using micro forceps, and a 6—0 surgical
suture was placed around the middle of the isolated section. After the
suture was secured, the bile duct was severed between the two ligation
points. GelMA@SHED-exo hydrogel was applied directly onto the
liver surface in the treatment group, while the control group received
only the GelMA hydrogel.

Statistical Analysis. Statistical analysis was conducted utilizing
GraphPad Prism v8.0 software. Each experiment subjected to
statistical scrutiny entailed a minimum of three or more independent
replications or the formation of three groups of replications.
Experimental outcomes were presented as mean =+ standard deviation
(SD) values. The evaluation of differences among more than two
groups was carried out using one-way ANOVA. The “*” symbol
denotes p-values: *p < 0.05; **p < 0.01; and ***p < 0.001. A
significance level of p < 0.05 was considered statistically significant.
Bioinformatic analysis was performed using the OmicStudio tools and
Novomagic tools.
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B RESULTS AND DISCUSSION

Characterization of SHED and SHED-Exo. SHED
exhibit remarkable pluripotency and self-renewal capabilities.
Additionally, SHED represent a plentiful and readily
obtainable source of MSCs in comparison to other alternative
sources.”’ Morphologically, SHED exhibited a spindle-shaped,
fibroblast-like appearance under light microscopy, consistent
with the characteristic morphology of MSCs. Further assess-
ment of the differentiation capacity revealed that following 21
days of osteogenic-lipogenic induction, SHED effectively
differentiated into osteoblasts and adipocytes, as evidenced
by the conspicuous formation of red mineralized nodules and
characteristic orange-red Oil Red O staining, respectively, thus
confirming the multipotency of SHED (Figure 1A,B). Flow
cytometry analysis of SHED revealed the robust expression of
positive markers, including CD29 (99.9%), CD73 (100%),
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Figure 4. SHED-Exo promotes hepatocyte proliferation and migration in vivo. (A) Fluorescence intensity imaging of DiD or DiD-labeled SHED-
Exo groups at 24 and 72 h. (B) Fluorescence quantification of isolated organs from the SHED-Exo group at 24 and 72 h. (C) Gross appearance of
the liver tissues from oil, CCl,, CClL,+PBS, and SHED-Exo-treated groups. (D) Ki67 and H&E staining of liver tissues from CCl,, and CCl, mice
with SHED infusion groups and the quantitative analysis. (E) Levels of serum ALT and AST of CCl, and SHED-Exo-treated groups. (F)
Quantitative analysis of the necrotic area and Ki67-positive cell count of mouse liver sections (n = S; *p < 0.05, **p < 0.01, ***p < 0.001, scale
bars: 200 ym, 100 ym).

CD90 (100%), and CD105 (97.3%), while negative markers tion. Subsequent observation of the SHED-exosomal morphol-

such as CD45 (1.5%) and CD34 (1.3%) were minimally ogy was conducted via transmission electron microscopy, and
expressed (Figure 1C). High-quality exosomes were isolated protein analysis was performed for further characterization.
from the SHED medium by utilizing gradient ultracentrifuga- The examination revealed a characteristic saucer-like shape of
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the isolated exosomes, characterized by a peak particle size of
128.8 nm and an average particle size of 136.5 nm (Figure
1D,E). Western blot analysis demonstrated that SHED-Exo
exhibited positivity for canonical exosomal markers, including
CD9 and CDS81, whereas SHED-Exo exhibited a faint
positivity with indistinct bands that could be attributed to
the pronounced expression of TSG101 within the originating
cells (Figure 1F). In summary, these findings collectively affirm
the successful isolation of SHED-Exo.

sRNA Sequencing Analysis of Exosomal Samples.
Extensive research has been conducted to determine the
factors influencing MSC efficacy, including cell source, donor
age, and gender, to achieve optimal therapeutic outcomes.>*
Donor age is particularly significant as MSC potency
diminishes with age, with cells from older donors displayin%
increased senescence and reduced differentiation potential.®
The characteristics of SHED necessitate that the donors are
exclusively young individuals. Moreover, MSCs derived from
different tissue sources exhibit variations in differentiation
potential, proliferation rates, immunomodulatory properties,
and gene expression profiles.’® In our study, we extracted
exosomes from BMSCs, UC-MSC, and SHED for sRNA
sequencing.”” The analysis revealed that exosomes derived
from the same MSC source exhibited reduced interindividual
variability compared to those obtained from different tissue
sources, with each tissue type demonstrating unique miRNA
enrichment patterns (Figure 2A—E). Previous research has
shown that exosome miRNA levels increase proportionally
with cell proliferation, facilitating noninvasive and straightfor-
ward assessment of cell differentiation through miRNA ratio
detection.”® Given the challenges posed by batch-to-batch
variability in exosomes for clinical translation, miRNA profiling
offers a promising solution for quality control.

