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Adipose mesenchymal stem cell-based tissue
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to enhance tissue repair
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Pelvic organ prolapse (POP) harms the quality of life of elderly patients. Transvaginal polypropylene mesh
repair for POP was a frequently reported complication and was banned by the FDA in 2019. New thera-
peutic strategies are urgently required, and tissue engineering technology could be a novel therapy. Here,
we developed a tissue engineering mesh out of three components: silk fibroin (SF) knitted mesh loaded
with basic fibroblast growth factor (bFGF) and adipose-derived stem cells (ADSCs). We used coaxial
electrospinning technology to achieve local bFGF release to promote regeneration. Additionally, ADSCs
were loaded to demonstrate their paracrine ability of immune regulation and angiogenesis. Meanwhile,
knitted silk fibroin mesh provided mechanical support. In vitro, SF/bFGF/ADSC tissue engineering mesh
can stably release bFGF and has good biocompatibility, promoting cell proliferation and extracellular
matrix synthesis. Six months after the SF/bFGF/ADSC tissue engineering mesh was implanted in a SD rat
model, extracellular matrix reorganization, angiogenesis, and immunomodulatory effect, as well as
mechanical properties of the implanting position were improved. Hence, SF/bFGF/ADSC tissue engineer-
ing mesh could be regarded as a promising option with excellent collagen synthesis, low foreign body

rsc.li/biomaterials-science

Introduction

Pelvic organ prolapse (POP) is a common disease in middle-
aged and older women. Surgery is the primary method of treat-
ment for severe POP. Data from both home and abroad
revealed that the recurrence rate of autologous tissue repair
was 30%-40% within five years of surgery." However, the rate
of secondary surgery due to specific complications such as
exposure, infection and pain is significantly higher than the
rate of secondary surgery due to autologous tissue repair
surgery.” The polypropylene mesh used for SUI and POP treat-
ment began to decline after warnings of complications in 2008
and 2011, owing to the belief of the Food and Drug
Administration (FDA) that it is more dangerous. The FDA
classified transvaginal mesh as a high-risk class III device in
2016. In 2018, the United Kingdom, Australia, and New
Zealand banned their use entirely, and many mesh products
were withdrawn.>™ It ordered the use of all mesh materials,
including polypropylene slings, for SUI treatment to be discon-
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response, and early angiogenic ability, providing potential ideas for POP treatment.

tinued in the UK and Ireland. In April 2019, the FDA prohib-
ited the production of transvaginal mesh in the United States.®
Polypropylene mesh was still being used in China, and gynae-
cologists attempted to replace it with autologous tissue repair
or extracellular matrix products. The mechanical environment
and anatomical structure of the female pelvic floor are
complex. In contrast to skeletal muscle ligaments, pelvic floor
ligaments are more likely to extend or thicken the peritoneum
and are primarily composed of fibroblasts and extracellular
matrix (ECM) components such as type I or III collagen and
elastin.”

Using stem cells has greatly aided the development of
tissue engineering. They can significantly improve the function
of target organs by regulating apoptosis and inflammation and
promoting proliferation.®® Adult stem cells can be auto-grafted
without ethical or legal issues, and they can overcome
mutations and other adverse effects."® The commonly used
adult stem cells include bone marrow mesenchymal stem cells
(BMSCs), endometrial mesenchymal stem cells (EMSCs), and
adipose mesenchymal stem cells (ADSCs). Because adipose
tissue is abundant and relatively easy to obtain, ADSCs have
the most advantages in cell therapy and tissue engineering. It
has been reported that ADSCs undergo senescence later than
BMSCs,"" and have a higher proliferation capability than

This journal is © The Royal Society of Chemistry 2022
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BMSCs."? ADSCs also have a more active paracrine capacity
than other types of stem cells."”®> The microenvironment of the
implantation site influences stem cell proliferation and differ-
entiation, and the spatial structure of ECM and local growth
factors are the main factors that contribute to the microenvir-
onment’s specificity.'*'> Through mechanical and physical
signals, spatial structure can control stem cell differentiation.
Nanofibers can provide stem cells with a three-dimensional
environment similar to that of the ECM, allowing cell
adhesion, growth, differentiation, and paracrine function, ulti-
mately achieving repair and regeneration.’®!” The basic fibro-
blast growth factor (bFGF) is a key active factor in the ECM of
pelvic floor tissues. BFGF has been demonstrated to signifi-
cantly promote stem cell differentiation into fibroblasts and
significantly increase the expression of ligament-related extra-
cellular matrix and cytoskeletal components.'® Hence, long-
term maintenance of bFGF at an effective concentration can
provide an appropriate microenvironment for stem cell
differentiation.

