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Mechanical force requlates the paracrine i
functions of ADSCs to assist skin expansion
in rats
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Abstract

Background In the repair of massive tissue defects using expanded large skin flaps, the incidence of complications
increases with the size of the expanded area. Currently, stem cell therapy has limitations to solve this problem. We
hypothesized that conditioned medium of adipose-derived stem cells (ADSC-CM) collected following mechanical
pretreatment can assist skin expansion.

Methods Rat aortic endothelial cells and fibroblasts were cultured with ADSC-CM collected under 0%, 10%, 12%,
and 15% stretching force. Ten-milliliter cylindrical soft tissue expanders were subcutaneously implanted into the backs
of 36 Sprague-Dawley rats. The 0% and 10% stretch groups were injected with ADSC-CM collected under 0% and

10% stretching force, respectively, while the control group was not injected. After 3, 7, 14, and 30 days of expansion,
expanded skin tissue was harvested for staining and gPCR analyses.

Results Endothelial cells had the best lumen formation and highest migration rate, and fibroblasts secreted the most
collagen upon culture with ADSC-CM collected under 10% stretching force. The skin expansion rate was significantly
increased in the 10% stretch group. After 7 days of expansion, the number of blood vessels in the expanded area,
expression of the angiogenesis-associated proteins vascular endothelial growth factor, basic fibroblast growth factor,
and hepatocyte growth factor, and collagen deposition were significantly increased in the 10% stretch group.

Conclusions The optimal mechanical force upregulates specific paracrine proteins in ADSCs to increase
angiogenesis and collagen secretion, and thereby promote skin regeneration and expansion. This study provides a
new auxiliary method to expand large skin flaps.

Keywords Mechanical force, ADSC paracrine, Skin expansion, Angiogenesis, Collagen secretion

*Ye Li and Yunjun Liao contributed equally to this work.

*Correspondence:

Ye Li

liyefimmu@outlook.com

Yunjun Liao

Yunjun1000@sina.com

'Department of Plastic and Cosmetic Surgery, Nanfang Hospital,
Southern Medical University, 1838 Guangzhou North Road,
Guangzhou 510515, Guangdong, P. R. China

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://orcid.org/0000-0002-0255-3915
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-024-03822-0&domain=pdf&date_stamp=2024-8-8

Xue et al. Stem Cell Research & Therapy (2024) 15:250

Background

Massive soft tissue defects caused by excision surgery,
trauma, burns, and chronic ulcers seriously increase
morbidity and mortality, which remains one of the most
challenging problems in plastic surgery [1]. Unfortu-
nately, traditional skin flap transplantation has drawbacks
including additional damage of the donor site and func-
tional and aesthetic deficiencies.

Tissue expansion can eliminate donor site complica-
tions related to long-distance tissue transplantation,
and expanded skin tissue has a similar quality as skin in
the defective area. Therefore, this technique has been
widely used for breast reconstruction, genitourinary sys-
tem reconstruction, and treatment of giant congenital
naevi and other diseases [2]. Nevertheless, as the size of
the expanded area increases, the blood supply becomes
insufficient and the necrosis rate gradually increases [3].
In addition, some therapeutic factors, such as postopera-
tive radiotherapy for breast cancer, [4] greatly increase
the incidence of complications. Mesenchymal stem cells
(MSCs) are a promising treatment option due to their
unique tissue regenerative capacity. Compared with
other types of MSCs, adipose-derived stem cells (ADSCs)
have received much attention due to their abundance and
simple isolation procedure. However, although stem cells
are promising for tissue repair, their use is hindered by
problems such as immune rejection and tumorigenicity
[5]. In addition, the migration ability, survival rate, and
differentiation ability of MSCs decrease after transplanta-
tion, which limits their therapeutic potential [6]. There-
fore, the development of novel therapies that are safe
and effective for expansion of large skin flaps has been
intensely pursued.

An increasing body of evidence demonstrates that
paracrine function is central to the effects of MSC-based
therapy [7]. MSCs can release a variety of functional mol-
ecules such as growth factors, inflammatory cytokines,
chemokines, and extracellular matrix components. Some
studies have shown that conditioned medium of ADSCs
(ADSC-CM) has the potential to promote tissue regen-
eration [8, 9]. However, the composition of the stem cell
secretome is affected by numerous factors, including the
tissue source, microenvironment, biological behaviors,
and physical and chemical stimulation, which hampers
its application in regenerative medicine [10]. It may be
possible to customize the secretome and develop a cell-
free therapy by modulating these factors [11].