Selecting some differential miRNA clustering, we found that
all three cell-derived exosomes expressed miRNAs with
therapeutic potential in tissue repair, such as miR-148a-3p,
which improves hepatocyte proliferation and liver regener-
ation, and miR-122-5p,39’40 which promotes angiogenesis. In
addition, we also noted that a large number of highly and
differentially expressed miRNAs were associated with the
regulation of macrophage polarization, such as miR-126-3p,40
miR-124-3p,""** miR-142-5p,”’ and the miR-146 family
members, miR-146a-5p and miR-146b-Sp. These inhibitory
miRNAs can modulate the activity of downstream pathways
such as the NF-kB pathway, thereby reducing proinflammatory
cytokines or reversing the polarization state of macrophages
(Figure 2F). The potential of all three cellular sources of
exosomes to modulate macrophage influence on the
inflammatory response gives us some direction for the study
of exosomes of SHED.’

SHED-Exo Promotes Hepatocyte Proliferation and
Migration In Vitro. DiD prelabeled exosomes were
coincubated with AMLI12 cells for 24 h. Both fluorescent
images and flow cytometric results suggest that all hepatocytes
are capable of internalizing exosomes (Figure 3A,B).
Subsequently, we assessed the effect of SHED-Exo on
AMLI12 proliferation through CCK-8 experiments. The
exosome coincubation groups (5 and 10 ug/mL) exhibited a
significant enhancement in AML12 proliferation, with statisti-
cally significant differences (p < 0.05) (Figure 3D). After
incubating AML12 with different concentrations of SHED-Exo
(0, S, and 10 pug/mL), a scratch wound assay revealed that
both S ug/mL (p < 0.01) and 10 pg/mL (p < 0.05) SHED-Exo

promoted AML12 migration compared to the control wells
(Figure 3C,E). Moreover, the migratory capacity of AML12
cells did not exhibit a concentration-dependent increase with
escalating exosome concentrations (from S to 10 ug/mL).
These findings collectively indicate that SHED-Exo effectively
stimulates AML12 migration and proliferation, prompting
further investigation into the impact of SHED-Exo on ALIL

SHED-Exo Treatment Attenuates Acute Liver Injury
In Vivo. Motivated by the in vitro efficacy of SHED-Exo, we
proceeded to explore the impact of SHED-Exo on CCl4-
induced ALI in vivo. To visualize the biodistribution of DiD-
labeled exosome to assess whether SHED-Exo preferentially
accumulates in the damaged liver, we used the IVIS imaging
system to monitor the distribution of DiD-labeled SHED-Exo
in both damaged and healthy livers at 24 and 72 h after tail
vein injection.”* Noninvasive real-time live imaging of the
SHED-Exo-treated mice revealed that the liver fluorescence
signals were stronger in ALI mice compared to the PBS or oil
groups (Figure 4A), suggesting a propensity for circulating
SHED-Exo to accumulate within damaged hepatic tissues and
exhibit prolonged retention. Furthermore, ex vivo imaging of
excised major organs corroborated the presence of fluores-
cence signals, specifically within the liver (Figure 4B). Robust
fluorescence persisted up to 72 h, effectively illustrating the
targeting specificity and prolonged circulation properties of
SHED-Exo. While modification of the membrane structure
may be required to enhance organ-specific targeting when
utilizing SHED-Exo for treatments of nonhepatic ailments, this
inherent liver tropism represents a beneficial attribute for
managing liver diseases, affording precise targeting and
efficacious support within the period of ALIL