Based on the coaxial electrospinning technology, nanofiber
scaffolds are regarded as excellent and effective ECM simu-
lation systems and biological molecule transmission systems,
which can provide physical support for the cells to grow and
guide the differentiation of stem cells and ultimately affect
their ability to repair regeneration.'® Its core-shell structure
can load various drugs, such as growth factors in the fiber,>°
thus reducing drug dose, protecting drug activity and main-
taining drug release at the site, which is widely used in tissue
engineering and drug controlled release areas.”*

Silk fibroin is a type of natural fibrin derived from silkworm
cocoons that has been widely used in tissue engineering and
regenerative medicine due to its excellent mechanical pro-
perties and biocompatibility.?*** In this study, silk fibroin
nanofiber scaffolds were prepared using the coaxial electrical
spinning technology for both sustained release of bFGF and
simulation of extracellular matrix, providing a suitable micro-
environment for stem cell differentiation and promoting pelvic
floor tissue regeneration. The paracrine function of stem cells
combined with bFGF was used at the beginning of tissue-
engineered scaffold implantation to accelerate cell growth and
extracellular matrix reconstruction while inhibiting the acute
inflammatory response. Later on, stem cells differentiated into
fibroblasts in response to continuous microenvironmental
stimulation, speeding up pelvic floor tissue reconstruction.
The combination of growth factors and nanostructures will
speed up the repair of pelvic floor tissue by combining para-
crine and directed differentiation, breaking through the bottle-
neck of insufficient regeneration and repair of pelvic floor
mesh and laying the groundwork for clinical transformation.

Methods

Preparation of SF solution

The cocoon was cut to prepare an 8 mM urea solution at a
1:30 ratio in a 90 °C water bath heated for 3 h. Deionized
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water was thoroughly washed, dried, and repeated three times.
After dialysis, the degummed fibre and 9.3 mM lithium
bromide solution were dissolved in a 60 °C water bath at a
1:10 ratio and freeze-dried after dialysis for 48 h.

Preparation of sustained release bFGF three-dimensional
nanofiber scaffolds (3DNS)

The core layer was a 5 pg mL~" bFGF (Peprotech, 400-29) and
FBS (Gibco) mixed solution, and the shell was an SF/PVA blend
solution, dissolved in formic acid, stirred at room temperature
for 3 h, ultrasonically cleaned for 5 min, and stood for 1 h of
defoaming. The spinning solution was loaded into the needle
#21 syringe after being completely defoamed, and the syringe
was then installed on the propeller. The following parameters
were set: a spinning solution concentration of 13%, a voltage
of 19 kV, a receiving distance of 17 c¢m, a pushing speed of
0.7 mL h™", and a continuous spinning time of 6 h.

Mechanical properties test of 3DNS and tissue

The 3DNS breaking strength (unit: N) and breaking elongation
(unit: mm) were tested using a YG (B) 026G-500 medical textile
multifunctional strength instrument. The sample size were
1 x 4 cm, the interval was 20 mm and the speed was 10 mm
min~", each sample was tested at least three times. The tensile
properties of the tissue were tested using an AGS-X electronic
universal testing machine. The sample size was 20 x 20 mm.
The test conditions were adjusted following GB/T 3923.1-1997.
The preadded tension is 1 N. The maximum force recorded by
the specimen being pulled during the tensile test is the break-
ing strength (unit N), which is the absolute value of the
material strength.

Physical properties of 3DNS

The sample was cut into 3 x 3 cm pieces using a
PMICFP-1100AI pore size analyzer. The sample was placed into
the cavity after being wet. The pore size and distribution of the
sample were determined by calculating the pressure and flow
changes of air passing through dry and wet samples. The infra-
red spectra of the RSF (regenerated silk fibroin) powder, PVA
particles, RSF nanofiber scaffold, and RSF/PVA nanofiber
scaffold were tested and analyzed using a NEXUS-670 Fourier
infrared spectrometer.

Detection of drug release of the 3DNS

The scaffolds were cut into 1 x 1 ¢cm pieces and placed in a
1 mL PBS buffer solution. The drug release experiment took
place on a 4 °C shaking table with five wells. Then, 0.5 mL of
the supernatant was taken every day and stored at —20 °C, and
PBS was added.
The bFGF
instructions.

secretion was detected using ELISA kit
Cell viability and cell proliferation assessment

The viability of ADSCs seeded on 3DNS was determined by a
live/dead kit and CCKS8 cell proliferation detection. P3 ADSCs
were used in the study, and both the identification and iso-
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lation processes were isolated as before.>* The cell density in
the scaffold was adjusted to 10° cells per mL. The scaffolds
were evenly coated with staining solution and cultured at
37 °C for 15 min. The living cells fluoresced green, while the
dead cells fluoresced red. The scaffold was cut to approxi-
mately 0.5 x 0.5 cm in size to cover the bottom of the 96-well
plate completely and cocultured with ADSCs. Ten microliters
of CCKS8 solution was added to each well and incubated at
37 °C for 2 h. For seven days, five wells from each group were
collected for analysis.