Many studies have shown that MSCs can be pretreated
with hypoxia, genetic engineering, and physical and
chemical stimulation to amplify or inhibit specific bio-
molecules and thereby achieve the desired therapeutic
effect [12, 13]. Among the numerous pretreatment meth-
ods, mechanical force has the advantages of simple appli-
cation, quantitative comparability, and no by-products.
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MSCs are sensitive to mechanical induction [14].
Mechanical stimulation can induce ADSCs to secrete
growth factors, such as vascular endothelial growth fac-
tor (VEGF) and basic fibroblast growth factor (bFGF),
which promote angiogenesis [15, 16]. Previous study
found that mechanical forces regulate the migration, dif-
ferentiation, and paracrine functions of ADSCs to vary-
ing degrees [17]. Thus, we hypothesized that application
of a specific amount of mechanical force can modulate
the paracrine functions of ADSCs to promote skin regen-
eration. Green nanomaterial is a new field that makes use
of sustainable processes and non-toxic ingredients, mak-
ing it an ideal choice for medical applications [18]. Many
studies have shown that nanomaterials can bind to extra-
cellular vesicles obtained by cell paracrine and show great
potential in tumor therapy [19]. In addition, the develop-
ment of nano-scaffolds highlights their great potential in
plastic and reconstructive surgery. Therefore, we expect
that the combination of mechanically treated ADSC-CM
and nanomaterials will make a breakthrough in repairing
massive soft tissue defects in the future.

We hypothesized that ADSC-CM collected under spe-
cific mechanical forces can promote skin regeneration by
facilitating angiogenesis and collagen secretion. To inves-
tigate this, we applied different degrees of mechanical
force to ADSCs and explored the relationship between
the magnitude of mechanical force and the paracrine
functions of ADSCs. A rat skin expansion model was
used in which ADSC-CM was subcutaneously injected
into the expanded area to explore the role of ADSC-CM
in skin expansion and the underlying mechanism (Fig. 1).

Materials and methods

Animals

This study was approved by the Nanfang Hospital Animal
Ethics Committee and was conducted according to the
guidelines of the National Health and Medical Research
Council of China. All animals were purchased from
Nanfang Hospital Animal Center (Guangzhou, China),
without specific pathogens, and were excluded from
abnormal or dying animals in the acclimatization period
before the experiment. All surgical procedures were per-
formed according to the aseptic principle. The work has
been reported in line with the ARRIVE guidelines 2.0.

Cellisolation and culture

ADSCs were isolated as previously described [20]. After
shaving, two male Sprague-Dawley (SD) rats (6-weeks-
old, n=2) were sacrificed and subcutaneous fat was har-
vested. Approximately 4 g of fat was acquired from each
rat and stored in a sterile 50 mL centrifuge tube. Subse-
quently, red blood cells were removed by washing three
times with phosphate-buffered saline (PBS, pH 7.4). The
isolated fat was cut into small pieces and then digested
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Fig. 1 Schematic presentation of the experimental procedure

with 0.2% type I collagenase (Solarbio Technology Co.,
Ltd, Beijing, China) for 60 min at 37 °C with continuous
stirring. After digestion, the adipose cell suspension was
centrifuged at 800 g for 5 min, and then the cell pellet
was resuspended in PBS and filtered through a 100 pm
mesh cell strainer. After further centrifugation at 800 g
for 5 min, the cell pellet was resuspended in complete
growth medium, which comprised Dulbecco’s modi-
fied Eagle’s medium: Nutrient Mixture F-12 (DMEM/
F12; Gibco, Carlsbad Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% peni-
cillin-streptomycin (Gibco). The cell suspension was then
placed in 100 mm culture dishes and incubated at 37 °C
with 5% CO,. The medium was changed every 3 days and
cells were passaged when they reached 90% confluency.
ADSCs were used at passage 2-5.

Rat aortic endothelial cells and dermal fibroblasts (Pro-
cell Life Science & Technology Co., Ltd, Wuhan, China)
were cultured in Dulbecco’s modified Eagle medium-low
glucose (Gibco) containing 10% FBS and 1% penicillin-
streptomycin (Gibco). Cells were maintained at 37 °C in a
humidified atmosphere of 5% CO, and 95% air.