Observation of hepatic morphology post CCl4 injection
revealed a paler hue compared to healthy livers, with evident
granular formations on the liver surface in CCl4 and
CCl4+PBS groups compared to the SHED-Exo-treated group
(Figure 4C). Initial observation of liver injury by HE staining
demonstrated extensive peri-central venous hepatocellular
necrosis alongside pronounced immune cell infiltration in the
CCl4+PBS group (Figure 4D,F). Notably, the CCl4+SHED-
Exo group displayed a significant reduction in necrotic areas
surrounding the central vein, approaching the architecture of
normal liver tissue. Concurrently, alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels mirrored
the histological findings (Figure 4E). Concomitantly, IHC
analysis of Ki67 expression in liver tissue sections at 48 h post-
treatment was conducted. The number of Ki67-positive cells
was notably increased in the CCIl4+SHED-Exo group
compared to the CCl4+PBS group (Figure 4D,F). The
above results indicate a potential influence of SHED-Exo on
the process of liver regeneration following ALIL

RNA Sequencing Analysis of Liver Sample. Through
the above preliminary assessment of injury area, liver function,
and liver regeneration, it was concluded that SHED-Exo had
some therapeutic effect on ALI, and further exploration of the
mechanism was considered. A sufficient amount of liver tissue
was taken to extract RNA for whole transcriptome
sequencing,”> of which there were three in each group of
CCl4+PBS and CClI4+SHED-Exo. 524 differentially expressed
genes (DEGs) were found in liver genes in the treatment
group out of a total of 22,798 genes sequenced for
CCl4+SHED-Exo compared with CCl4+PBS, and 260 genes
were upregulated and 264 genes were downregulated (Figure
SA). Then, the biological significance of the relevant DEGs was
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Figure 5. RNA sequencing analysis of liver sample. (A) Clustering heat map of DEGs. (B, C) Scatter plot representation of the KEGG pathway
enrichment analysis. (D) Volcano plot analysis of differential gene expression. (E) Histogram visualization of gene ontology enrichment analysis.

(F, G) Scatter plot illustrating gene ontology enrichment analysis.

further explored by Gene Ontology enrichment analysis and
KEGG pathway enrichment analysis, and it was found that the
downregulated genes were mainly in the pathways related to
inflammatory cell migration, extrinsic apoptotic signaling
pathway, and positive regulation of chemokines, which
indicated that the liver showed different degrees of decreases
in the recruitment of inflammatory cells, apoptosis, and
inflammatory response after SHED-Exo treatment, and to a
certain extent, it confirmed the HE staining observation that
the immune cell infiltration in the necrotic region of the liver
coincided. In addition, the upregulated DEGs were mainly in
the cell cycle and DNA replication-related pathways, which

was consistent with the Ki67 IHC staining results, and the
upregulated DEGs also contained drug metabolism and bile
secretion pathways (Figure SB—G), suggesting that the
regenerative ability of liver cells and liver function were indeed
affected after SHED-Exo treatment. It is not difficult to see that
liver function is severely impaired in ALI, and the liver bears a
huge load of simultaneously regenerating liver cells and
exercises liver function in the presence of an inflammatory
response, in which SHED-Exo treatment may act from
multiple angles to realize its therapeutic effects in multiple
pathways. One of the most popular perspectives is the
regulation of immune cells by SHED-Exo, and the top four
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Figure 6. SHED-Exo protects hepatocytes during injury. (A, B) Following TAA-induced damage, the cell count was evaluated after 24 h of culture
with SHED-Exo. (C, D) AML12 cell apoptosis of control, TAA+S pg/mL SHED-Exo, and TAA+10 pg/mL SHED-Exo groups was analyzed by
flow cytometric analysis. (E) TUNEL staining of the CCI4+PBS group and the CCl4+SHED-Exo group. (F) Effect of SHED-Exo treatment on
transitions in multiple phases of the cell cycle by GSEA analysis. (G) EdU staining to analyze the proliferation-promoting effect of SHED-Exo on
hepatocytes. (H) Expression of Cxcll, Cxcl2, IL-14, and TNF-a by gRT—PCR in CCl4+PBS and CCl4+SHED-Exo mice. (I, J) Western blotting
analysis of the expression of p6S, p-p6S, PCNA, IL-1f, and TNF-a. (K) ELISA detects concentrations of IL-1/ and Cxcll in the serum (n = 3; *p <

0.0S, **p < 0.01, ***p < 0.001, scale bars: 275, 100, 50 ym).