Scanning electron microscopy

The ADSCs were cocultured with the scaffold and fixed with
2.5% glutaraldehyde. The fixative was removed, washed twice
with PBS, and again fixed with 1% osmic acid for 1 h.
Different concentrations of alcohol gradient dehydration,
vacuum drying, conductive treatment, and microscopic obser-
vation were performed.

ADSCs differentiated into fibroblast cells

The ADSCs were divided into three groups, with a cell density
of 1 x 10°> mL™": the control group (cells inoculated and cul-
tured in DMEM-F12 containing 10% FBS in TCPs), the two-
dimensional (2D) group (cells inoculated and cultured in
DMEM-F12 containing 10% FBS and 20 ng mL™' bFGF in
TCPs) and 3DNS experimental group (cells inoculated and cul-
tured in DMEM-F12 containing 10% FBS in scaffolds). Each
group received three parallel samples. The medium was
changed daily. Cell survival was observed using an inverted
microscope. Subsequent research was conducted. The cells
were then identified by fibroblast-specific protein 1 (FSP 1)
immunohistochemistry.

Immunofluorescence assay

The three groups were fixed in 4% (w/v) paraformaldehyde
(Sigma) rinsing agent for 30 min and then permeabilized with
0.25% Triton X-100 (Sigma) at room temperature (RT) for
10 min and blocking solution (10% goat serum in PBS) for
30 min at room temperature. The blocking reagents were dis-
carded, and the primary antibody was incubated overnight at
4 °C. FSP-1 (1:200, Abcam) and vinculin were the primary
antibodies (1:100, CST). The cells were washed three times
with a rinsing agent after incubation. Following that, the cells
were incubated for 60 min at room temperature in the dark
with a FITC-labelled secondary antibody. The cells were then
washed with a rinsing agent, and the nuclei were stained with
DAPI. Images were taken using a fluorescence microscope
(Nikon, USA). The cell cytoskeleton was visualized using
F-actin/DAPI staining. After rinsing with PBS, the three groups
were fixed with 4% paraformaldehyde for 15 min. F-Actin was
stained with 2.5% phalloidin (Invitrogen, A22287) for 30 min
and with 0.1 pg mL™" DAPI (Invitrogen, 62247). Images were
taken using a fluorescence microscope (Nikon, USA). Five sec-
tions were randomly selected from each group for analysis,
and ten fields were selected under a 400x fluorescence micro-
scope for positive cell counts in each section. Following that,

3112 | Biomater. Sci,, 2022, 10, 3110-3121

View Article Online

Biomaterials Science

each sample’s vessel was evaluated. Five sections were chosen
at random from each group, and ten fields were selected under
a 400x fluorescence microscope for vessel counting in each
section.

Western blot analysis

To find the expression level of related proteins, three groups of
total proteins were extracted from cells using a radioimmuno-
precipitation assay buffer containing PMSF (Cat. No. R0010;
Solarbio Biotechnology Co., Ltd, Beijing), incubated on ice for
30 min, and then centrifuged at 4 °C for 10 min (12 000g) to
obtain the supernatant. The BCA kit (catalogue number 23225;
Thermo Fisher Scientific, Inc.) was used to assess the protein
concentration of each sample supernatant, and deionized water
was used to adjust the amount of protein. A 10% SDS-PAGE gel
was prepared (catalog number P0012A; Beyotime Institute of
Biotechnology, Shanghai, China), and a 50 pg protein sample
was added to each well. For 2 h, electrophoresis was carried out
at a constant voltage of 80 V. The protein was transferred to a
polyvinylidene fluoride (PVDF) membrane at 110 V for 2 h.
PVDF membrane was then blocked with TBST buffer containing
5% skimmed milk powder for 2 h. The membrane was then
washed with TBST and incubated with rabbit polyclonal
ColIA1 (1:1000; CST), Col III A1 (1:1000; NOVUS), and GAPDH
antibody (1:2000; Abcam). The grey intensity of the protein
band was quantified by Image] and normalized to GAPDH.
Integrin $1, FAK, p-FAK (Tyr397), ERK, p-ERK (Thr202/Tyr204),
and FN antibodies were obtained from CST. They were kept at
4 °C overnight before being washed with TBST three times, each
for 10 min. The membrane was washed three times at room
temperature with 0.1% PBS/Tween-20 (PBST) for 10 min each
time before being immersed in the enhanced chemilumines-
cence reaction solution. Expanded GAPDH was used as an
internal reference grayscale target protein strip. The relative
protein expression was calculated by dividing the grey values of
the target protein band by the grey values of the internal refer-
ence band and was assessed at least three times.