Cell stretching and conditioned medium collection

ADSCs were seeded in a silicone rubber membrane
coated with type I collagen (Col I) at a density of 1x10*
cells/cm? in DMEM/F12 supplemented with 10% EBS.
After continuous culture for 24 h, the medium was
removed and 2 mL of fresh DMEM/F12 was added
to starve cells. After cell starvation, all samples were
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exposed to static stretch for 6 h using a FX-4000T™ Flex-
cell®° Tension Plus™ unit (Flexcell International Corpora-
tion, Burlington, NC, USA), [21] and the conditioned
medium was collected. Before the mechanical stretch
experiment, the stretching range, frequency, time, and
load model were set using the software, and the equip-
ment automatically calculated the required vertical dis-
placement of the rubber membrane, which ensured that
cell length was elongated a certain amount in the circum-
ferential direction. We reviewed various cell stretching
experiments and found that when the cell elongation rate
was between 10% and 15%, the cells maintained a physi-
ological stretching state and avoided apoptosis. Addi-
tionally, this range of elongation induced corresponding
changes in paracrine, promoting different cellular func-
tions. Based on these findings, four groups (0% stretch,
10% stretch, 12% stretch, and 15% stretch) were included
[22-25].

Cell viability assay

The Cell Counting Kit-8 (CCK-8; Shanghai, Biosharp,
China) was used to evaluate the effects of ADSC-CM
collected under different mechanical forces on endothe-
lial cell proliferation. Serum-free DMEM or ADSC-CM
collected under 0%, 10%, 12%, or 15% stretching force
was added into the culture medium, and the cells were
incubated for 0, 24, 48 h. After incubation, PBS was used
to wash cells for 3 times, and CCK-8 solution (10 pL;
1:10 diluted) was added into the fresh culture medium
at 37 °C for 2 h. Finally, the optical absorbance for each
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sample was measured at 450 nm using an ELISA reader
(Thermo Fisher, Massachusetts, USA).

Migration assay

The scratch wound assay was performed to evaluate the
effect of ADSC-CM collected under different mechani-
cal forces on endothelial cell migration. Rat aortic endo-
thelial cells were seeded in a 6-well plate at a density of
3x10° cells/well. After the cells had reached 90% con-
fluency, a sterile 200 pL pipette tip was used to scratch
them vertically. Each scratch was required to be straight
and the same in each well. The cells were then washed
twice with PBS, and serum-free DMEM or ADSC-CM
collected under 0%, 10%, 12%, or 15% stretching force
was added. Images were acquired 0, 12, and 24 h after
scratching.

Tube formation assay

To evaluate angiogenesis induced by ADSC-CM, rat
aortic endothelial cells were seeded into a 96-well plate
coated with Matrigel (BD Biosciences, CA, USA) at a
density of 3x10* cells/well. Matrigel was dissolved over-
night at 4°C and placed in each well on ice in advance.
ADSC-CM collected under 0%, 10%, 12%, or 15% stretch-
ing force or serum-free DMEM was added to each well,
and then the cells were cultured for 30 min at 37 °C. The
polygonal structures of endothelial cells were observed
using an optical microscope 6 h after cell seeding. The
tube formation ability was evaluated by calculating the
total tube length and total number of nodes.

Collagen secretion assay

To evaluate secretion of collagen induced by ADSC-CM,
rat dermal fibroblasts were seeded in a 6-well plate at a
density of 5x10° cells/well. After the cells had reached
90% confluency, the medium was replaced by serum-free
DMEM or ADSC-CM collected under 0%, 10%, 12%, or
15% stretching force, and the culture was continued for
24 h. Collagen secretion by fibroblasts was measured by
quantitative real-time PCR.

Skin expansion model

Thirty-six SD rats (6-week-old, male, 250-300 g) were
used for in vivo experiments. For sample size calcula-
tion, we calculated that the sample size of 3 achieves
90.6% power in 1 weeks and the sample size of 3 achieves
95.2% power with a significance level (a) of 0.05 using
a two-sided paired t-test in 30 days according to our
pre-experimental results. Three samples per time point
were selected in 3, 7, 14, and 30 days. Rats were main-
tained by routine breeding in the Laboratory Animal
Center at Southern Medical University and maintained
on a standard chow diet ad libitum in a 12-h light/dark
cycle. Three rats were housed per cage. All experimental