downregulated pathways enriched in the KEGG analysis results
were IL-17, MAPK, TNF, and NF-kappa B pathways, all of
which are closely related to immune responses (Figure SC).
Further exploration of these pathway-associated DEGs
revealed significant downregulation of IL-1b as well as Cxcll,
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Cxcl2, and CxclS in the chemokine family.*® Chemokines
make up a class of cytokine proteins that act as important
signaling molecules to regulate immune and inflammatory
responses, and the degree of chemokine upregulation is often
consistent with the phenotype of worsening liver injury. On
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analysis of the polarization state of RAW264.7 cells after LPS, IL-4, LPS+SHED-Exo, and IL-4+SHED-Exo induction. (D) Fluorescent staining of
RAW?264.7 after LPS and IL-4 stimulation with the iNOS antibody and CD206 antibody to identify the polarization ratio of macrophages. (E)
Quantification of the iINOS* and CD206" RAW264.7. (F) Fluorescent staining of CCl4+PBS, and CCl4+SHED-Exo group mice with the iNOS
antibody. (G) Fluorescent staining of normal, CCl4+PBS, and CCl4+SHED-Exo group mice with F4/80 (n = 3; *p < 0.0S, *¥p < 0.01, **¥p <
0.001, scale bars: 10, 50, 100 ym).

the differential gene volcano plot, it can be observed that be closely related to the regulation of macrophages.”” Taken
among the top 10 genes downregulated in the treatment group together, the above data suggest that SHED-Exo treatment
compared with the CCI4+PBS group was Cd14 in addition to indeed improves the liver regeneration in vivo by down-
Cxcll (Figure SD), suggesting that SHED-Exo treatment may regulating inflammatory response and immune cell recruitment
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and promotes cell regeneration within the liver, thus realizing
its therapeutic effect. The next step is to consider continuing to
investigate whether SHED-Exo can directly act on hepatocytes
to promote cell proliferation and liver tissue regeneration in
response to hepatocyte injury in vivo and in vitro and to clarify
whether it can affect macrophage recruitment and phenotypic
changes.

SHED-Exo Protects Hepatocytes during Injury, Re-
duces Their Apoptosis, and Promotes Proliferation
both In Vivo and In Vitro. Given the tendency of carbon
tetrachloride (CCl4) to precipitate from the culture medium,
even when cosolubilized with dimethyl sulfoxide, thioaceta-
mide (TAA) was chosen for in vitro experiments to establish a
more consistent and soluble model of hepatocyte injury. Due
to the interference caused by TAA reduction in assays such as
CCK-8, DAPI staining was initially employed to observe the
effect of SHED-Exo on the number of AML12 cells within a
single high-magnification field of view in the TAA-induced
injury model. After incubating AML12 cells with TAA and
different concentrations of SHED-Exo (5 and 10 pg/mL) for
24 h, their nuclei were stained with DAPI, and the number of
cells in high-magnification fields was then quantified using
fluorescence microscopy. Results showed a reduced cell count
in the SHED-Exo group compared to the noninjured group but
notably higher than the TAA-injured group (Figure 6A,B). To
investigate whether SHED-Exo directly mitigates hepatocyte
apoptosis induced by TAA in AML12 cells in vitro, Annexin
V—PI apoptosis flow cytometry was employed to assess the
apoptosis rate. Results indicated that following intervention
with varying concentrations of SHED-Exo the proportions of
early and late apoptotic cell populations were lower compared
to the control group (p < 0.05) (Figure 6C,D). While
exosomes exhibit the capability to diminish apoptosis in
hepatocytes, the efficacy of SHED-Exo in reducing apoptosis
did not demonstrate a notable discrepancy between high and
low concentrations. In summary, this suggests that SHED-Exo
can directly mitigate hepatocyte apoptosis in acute injury
settings. TUNEL fluorescence staining corroborated the
pronounced hepatocyte apoptosis triggered by CCl4, while
the administration of SHED-Exo notably diminished the
number of apoptotic hepatocytes surrounding the central
vein (Figure 6E). The TUNEL assay demonstrated the
hepatocyte apoptosis-reducing effects of SHED-Exo in vivo.