Construction of tissue engineering meshes

Using electrostatic adsorption to different groups of nano
scaffold (bFGF obtained or not) compound on the silk fibroin
mesh, the meshes were cut into 1 x 1 cm size in 6-well plates,
PBS soaked for 2 h, cell density adjusted to 2 x 10° mL™", the
cell suspension added to the composite mesh and stood for
2 h and the medium supplemented, cultured at 37 °C, 5%
CO,, and subsequent animal experiments were carried out.

Surgically SD rat model

The laboratory animal unit of Peking University People’s
Hospital in Beijing, China, provided 90 female SD rats aged
eight weeks (205 + 15 g). The IRB of Peking University People’s
Hospital approved the use of animals and the experimental
protocols (2020PHE033). The rats were raised in a standard
laboratory setting with free access to food and water. Animals
were housed for one week before the study to allow them to
acclimate. Isoflurane was inhaled at a 5 cc min™' rate and

This journal is © The Royal Society of Chemistry 2022
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maintained at 2 cc min~'. Abdominal skin was disinfected
three times, in both side white line remove the external and
internal oblique, build a 1 cm X 1 c¢m size rat abdominal wall
defect model, the tissue engineering mesh was used to repair
the defect, 5-0 absorbable surgical sutures fixed the mesh
edge to the surrounding tissue of the abdominal wall defect
without tension. The incisions were sutured layer by layer and
disinfected with 75% alcohol and executed regularly.

Histological staining

After being fixed with paraformaldehyde for 24 h, the samples
were dehydrated in an alcohol gradient and sectioned on a
paraffin slicer. The slices were approximately 3-4 pm thick,
numbered, and baked at 60 °C in an oven. The following pro-
cedures were followed: HE (hematoxylin and eosin) staining,
Masson’s trichrome staining, EVG staining, and Sirius Red
staining. HE stained sections were placed under a 200x micro-
scope for the neutrophil count analysis, and three sections
were randomly selected. Each section counted five fields, and
each field counted 200 cells, and the proportion of neutrophils
in these 200 cells was compared.

Statistical analysis

The data was analyzed using SPSS 21.0 statistical software (IBM
Corp. Armonk, NY, USA), and the homogeneity of normal distri-
bution and variance test were used for processing. The measure-
ment data are expressed as the average + standard deviation. A
t-test was used to compare the two groups. One-way analysis of
variance was used to evaluate comparisons between multiple
groups. Tukey’s post-hoc test was used to evaluate paired com-
parisons between groups. The chi-square test evaluated the
enumerated data, which was expressed in %. All data were
expressed as the mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001).
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Results and discussion
Synthesis and characterization of 3DNS

The ultrastructure observed by scanning electron microscopy
is shown in Fig. 1A. The contact angle was 47°, indicating that
the nanofibrous scaffolds were sufficiently hydrophilic. The
nanofilaments’ diameters were relatively uniform, primarily
concentrated in the range of 250-300 nm, and no droplet
phenomenon was observed (Fig. 1C and D). The displacement-
load diagrams for RSF (regenerated silk fibrion) nanofiber
scaffolds and RSF/PVA nanofiber scaffolds are depicted in
Fig. 1E. The strength of nanofiber scaffolds was significantly
increased after adding PVA (polyvinyl alcohol), as was fracture
elongation, implying that scaffolds’ elasticity was also
increased after adding PVA. The infrared spectra of RSF
powder, PVA particles, and two types of nanofiber scaffolds are
shown in Fig. 1B. The absorption peaks of RSF powder and
two types of nanofiber scaffold amide I are 1646 cm™,
1652 cm™ ', and 1653 cm ™", respectively. The random coiling
state was transformed into an o-helical structure after electro-
spinning. The amide II absorption peaks were 1538 cm™",
1539 em™ ', and 1539 cm™', with irregular crimp structures.
Between RSF/PVA and RSF nanofiber, the RSF nanofiber
absorption peak position was roughly similar, only 1178 em™,
and the absorption peak size difference was high because of
the C-O-C structure formed between PVA and RSF. The
absorption peak position of PVA particles differed significantly
from that of the RSF/PVA nanofiber scaffold, owing to RSF/PVA
nanofiber scaffold’s low PVA content and interaction with RSF.