Page 4 of 12

procedures were approved by the Institutional Animal
Care and Use Committee, and were in accordance with
their recommendations. Rats were anesthetized with
2% isoflurane, and 10 mL silicon expanders (Guangzhou
Wanhe Plastic Material, Guangzhou, China) were subcu-
taneously implanted on the dorsal side. Thereafter, 15 mL
of 0.9% saline was injected through the port of the tissue
expander to maintain the same expansion tension in all
groups. Rats were allocated randomly to the 10% stretch
group (N=12), 0% stretch group (N=12), and control
group (N=12) by random number table. In the 0% and
10% stretch groups, ADSC-CM collected under 0% and
10% stretching force, respectively, was subcutaneously
injected into the expanded area as soon as the expander
was implanted. In the control group, the expander was
implanted but no injection was performed. In each group,
rats were randomly assigned to four time points, namely,
3,7, 14, and 30 days (N=3 per time point). At each time
point, full thickness skin specimens were collected from
the expanded area to observe the effect of mechanically
preconditioned ADSC-CM on skin regeneration. After
the samples were collected, the rats were immediately
euthanized by inhaling excessive isoflurane and cervical
dislocation, and the respiratory rate and heart rate were
monitored.

Histological examination

Skin specimens were fixed in 4% paraformaldehyde over-
night at low temperature. Subsequently, samples were
washed using precooled PBS, dehydrated with differ-
ent concentrations of ethyl alcohol, embedded in paraf-
fin, and cut into 4 pm thick sections for hematoxylin and
eosin (H&E) staining. A microscope (Olympus Corp.,
Tokyo, Japan) was used to obtain photomicrographs
(magnification, x5). Five H&E-stained regions per group
were randomly selected by author in a single-blinded
fashion to measure the full thickness of skin using Image]
software (NIH, Bethesda, MD, USA).

Immunofluorescence and immunohistochemistry

For immunofluorescence assays, after dewaxing, antigen
retrieval, dehydration, and blocking, paraffin sections
were incubated with an anti-rat CD31 primary antibody
(diluted 1:100; Abcam, Cambridge, England) at 4 °C over-
night to investigate the level of newly formed vessels.
Then, the secondary antibody was applied and sections
were incubated for 1 h in the dark. Finally, nuclei were
counterstained with DAPI for 15 min. Stained cells were
photographed using a fluorescence microscope. To assess
angiogenesis, the central and side regions of each sample
were compared. To quantitate angiogenesis, the numbers
of new capillaries (CD31-positive) in central regions per
sample were counted by author in a single-blinded fash-
ion in 100x magnification field.
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For immunohistochemistry assays, the paraffin sections
were dewaxed, dehydrated, and incubated overnight at
4 °C with anti-Col I (diluted 1:100, Abcam) and anti-type
III collagen (Col III; diluted 1:100, Abcam) primary anti-
bodies. After washing, the secondary antibody (diluted
1:100; Thermo Fisher, Massachusetts, USA) was added,
and sections were incubated for 1 h at room temperature.
Stained cells were developed with diaminobenzidine and
counterstained with hematoxylin. To quantitate colla-
gen deposition, the author calculated the average opti-
cal density in five fields per sample in a single blind way
in 100x magnification field using Image] software (NIH,
Bethesda, MD, USA).

Quantitative real-time PCR

The total RNA was extracted from the skin samples and
fibroblasts with TRIzol® Reagent (Invitrogen, Carlsbad,
CA, USA). cDNA was synthesized using EasyScript®
First-Strand cDNA Synthesis SuperMix (TransGen Bio-
tech, Beijing, China) according to the manufacturer’s
instructions. Quantitative real-time PCR was performed
using the PRISM® 7500 Sequence Detection System (ABI,
Massachusetts, USA) and FastStart Universal SYBR
Green Master Mix (Vazyme Biotech Co., Ltd., Nanjing,
China).