According to the RNA-seq findings, SHED-Exo not only
modulates apoptosis but also facilitates DNA damage repair.
Furthermore, GSEA analysis revealed that SHED-Exo treat-
ment during in vivo experiments influences various stages of
the cell cycle, encompassing transitions such as the S-phase,
G1/S-phase, and M/Gl-phase. Subsequent in vitro inves-
tigations involving EdU staining analysis aimed to elucidate its
impact on hepatocyte proliferation by examining the cell cycle
(Figure 6F). EdU, a thymine nucleoside analogue, was utilized
to quantify cells undergoing DNA replication, indicative of the
S-phase. The EdU staining results demonstrated a notably
elevated proportion of EdU-positive cells following treatment
with different concentrations of SHED-Exo compared to the
control group (p < 0.05) (Figure 6G). Interestingly, there was
no discernible variance in the efficacy of SHED-Exo across
different concentration interventions. These findings confirm
the ability of SHED-Exo treatment to expedite cell-cycle
progression and foster hepatocyte proliferation to a certain
extent.

All conducted experiments collectively indicate the positive
impact of SHED-Exo intervention on reducing hepatocyte
apoptosis and enhancing hepatocyte proliferation, both in vivo
and in vitro. Western blotting analysis showed a significant
upregulation of PCNA expression in the treated group,
providing additional confirmation that SHED-Exo can
influence various stages of the cell cycle (Figure 6L]).
Collectively, these findings suggest that SHED-Exo may
expedite liver injury repair following ALI by safeguarding
hepatocytes from apoptosis and stimulating hepatocyte cycle
activity.

In the prognosis of ALI, the production of inflammatory
factors and the infiltration of inflammatory cells play crucial
roles. Analysis of liver tissue mRNA levels revealed a significant
reduction in TNF-q, IL-1f, Cxcll, and Cxcl2 in the SHED-Exo
treatment group compared to the CCl4 group (Figure 6H).
ELISA assays further demonstrated that CCl4 treatment
notably increased serum levels of inflammatory factors and
chemokines, including IL-1§ and Cxcll (Figure 6K).
Conversely, SHED-Exo mitigated the elevation of these
inflammatory cytokines in both serum and liver tissues in
CCl4-induced ALI. This suggests that SHED-Exo may
suppress systemic and hepatic inflammation in CCl4-induced
ALI mice. Western blotting revealed a significant reduction in
IL-1/3 expression in the treated tissues (Figure 6L]).

SHED-Exo Ameliorates Inflammatory Response by
Remodeling Macrophage Phenotype. Macrophages play a
pivotal role in the initiation, perpetuation, and resolution of
tissue damage, with macrophage polarization closely linked to
the progression of liver disease.”®"” Based on the observations
presented above, we investigated the regulatory effects of
SHED-Exo on macrophages. Additionally, we aimed to
determine whether macrophages can internalize SHED-Exo.
In vitro, we utilized mouse-derived macrophages RAW264.7
and incubated them with DiD prelabeled exosomes for 24 h.
Confocal microscopy images demonstrate that SHED-Exo can
be internalized by RAW264.7 cells (Figure 7A). Flow
cytometry results further indicate that nearly all RAW264.7
cells possess the capability of internalizing SHED-Exo (Figure
7B).

To assess the impact of SHED-Exo on macrophages, we
employed lipopolysaccharide (LPS) to induce M1 polarization
and interleukin-4 (IL-4) to induce M2 polarization in
RAW264.7 cells.*"*° Subsequently, we examined the ex-
pression of M1 (CD86) and M2 (CD206) macrophage
polarization markers in the presence or absence of SHED-Exo
(10 pg/mL). Flow cytometry analysis revealed a statistically
significant reduction in the population of F4/80"CD86" cells
in the SHED-Exo group compared to the control group, while
F4/80"CD206" cells were significantly elevated in the SHED-
Exo group (Figure 7C). Additionally, the macrophage
polarization ratio was determined by using cellular immuno-
fluorescence, wherein RAW264.7 cells stimulated with LPS
and IL-4 were stained with the iNOS antibody (M1) and
CD206, respectively. Immunofluorescence staining indicated a
marked decrease in M1 macrophages following SHED-Exo
treatment compared to the control group,”’ along with an
increase in M2 macrophages (Figure 7D,E). In summary,
SHED-Exo demonstrated the ability to attenuate macrophage
polarization toward the M1 phenotype while promoting
polarization toward the M2 phenotype. Furthermore, immuno-
fluorescence staining targeting iNOS (M1 marker) indicated
enhanced infiltration of iNOS-positive cells in the CCI4+PBS
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Figure 8. Characterization of GeIMA@SHED-Exo. (A) Schematic and fluorescence microscopy images of GelIMA@SHED-Exo (the figure was
generated with BioRender). (B) GelMA@SHED-Exo gelation performance. (C) Live/dead cell staining. (D, E) Microscopic morphology and
adhesion properties. (F) Hemolysis test results. (G) Release curve of GeIMA@SHED-Exo. (H) In vivo degradation imaged by live imaging. (I) In

vivo safety assessment of GeIMA@SHED-Exo (scale bars: 500, 275, 250, 100, 20 ym).