We discovered that the coaxial structure was evident when
the flow rate was 0.1 mL h™", with ideal drug embedding and
no core-shell mutual dissolution under transmission electron
microscopy (Fig. 1F and H).>® The drug release curve was flat,
and a controllable bFGF release level did not result in long-
term and continuous exposure to high bFGF doses (Fig. 1G).
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Fig. 1 The synthesis and characterization of 3DNS. (A) Representative scanning electron microscopy image showing the surface morphology of
3DNS and contact angle was 47°; (B) infrared spectra of RSF powder, PVA particles, RSF nanoscaffolds and RSF/PVA nanofiber scaffolds; (C) the dia-
meter of the 3DNS; (D) the diameter distribution chart of the 3DNS; (E) the mechanical testing results of the SF and SF/PVA scaffolds; (F) schematic
diagram of the coaxial electrospinning technology; (G) 3DNS bFGF release immersed in PBS for 31 days; (H) representative transmission electron

microscopy image of 3DNS.
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Transvaginal delivery and weak pelvic floor tissue are risk
factors for the occurrence and development of POP, and the
incidence of POP increases annually.>® On average, one out of
ten women who have vaginal deliveries needs repair surgery,
and secondary surgery is as high as 13%.>” The reason for this
is that autologous repair has a high recurrence rate.

In contrast, because polypropylene mesh has a high foreign
body reaction (FBR), it is a focus to develop a mesh with high
histocompatibility and induce tissue regeneration. We demon-
strated that bFGF could stimulate collagen regeneration** and
thus accelerate ECM reconstruction. When combined with
coaxial electrospinning,”® overcoming a series of challenges in
applying growth factors improves drug safety.’*>' A focus
would be on silk fibroin mesh combined with controlled-
release technology.

Biocompatibility of 3DNS

We evaluated the cytotoxicity of ADSCs cocultured on the
3DNS. The cells of ADSCs were triangular or long spindle-
shaped in the nanofiber scaffolds, which provided satisfactory
attachment sites for cells; moreover, the cells fully extended
and extended more synapses (Fig. 2A), suggesting that the
nanofiber  scaffolds had  effective = biocompatibility.
Furthermore, as shown in Fig. 2B and C, live and dead cell
staining showed that the cells on the scaffolds survived well,
with no cell shedding or death. After the cells were planted on
the scaffolds for the seventh day, the number of cells increased
significantly, indicating that the biocompatibility of nanofiber
scaffolds was efficient and suitable for cell growth.
Biocompatibility is essentially a process of mutual stimulation
and reaction between cells and materials. The physical pro-
perties of 3DNS, including morphology and geometry, will
affect the fate of cells. The nanostructures provided by
scaffolds can provide more contact sites for cells, and com-
bined with the constantly released bFGF, the proliferation
activity of cells can be improved at the initial stage.

Nanofiber scaffolds promote the differentiation of ADSCs

The groups were established as blank control, 2D-induced
differentiation, and 3DNS-induced differentiation. Following
2-4 weeks of culture, western blot and analysis revealed that
the 3DNS group expressed more collagen (Fig. 2D and E),
and the average fluorescence intensity of FSP-1 in 3DNS
group was significantly higher than in the other two groups,
indicating that ADSCs differentiated into fibroblasts
(Fig. 2G). The expression of the cytoskeleton and vinculin
suggested that cells and biological materials interact.
Immunofluorescence and cytoskeleton staining revealed
that vinculin was matured in the 3DNS group. Furthermore,
the cytoskeleton’s fibre arrangement was orderly (Fig. 2F, H
and I), which showed that the cells had good bioactivity on
the scaffold.

ADSCs are clonal pluripotent stem cells that have been
widely recognized for their ability to promote tissue repair’>
and have a high potential for POP therapy.>*> ADSCs can
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reduce inflammation, inhibit immune rejection, and speed up
repair.*®

However, clinical trial results revealed that stem cell injec-
tion had little therapeutic effect®” due to a lack of extracellu-
lar matrix adhesion and failure to achieve therapeutic pur-
poses.*® According to research, the spatial structure of nano-
fibers has a significant impact on the fate of stem cells.?* The
ECM is a complex three-dimensional environment in which
cells can survive and perform biological functions.*® New
bionic biomaterials can mimic the spatial specificity of the
microenvironment at the implantation site, provide precise
mechanical stimulation and influence stem cells.
Accordingly, directional differentiation of stem cells is
possible.*"*

Role of the integrin signaling pathway in stem cell
differentiation induced by scaffolds