Fibroblast samples were tested for type I collagen (Col
I), and type III collagen (Col III), and the skin samples
were tested for the following genes: VEGF, bFGF, hepa-
tocyte growth factor (HGF) and platelet-derived growth
factor (PDGF). Relative expression normalized to expres-
sion of B-actin (endogenous loading control) was cal-
culated using the 2724¢" method. The primer—probe
sequences were as follows: B-actin (150 bp), forward 5’-A
GGGAAATCGTGCGTGACAT-3’ and reverse 5'-GAAC
CGCTCATTGCCGATAG-3'; Col I (200 bp), forward 5'-
CCTGACGGTGCTATTTAACA-3' and reverse 5'-GGA
AAATGGTGCTCTGAAAC-3’; Col III (170 bp), forward
5'-CCTGAAGATGTCCTTGATGTAC-3' and reverse
5- GCCTTGAATTCTCCCTCATT-3’; VEGF (232 bp),
forward 5'-AGATTCTGCAAGAGCACC-3’ and reverse
5-AAGGTCCTCCTGAGCTAT-3’; HGF (160 bp), for-
ward 5-AAACAAGGTCTGGACTCACATG-3’ and
reverse 5- CCAAGGAACGAGAGGATTCC-3'; bFGF
(170 bp), forward 5'-AAGGATCCCAAGCGGCTCTA-3’
and reverse 5'-TCGCACACACTCCCTTGATG-3’; and
PDGEF (190 bp), forward 5'-ACTCCATCCGCTCCTTTG
A-3" and reverse 5'-GTCTTGCACTCGGCGATTAC-3'.

Statistical analysis

Statistical analyses were performed using SPSS version
25.0 (IBM, Inc., Armonk, NY, USA) with a one-way anal-
ysis of variance. Two groups were compared using the
least significant difference method or Mann-Whitney
U-test. p<0.05 was considered statistically significant.
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Results

ADSC-CM collected under mechanical force promotes
migration and angiogenic tube formation of rat aortic
endothelial cells

To study the effect of ADSC-CM on angiogenesis and
determine the most suitable mechanical pretreatment,
we investigated the effects of ADSC-CM collected under
different stretching forces on rat aortic endothelial cells.
Cells were cultured in ADSC-CM or serum-free DMEM,
and the effects of ADSC-CM on proliferation, migra-
tion and angiogenic tube formation of these cells were
compared. The scratch wound assay demonstrated that
migration of these cells was most promoted in the 10%
stretch group (8.05+2.20, n=3, p<0.0001; 15.55+0.70,
n=3, p<0.0001) (Fig. 2a b) (Additional file 1). The
results of the CCK8 experiment showed that the absor-
bance changes in each stretching group were not sig-
nificantly different from those in the control group.
(0.953+0.112,n=3, p>0.05; 0.968%0.121, n=3, p>0.05;
0.989+0.147, n=3, p>0.05; 0.853%£0.073, n=3, p>0.05;0
.920+0.074, n=3, p>0.05) (Fig. 2c) After cells began to
form capillaries, calculation of the length of tubes and
number of nodes showed that lumen formation at 6 h was
best in the 10% stretch group (1554.00+79.6806, n=3,
p<0.01;47504.33+1742.71, n=3, p<0.0001) (Fig. 2d, e, f)
(Additional file 2).

ADSC-CM collected under mechanical force promotes
collagen secretion by rat fibroblasts

To study the effect of ADSC-CM on collagen secretion,
we observed the effect of ADSC-CM collected under dif-
ferent stretching forces on rat fibroblasts. Fibroblasts in
the 10% stretch group secreted more Col I and Col III
(3.19£0.64, n=3, p<0.0001; 4.79£0.21, n=3, p<0.0001)
(Fig. 2g).

ADSC-CM collected under mechanical force improves skin
expansion

Based on the results of the in vitro experiments, ADSC-
CM collected under 0% and 10% stretching force was
applied to the expanded area in rats. Gross observation
of the expanded tissue is shown in Fig. 3a. In each group,
images of the expanded skin at different time points were
superimposed and the expansion rate on day 30 was cal-
culated (58.65+1.44, n=3, p<0.001) (Fig. 3b, c¢) (Addi-
tional file 3). The expansion rate was significantly higher
in the 10% stretch group than in the other groups, but did
not significantly differ between the 0% stretch and con-
trol groups.

ADSC-CM collected under mechanical force improves
vascularization of expanded skin

We performed immunofluorescence staining for CD31
to determine the blood vessel density of central regions.
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Fig. 2 Effects of ADSC-CM collected under different mechanical forces on rat aortic endothelial cells and fibroblasts. a Migration of rat aortic endothelial
cells at 12 and 24 hin the scratch wound assay. Scale bar, 200 um. b Quantitative analysis of the scratch wound assay. cCell proliferation ability of rat aortic
endothelial cells at 24, 48 h in the CCK8 viability assay.d Tube formation ability of rat aortic endothelial cells at 6 h in the tube formation assay. Scale bar,
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The number of blood vessels was significantly higher in
the 10% stretch group than in the other groups at 3 and 7
days, but did not significantly differ among the groups at
14 days (69.50%£3.27, n=3, p<0.0001; 68.17+4.12, n=3,
p<0.0001; 38.17+4.49, n=3, p<0.05; 37.50+4.18, n=3,
p<0.05) (Fig. 4).