group, with fewer observed in the SHED-Exo group (Figure
7F). Collectively, these data suggest that SHED-Exo
administration facilitates macrophage remodeling and exerts
an anti-inflammatory effect in the liver of ALI mice, thereby
transforming the proinflammatory M1 microenvironment of
ALI into an M2 anti-inflammatory milieu conducive to tissue
regeneration. Based on these findings, further exploration of
the mechanisms underlying inflammation inhibition was
conducted with a focus on the NF-kB signaling pathway, a
key regulator of inflammation during liver injury. Interestingly,
the liver tissue of mice in the CCl4 group showed a substantial
accumulation of F4/80 macrophages, whereas macrophage
infiltration in the SHED-Exo administration group was
significantly reduced (Figure 7G).

Characterization of GelMA@SHED-Exo. The GelMA@
SHED-Exo hydrogel is solidified through rapid UV-induced
cross-linking in the presence of the photoinitiator LAP.
Fluorescence microscopy revealed the uniform distribution of
DiD-labeled SHED-Exo within GelMA (Figure 8A). Both
GelMA and GelMA@SHED-Exo exist as liquid solutions
before UV exposure, forming hydrogels within 10 s under UV
light (Figure 8B), indicating that the encapsulation of SHED-
Exo does not impair the gelation process. After seeding
digested AMLI12 cells onto hydrogels, cells adhered to the
surface within 1 day. Live/dead staining on day 2 confirmed
high cell viability, with no PI-positive dead cells observed in
either group (Figure 8C). Adhesion tests on ex vivo organs
demonstrate that GelMA@SHED-Exo exhibits strong adhe-
sion, enabling effective SHED-Exo delivery (Figure 8D).
Scanning electron microscopy reveals that GelMA has a

uniformly distributed, porous structure with an average pore
size of 100 + 20 um (Figure 8E). We derived conclusions
consistent with prior research,”” indicating that the micro-
structure of GelMA@SHED-Exo remains largely unchanged.
This suggests that SHED-Exo exerts no significant influence on
the porosity of GelMA. Hemolysis assays indicate that
GelMA@SHED-Exo does not induce hemolysis (Figure 8F).
Ex vivo analysis indicated a stable release of SHED-Exo over 2
weeks (Figure 8G). Even 28 days post subcutaneous
implantation, SHED-Exo within GeIMA@SHED-Exo retained
detectable fluorescence, demonstrating prolonged retention
and sustained release (Figure 8H). Histological analysis post
implantation showed no significant pathological changes in
major organs, confirming the in vivo safety of GelMA@SHED-
Exo (Figure 8I).

Controlled Release of SHED-Exo for Liver Fibrosis
Treatment. To evaluate the therapeutic effects of GelMA@
SHED-Exo on liver fibrosis, a BDL mouse model was
established with four groups: Sham, BDL, BDL+GelMA, and
BDL+GelMA@SHED-Exo (Figures 9A,B,D). Over 2 weeks,
survival rates were recorded, and samples were collected on
day 14. Mice treated with GelMA@SHED-Exo exhibited
significantly improved survival (Figures 9C). Histological
analysis using HE staining revealed that in the Sham group,
liver lobules had clear structures with no fibrosis, while in the
BDL group, marked peribiliary fibrosis and nodular changes
were observed, progressing toward bridging fibrosis. The
GelMA group showed no significant improvement, mirroring
that of the BDL group. However, in the GelMA@SHED-Exo
group, fibrosis was notably reduced, with only minimal nodular
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Figure 9. Controlled release of SHED-Exo for liver fibrosis treatment. (A, B) Treatment process schematic (the figure was generated with
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changes (Figure 9F), indicating effective mitigation of BDL-
induced fibrosis. Sirius Red staining, which specifically
highlights collagen deposition, demonstrated extensive colla-
gen fiber accumulation around the portal vein in the BDL and
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GelMA groups with significant peribiliary fibrosis. In contrast,
GelMA@SHED-Exo treatment significantly reduced collagen
deposition and prevented bridging fibrosis (Figure 9F).
Subsequent fibrosis staging confirmed these findings, with
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the GeIMA@SHED-Exo group displaying intermediate fibrosis
levels between the Sham and BDL groups (Figure 9E). Further
analysis of @-SMA, a marker of hepatic stellate cell (HSC)
activation and fibrosis, showed a substantial decrease in the
GelMA@SHED-Exo group, indicating reduced HSC activation
and collagen production, thereby ameliorating fibrosis (Figure
9G).