The microstructure of 3DNS may provide more cell contact
sites, thereby promoting cell adhesion, growth, and differen-
tiation.** Integrin is a heterodimer protein family that plays an
essential role in mediating cell-ECM interactions and cell
surface signal transduction.*’ Therefore, we examined integrin
B-1 expression in three groups, and the results revealed that
integrin expression increased in 3DNS group (Fig. 3A and B).
Integrin may increase the amount of local adhesion due to its
biological function of recognizing and binding ECM proteins.
Vinculin is a focal adhesion (FA) binding protein and a com-
ponent that connects integrin to the cytoskeleton,** but our
results demonstrated that its expression was not increased
(Fig. 3A and B). Fibronectin (FN), on the other hand, is an
ECM glycoprotein involved in cell adhesion; integrin binds to
FN in ECM, and integrin subunits amplify cascade signals and
facilitate communication between cells and ECM via cell-
surface integrin receptors for biological functions.*” We dis-
covered that FN expression increased in 3DNS group (Fig. 3A
and B), which could provide more RGD binding sites and
increase cell adhesion, influencing the downstream integrin
signaling pathway. The SRC family of kinases, focal adhesion
kinase (FAK), interacts with integrin bases in the cytoplasmic
tail and is activated by most integrins.*® This process promotes
the phosphorylation of downstream extracellular signal-regu-
lated kinase (ERK), which is essential for cell adhesion,
growth, and differentiation.”” Hence, we looked at the
expression of FAK, P-FAK, ERK, P-ERK, COL1A1 and COL3A1
in each of the three groups. P-FAK, P-ERK, COL1A1 and
COL3A1 protein expression levels were increased than in 2D
group (Fig. 3A-D). Integrins have two biological functions:
bind to ECM and cytoskeleton and send signals into cells.*®
Integrins communicate with cells to promote the phosphoryl-
ation of FAK and ERK, which directs the transcription of COL1
and COL3 genes.”® This signal transduction was inhibited by
FAK inhibitor, which affected collagen expression (Fig. 3E and
F). Therefore, we hypothesized that ECM microenvironment
created by 3DNS might regulate stem cell differentiation via
mechanically sensitive signaling pathways mediated by integ-
rin/FAK/ERK (Fig. 3G).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The biocompatibility of 3DNS. (A) Morphology of ADSCs cultured on the 3DNS with SEM; (B) the fluorescence micrographs showed live and
dead cells on 3DNS at 1, 3, and 7 days, green indicate live cells while red ones indicate dead cells; (C) viability of ADSCs of the control, 2D and 3DNS
groups; (D—-E) western blot analysis representative the expression of collagen proteins in the three groups; (F) representative vinculin staining
images; (G) representative FSP-1 staining images; (H) representative cytoskeleton staining images; (H) corresponding quantitative intensities of vincu-
lin, FSP-1 and cytoskeleton, *indicates significant difference at P < 0.05; **indicates significant difference for P < 0.01; ***indicates significant differ-
ence for P < 0.001 as compared to the control group.
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The tissue engineering mesh had good histocompatibility

In vivo, there was no severe adhesion between the mesh and
the subcutaneous tissue in any of the five groups, nor was
there acute or chronic inflammation in the five groups
(Fig. 4A). HE staining showed that the silk fibroin mesh
material was dyed red, and in the pores of the mesh, cell
growth and red blood cells were observed in the mesh pores,
indicating the formation of new small blood vessels.
Neutrophils were counted and statistically analyzed around the
mesh in the early postoperative period, revealing that SF had a
significantly higher early inflammatory response than the
other groups (Fig. 4B and C). There were no adverse events
such as subcutaneous tumours found in experimental
animals, which reflects the safety of stem cells to a degree, but
it is insufficiently comprehensive.

Tissue engineering mesh based on nanofiber scaffolds can
promote collagen regeneration

POP models currently available include mice, rats, sheep,
rabbits, primates, and pigs. Large animals, such as primates,
have anatomical and organizational structures similar to
humans and were thought to be the best POP model. However,
there are challenges, such as a long life span, high research
costs, and site constraints. Although there are anatomical
differences between rodents and human beings, rodents have
the advantages of easy acquisition, short life span, large quan-
tity, and economy. Rats are small animals, with a vaginal area
about 0.5 x 1.0 x 0.1 cm, a short length, and a weak vaginal
wall with a mucosal fold less than that of humans, so the
implantable mesh area is limited, and mechanical experi-
ments were difficult to carry out. Furthermore, because rats are