ADSC-CM collected under mechanical force increases
expression of angiogenesis-associated proteins

To elucidate the mechanism by which ADSC-CM col-
lected under 10% stretching force improves vascular-
ization of expanded skin, we investigated expression of
selected proteins in expanded skin by qPCR. Expression
of VEGEF, HGEF, and bFGF was significantly higher in the
10% stretch group than in the other groups. (8.16+1.40,
n=3, p<0.0001; 3.28+0.03, n=3, p<0.0001; 2.34£0.20,
n=3,p<0.01; 1.55+0.22, n=3, p>0.05) (Fig. 5).

ADSC-CM collected under mechanical force increases
collagen deposition in expanded skin

To evaluate the amount of collagen in expanded skin,
immunohistochemical and histological analyses were
performed at each time point. On day 30, the levels
of Col I and Col III were increased in the 10% stretch

group, but did not significantly differ between the 0%
stretch and control groups. (44.5410.51, n=3, p<0.0001;
33.33+£2.06, n=3, p<0.0001) (Fig. 6) Skin thickness
did not significantly differ among the three groups.
(2.18+0.39, n=3, p>0.05) (Additional file 4).

Discussion

In this study, we confirmed that mechanical force can
regulate the paracrine functions of ADSCs, determined
the best mechanical condition to optimize the secretome
of ADSCs in order to promote angiogenesis and colla-
gen deposition, and applied ADSC-CM to an expanded
area in order to promote skin regeneration (Fig. 7). Our
results strongly advocate the application of ADSC-CM
collected following mechanical pretreatment for skin
expansion because it increases angiogenesis and the
collagen content in newly formed skin, does not cause
excessive thickening of skin flaps, and thus provides bet-
ter conditions for expansion of ultra-thin large skin flaps
to repair massive soft tissue defects.

Tissue expansion plays an important role in reconstruc-
tion of massive skin defects [26]. Application of a tissue
expander to exert mechanical force regulates the behav-
ior and function of cells, and thereby promotes tissue
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regeneration [27]. However, the expansion process takes
a long time when simple mechanical stretching is used
to stimulate cell proliferation and tissue regeneration. In
addition, excessive pressure may cause tissue necrosis
due to insufficient blood supply. Therefore, some studies
have used MSCs [28] or acellular agents, such as cell-free
fat extract, [29] to assist tissue regeneration. However,
immune rejection of stem cells and quality control of
cell-free liquids hinder their clinical application. Several
studies have confirmed that mechanical stimulation is
a simple and effective intervention that can control the
functions of cells according to its magnitude [14, 30, 31].
Previous studies showed that the paracrine functions of
ADSCs can be regulated by changing the mechanical
environment to promote wound repair [32]. In the cur-
rent study, we demonstrated that the paracrine functions
of ADSCs can be regulated by adjusting the degree of
mechanical force, the secretome can be altered to achieve
the desired therapeutic effect, and a higher skin expan-
sion rate can be achieved using ADSC-CM collected
under the most suitable mechanical force. To explore the

reasons for the increase in the skin expansion rate, we
focused on the level of vascularization, which plays an
indispensable role in skin regeneration.

Angiogenesis is key to tissue expansion. Tissue necrosis
usually occurs when the speed of neovascularization is
insufficient for tissue expansion [33]. Therefore, a strat-
egy is needed to promote angiogenesis for tissue expan-
sion. Conditioned medium of MSCs exposed to a suitable
level of mechanical force has better angiogenic activ-
ity. Nasser et al. demonstrated that secretion of VEGF
depends on the stiffness of the matrix and is maximal
when MSCs are seeded on hydrogel matrices with a stiff-
ness of 5.0 kPa [34]. Chen et al. found that activation of
the Wnt/B-catenin signaling pathway in MSCs exposed
to laminar shear stress increases secretion of proteins
related to angiogenesis [35]. Previous studies showed
that when a full-thickness skin defect is repaired using
a hydrogel containing ADSCs and with a stiffness gra-
dient, expression of VEGF in the wound area, vascular-
ization, and wound healing increase [32]. In the current
study, we confirmed that ADSC-CM collected following
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giogenesis-related genes VEGF, bFGF, HGF, and PDGF by gqPCR after 7 days
of expansion. *p <0.05, **p < 0.01, ***p < 0.001, ****p <0.0001