B CONCLUSIONS

Exosomes extracted from three distinct MSC sources under-
went sSRNA sequencing to construct miRNA profiles. The
analysis revealed that exosomes from the same MSC source
exhibited less interindividual variability compared to those
from different tissue origins, with each tissue type showing
distinct miRNA enrichment patterns. Additionally, miRNAs
enriched in exosomes that regulate macrophage polarization
and inflammation were identified. Previous studies have
demonstrated that exosome miRNA levels increase propor-
tionally with cell proliferation, allowing for noninvasive,
straightforward assessments of cell differentiation via miRNA
ratio detection. Thus, these secretome profiles not only
provide insights into exosome biology but also offer a potential
method for monitoring the cell preparation purity. Given that
batch-to-batch variability in exosomes poses a significant
challenge for quality control during clinical translation, miRNA
profiling presents a viable solution. However, higher-
throughput miRNA profiling and further exploration of
exosome-mediated regulatory functions in disease models are
necessary to establish precise quality control standards.

This study specifically examined the therapeutic potential of
SHED-Exo on ALI and its effects on hepatocytes and
macrophages. SHED-Exo promoted hepatocyte proliferation
and migration, highlighting its potential in liver regeneration
and broadening its clinical application while avoiding the
tumorigenic risks associated with direct stem cell use. SHED-
Exo also modulated macrophage phenotypes, likely linked to
miRNAs such as miR-126—5p, miR-142—Sp, and let-7b-Sp
identified in earlier research. Despite these promising findings,
several limitations persist. Future research should prioritize the
identification of key miRNAs or proteins conveyed by SHED-
Exos, especially those implicated in liver injury repair, to
discover potential biomarkers. Further exploration is required
to elucidate the broader mechanisms of SHED-Exo action in
ALI, with a particular focus on interactions with non-
parenchymal liver cells. Additionally, given the variability
inherent in exosome-based therapies, subsequent studies
should aim to establish quality control standards for exosomes
by identifying specific biomarkers, thereby ensuring the
consistency and reliability of therapeutic outcomes.

Furthermore, a novel injectable GelMA hydrogel loaded
with SHED-Exo was developed that exhibits strong adhesion
properties suitable for in vivo applications. This hydrogel
enabled the sustained release of exosomes, preserving SHED-
Exo bioactivity with minimal impact on the properties of
GelMA. In vitro, exosomes were released over 14 days, and in
vivo retention extended to 28 days. When applied to BDL-
induced liver fibrosis, the hydrogel exhibited enhanced
therapeutic efficacy without eliciting an immune response.
HE staining confirmed the biosafety of GelMA@SHED-Exo.
These findings underscore the potential of SHED-Exo-
functionalized biomaterials in fibrosis therapy, though
limitations remain, such as the need for models representing
diverse chronic liver diseases and the elucidation of molecular
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mechanisms underlying SHED-Exo’s antifibrotic effects.
Drawing from the findings of this study, subsequent research
endeavors will concentrate on standardizing the preparation
process for exosome-loaded hydrogels to develop a highly
consistent production system. Additionally, the influence of
diverse hydrogel materials and carrier systems on therapeutic
outcomes will be assessed, with a specific focus on optimizing
cross-linking techniques and delivery strategies. Multicenter,
multiphase preclinical trials should be undertaken to validate
safety and efficacy, as well as to evaluate the therapeutic
consistency of exosome-loaded hydrogels across various
production batches. These initiatives are intended to bridge
the gap between the experimental results and clinical
application.
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SHED, human-derived exfoliated deciduous mesenchymal
stem cells
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MSCs, mesenchymal stem cells
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