316 | Biomater. Sci, 2022, 10, 3110-3121

quadrupeds, the force of the pelvic floor differs from that of
humans, and its pressure acts directly on the abdominal wall
rather than the pelvic floor. Hence, a rat abdominal wall defect
model was created. Collagen is a major component of connec-
tive tissue that supports the pelvic floor. Type 1 collagen pri-
marily maintains organizational flexibility. Masson’s trichrome
staining revealed that collagen fibres grew around the mesh in
each group, increased and arranged closely with time in all
surgical groups. The collagen proportion in SF/bFGF and SF/
bFGF/ADSC groups was the highest. Still, there was no signifi-
cant difference between the two groups, implying that these
two groups may be more advantageous in promoting extra-
cellular matrix reconstruction (Fig. 5D and E). Sirius Red stain-
ing revealed in Fig. 5B that type I collagen was mainly pro-
duced around the mesh in SF and SF/ADSC groups in the early
stage, mixed with collagen III. Tissue repair was dominated by
collagen IIT as postoperative time was extended. Collagen III
was primarily generated in SF/bFGF and SF/bFGF/ADSC groups
in the early period, and a large amount of new collagen III
could be observed at the 24th week after surgery, implying that
these two groups of mesh materials could improve the elas-
ticity of regenerative tissue after injury repair (Fig. 5F and G).
Elastin is another essential component of ECM that helps
maintain the elasticity of pelvic floor supporting tissue. Elastic
fibres were stained purplish-black, and the results revealed
that the control group was mainly repaired with collagen
fibres, while the expression of elastic fibres in the other groups
was mainly distributed around the mesh throughout the entire
tissue repair period (Fig. 5C). The tensile strength of the mesh
increased correspondingly at 24 weeks in SF/ADSC, SF/bFGF,
and SF/bFGF/ADSC groups, but not in SF group (Fig. 5H).

This journal is © The Royal Society of Chemistry 2022
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Following that, when the mechanical strength of the groups
was compared, it was discovered that the mechanical strength
at 24 weeks was SF/bFGF/ADSC group > SF/bFGF group = SF/
ADSC group > SF group (Fig. 5I), indicating that tissue regener-
ation compensates for the mesh.

Tissue-engineered mesh can promote early angiogenesis

Tissue regeneration is a comprehensive and dynamic process
that requires injured host cells, immune cells, cytokines and
growth factors to interact, including cell migration, prolifer-
ation, angiogenesis, and fibrous tissue regeneration
response,’ in which angiogenesis is the key step for guaran-
teeing adequate nutrition.”® CD31 is a vascular endothelial
cell surface marker. As shown in Fig. 6A-C, the number of

This journal is © The Royal Society of Chemistry 2022

angiogeneses in the SF/bFGF group and SF/bFGF/ADSC
group was the highest at weeks 2 and 4, and there was no
difference between the two groups. At week 24, the
expression of angiogenesis in the SF/bFGF/ADSC group was
higher than that in the other groups. The number of blood
vessels in the SF/bFGF group was significantly higher than
that in the SF/ADSC group 2 weeks after surgery, and there
was no difference between the two groups at 4 and 24 weeks.
There was no difference in angiogenesis at each time point
in the SF group, and the number of angiogeneses gradually
decreased with time. Our results show that the presence of
stem cells can promote angiogenesis through paracrine
activity, and the presence of bFGF also synergistically pro-
motes angiogenesis.
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Tissue engineering mesh plays an important role in immune
regulation

CDS86 is a surface marker of M1-type macrophages, and there
was no significant change in the number and generation of
macrophages in different periods in the control group, more
M1 were produced after mesh implantation in the other four
group, which were obviously at 2 and 4 weeks after surgery and
decreased to baseline level at 24 weeks and there was no sig-
nificant difference in macrophage expression among all

3N8 | Biomater. Sci., 2022,10, 3110-3121

groups ((Fig. 6D-F). M1 macrophages might be produced and
play a role in the early stage after mesh implantation. CD206 is
a surface marker of M2-type macrophages. In Fig. 6G-1, we
found that M2 production in the SF group was not significant
at different stages. M2 expression was observed in the SF/ADSC
group and SF/bFGF/ADSC group at the early postoperative
stage and was still observed until 24 weeks after surgery. The
reason may be that the stem cells in the mesh have an immu-
nomodulatory effect and induce the transformation of M1 into
M2-type macrophages. Erosion, exposure and other adverse

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 The tissue engineering mesh plays an important role in promoting angiogenesis and immune regulation. (A—C) Immunofluorescence staining
of CD31 for evaluating the capillary density in each group; (D—F) immunofluorescence staining of CD86 for evaluating the inflammatory response
around the mesh in each group; (G-I) immunofluorescence staining of CD206 for evaluating the tissue regeneration around the mesh in each
group. (# indicates a statistically significant difference compared with the control group, * indicates a statistically significant difference between the

groups, * P < 0.05, ** P < 0.01, *** P < 0.001). Scale bar: 150 pm.