mechanical pretreatment promoted angiogenesis during
tissue expansion, possibly due to increased expression
of the angiogenesis-related proteins VEGF, bFGF, and
HGE. Tissue regeneration requires a variety of biological
processes in addition to angiogenesis; therefore, we also
studied changes of extracellular matrix components dur-
ing expansion.

Collagen is the main component of the extracellu-
lar matrix in skin; therefore, its secretion must increase
during expansion of large skin flaps. Previous studies
revealed that mechanically stimulated ADSCs promote
collagen deposition in newly formed skin [32]. In the cur-
rent study, we demonstrated that ADSC-CM collected
following mechanical pretreatment promoted collagen
expression in regenerated skin. According to histologi-
cal analysis, the increase of collagen expression did not
significantly increase the thickness of the expanded skin
flap, which also satisfies the clinical need for construc-
tion of an ultra-thin skin flap. These effects may be due
to increased expression of growth factors such as bFGE,
which promotes proliferation of fibroblasts and regu-
lates expression of collagen [36]. However, the specific
proteins involved and their relationship with the optimal
degree of mechanical force must be further confirmed
experimentally.

The optimal degree of mechanical force to promote the
paracrine functions of ADSCs was determined in this
study, and the therapeutic effect of ADSC-CM collected
under stretching force was preliminarily confirmed by
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in vivo experiments. Compared to the method of using
a tissue expander alone to promote tissue regeneration,
incorporating ADSC-CM enhances blood vessel and col-
lagen production during pre-expansion. This reduces the
risk of ischemic necrosis and is more advantageous for
pre-expanding super-large skin flaps to repair extensive
soft tissue defects and refractory wounds. Currently in
clinical practice, we mainly rely on the expansive force
of expanders to facilitate skin regeneration and achieve
large skin flaps. Based on our research findings, while
cell-free therapy cannot completely replace current treat-
ments, its auxiliary application can significantly enhance
skin expansion efficacy, decrease necrosis rates, and
improve overall treatment outcomes. Meanwhile, in con-
trast with simple stem cell therapy, application of ADSC-
CM obtained following mechanical pretreatment avoids
safety problems. ADSC-CM does not require immune
compatibility to avoid rejection or strictly controlled
sterile conditions for its administration, unlike cell-based
treatments. Additionally, it minimizes the potential for
tumor formation and embolism development associated

with stem cell injections [37]. In addition, the quantifiable
nature of mechanical force ensures the uniformity and
consistency of product content and treatment outcomes.
Finally, the study also inspires us to explore the relation-
ship between the optimal degree of mechanical force and
intracapsular pressure in the expander in order to reduce
the incidence of complications during skin expansion
and guide the clinical application of tissue expanders.
In the future, ADSC-CM can be combined with rapidly
developing green nanomaterials to achieve new break-
throughs in plastic surgery. For example, the combination
of mechanically treated CM with biodegradable nano-
scaffolds offers great potential. nano-scaffolds provide a
biocompatible framework for supporting cell adhesion,
proliferation and differentiation, while ADSC-CM pro-
motes the production of blood vessels and collagen. This
combined method is very effective for repairing mas-
sive tissue defects and complex wounds, and represents
one of the important future directions of ADSC-CM
application.
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There are also some issues to be resolved in the
mechanical pretreatment of ADSCs to promote their
paracrine functions and thereby skin expansion. It is
unclear which components of ADSC-CM play a key role;
therefore, it is necessary to further analyze these compo-
nents and explore the underlying molecular mechanism.
In addition, expression of growth factors differs accord-
ing to the degree of mechanical force applied, and the
effects on other aspects of tissue regeneration must be
studied.

Conclusion

In conclusion, application of mechanical force to ADSCs
increases angiogenesis and collagen secretion by regulat-
ing their paracrine functions and thereby promotes skin
regeneration and assists skin expansion. This study pro-
vides a new strategy to optimize cell-free therapy in the
field of tissue regeneration.
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