Fig. 7 Tissue engineering mesh can degrade with the prolongation of
surgery. (A) Representative scanning electron microscopy image for
each group; scale bar: 50 pm. (B) Enlargement of the image shown in
(A). The scale bar: 3 um.

reactions that occur in polypropylene mesh ultimately result from
severe foreign body reactions, and the persistence of chronic
inflammation hinders the repair process or induces mesh implan-
tation failure,>® in which macrophages play a leading role.
Macrophages play an important role in inflammation, host
defense, tissue repair and metabolism.”® Mononuclear macro-
phages can differentiate into different phenotypes and play key
roles in different microenvironments, which is called macrophage

This journal is © The Royal Society of Chemistry 2022

polarization and mutual transformation under the regulation of
the surrounding tissue microenvironment.”* The M1 reaction at
the early stage of material implantation can remove dead cells
and tissue debris generated surgically,”> and the persistent pres-
ence of M1 leads to serious foreign body reaction (FBR) and gran-
uloma formation,*® while a higher M2/M1 ratio is conducive to
tissue regeneration after biomaterial implantation. Considering
that M1-type macrophages will be activated to the material
surface in the early stage after material implantation, we specu-
lated that the early transformation of M1 to M2 may be more con-
ducive to tissue regeneration and reduce the occurrence of long-
term inflammatory reactions.”” Soluble factors secreted by ADSCs,
such as IL-10, PGE2 and IL-1f are key molecules in the interaction
between MSCs and macrophages and play a key role in the polar-
ization from M1 to M2.%° If the mesh has good biocompatibility,
there would be low foreign body reaction during the tissue repair
process, and collagen produced by fibroblasts can replace the
missing ECM without forming scars.>®

Tissue engineering mesh was degradable and improved the
biomechanical properties of tissues

Another indicator of histocompatibility is the mesh's biodegrad-
ability. Two weeks after surgery, fibrous tissue enveloped the
mesh surface, and the fibrous tissue on the mesh surface was

Biomater. Sci, 2022, 10, 3110-3121 | 3119
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stripped away to reveal the nano scaffold. The scaffold fibre was
flawless, with no flaws or fractures. The mesh surface was
spotted, and the fibres were broken after four weeks. At 24
weeks, the scaffold structure was no longer discernible and
replaced new collagen tissue (Fig. 7). The degradation rate of silk
fibroin scaffolds is affected by the weaving method, the concen-
tration of silk fibroin, and the implanted site. In our subsequent
studies, the degradation time of silk fibroin scaffolds should be
appropriately extended or shortened on this basis to achieve
tissue regeneration and scaffold degradation rate matching.

Tissue engineering mesh have advantages compared to
polypropylene mesh in the POP treatment

Materials used in tissue repair should be biocompatible to
promote cell adhesion, proliferation, and differentiation while
avoiding severe foreign body reactions after implantation.”
When the mesh was implanted in the host, the surface of the
mesh was quickly covered by plasma and host tissue proteins
(such as immune globulin, fibronectin, and so on), attracting
mononuclear cells and fibroblasts to the implanted area. The
mesh surface is then covered with fibrous tissue of collagen,
fibroblasts, macrophages, and foreign body giant cells.® If the
inflammation persists, it will eventually lead to material separ-
ation from the host tissue and a slew of complications.
Polypropylene mesh, both non-degradable and has poor biocom-
patibility, would result in a severe foreign body reaction, causing
severe complications.®” The ideal mesh should have no apparent
foreign body reaction, gradually degrade and induce tissue
repair, and eventually be replaced with new tissue to achieve self-
repair. On the one hand, natural silk fibroin was used as the raw
material of the mesh in our study, which has good biocompat-
ibility and provided mechanical support; on the other hand,
ADSCs and bFGF were added to provide a beneficial microenvi-
ronment for repair. We hope that the tissue engineering mesh
attracts and regulates host cell growth, resulting in a more robust
extracellular matrix to replace the mesh and repair the tissue.

Conclusions

Electrospun nanofibers have been extensively investigated as a
class of scaffolding technique for tissue regeneration. We used
tissue engineering approaches to POP treatment using ADSCs
and new degradable nanofibrous constructs because of their
unique ability to mimic the functions of ECM and drug deliv-
ery, which showed a promising therapy that may overcome the
shortcomings of the polypropylene mesh through its immuno-
modulatory, proangiogenic, and antifibrotic effects. These
findings provide potential avenues for future clinical research
and help to advance the treatment of intractable POP.
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