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ARTICLE INFO ABSTRACT

Keywords: Objective: Abdominal wall hernias are common abdominal diseases, and effective hernia repair is challenging. In
Hernia repair clinical practice, synthetic meshes are widely applied for repairing abdominal wall hernias. However, post-
PFA'SF me’?’l' operative complications, such as inflammation and adhesion, are prevalent. Although biological meshes can
igﬁ’;;an Hity solve this problem to a certain extent, they face the problems of heterogeneity, rapid degradation rate, ordinary

mechanical properties, and high-cost. Here, a novel electrospinning mesh composed of polylactic acid and silk
fibroin (PLA-SF) for repairing abdominal wall hernias was manufactured with good physical properties,
biocompatibility and low production cost.

Materials and methods: FTIR and EDS were used to demonstrate that the PLA-SF mesh was successfully synthe-
sized. The physicochemical properties of PLA-SF were detected by swelling experiments and in vitro degradation
experiments. The water contact angle reflected the hydrophilicity, and the stress—strain curve reflected the
mechanical properties. A rat abdominal wall hernia model was established to observe degradation, adhesion, and
inflammation in vivo. In vitro cell mesh culture experiments were used to detect cytocompatibility and search for
affected biochemical pathways.

Results: The PLA-SF mesh was successfully synthesized and did not swell or degrade over time in vitro. It had a
high hydrophilicity and strength. The PLA-SF mesh significantly reduced abdominal inflammation and inhibited
adhesion formation in rat models. The in vitro degradation rate of the PLA-SF mesh was slower than that of tissue
remodeling. Coculture experiments suggested that the PLA-SF mesh reduced the expression of inflammatory
factors secreted by fibroblasts and promoted fibroblast proliferation through the TGF-f1/Smad pathway.
Conclusion: The PLA-SF mesh had excellent physicochemical properties and biocompatibility, promoted hernia
repair of the rat abdominal wall, and reduced postoperative inflammation and adhesion. It is a promising mesh
and has potential for clinical application.

TGF-p1/smad pathway

A. Schematic illustration of the fabrication of PLA-SF mesh for the rat 1. Introduction
abdominal hernia model. B. A square defect was made in the abdominal
ventral hernia model and repaired with PP mesh, PLA mesh and PLA-SF A hernia occurs when an internal organ or other part of the body
mesh. C. Differentiation of fibroblasts to myofibroblasts via the TGF- protrudes through the wall of muscle or tissue that it is normally con-
f/Samd pathway. tained within [1]. Hernias can be caused by, for example, congenital

factors, trauma, surgery, and obesity [2]. The most common forms of
hernias are inguinal hernias and abdominal hernias, of which the
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majority are incisional hernias. One billion people today will suffer from
hernias during their lifetime. In some research, the incidence of inci-
sional hernias was as high as 4-10 %[3,4] which brought a heavy
burden to society.

In clinical practice, surgeons often use meshes to repair incisional
abdominal wall hernias. Commonly used meshes are made of synthetic
materials, such as polypropylene (PP), polytetrafluoroethylene (PTFE),
and polyester (PE) [5-7]. At present, PP, a non-absorbable synthetic
polymer, is the most widely used braided material for the fabrication of
commercially available surgical mesh [8]. Despite its advantages, such
as being chemically inert, having excellent physical and mechanical
stability, and being low cost, PP mesh is not considered an ideal material
as surgical mesh due to its hydrophobicity and initiation of a foreign
body reaction [9]. During hernia repair, surgical meshes should be used
to reinforce and replace tissues for long-term support of the abdominal
wall. However, during the entire period of prosthesis implantation,
postoperative complications, such as inflammation and infection [10],
chronic pain [11], fibrosis and adhesions [12], and enterocutaneous
fistulas [13], have been reported as a result of synthetic meshes, which
has limited their wide clinical application. Postoperative adhesion is a
common complication in abdominal wall hernia surgery. Despite the
combination or coating with other materials, such as omega 3, poligle-
caprone 25, titanium, fatty acids, sirolimus, silk fibroin, titanium,
Monocryl, polyvinylidene fluoride (PVDF), and hyaluronate, which
have been used to eliminate protein adsorption, there are other draw-
backs that still concern surgeons [14-16].

In recent years, the use of biomaterials, such as acellular dermal
matrix [17], porcine small intestinal submucosa (SIS) [18,19], silkworm
silk [20], spider silk [21], collagen and elastin [22], has shown promise
in hernia repair. Small intestinal submucosa (SIS) is the most commonly
used biological mesh clinically, and has excellent biocompatibility and
can promote tissue remodeling [23]. However, its heterogeneity, rapid
degradation rate, ordinary mechanical properties, and high cost affect
its wide application [24,25]. Many biological meshes are difficult to
obtain and put into clinical use due to their complicated manufacturing
processes and high costs compared to traditional meshes. The price of
biologic mesh was over 200 times that of synthetic mesh for hospital
outcomes [26]. Silkworm silk is easily available in large quantities and
cheaper than SIS, and it can be seen everywhere in our lives. Further-
more, it has unique material properties, such as desirable biocompati-
bility, low biodegradability, and good processability [20]. Due to the
maturity of electrospinning technology, the production of large-scale
PLA-SF mesh has become possible. The excellent mechanical proper-
ties of silkworm silk, including exceptional strength and toughness,
provide unlimited potential for the fabrication, functionalization, and
processing of robust biomaterials for various clinical applications [27].
In addition, in the absence of hydrophilic sericin proteins, silk fibroin
(SF) fibers are normally stronger and stiffer than undegraded silkworm
silk fibers and are widely used in biomaterial research [27,28].
Furthermore, the in vitro and in vivo safety and excellent biocompati-
bility of SF have been evaluated in many studies [29-31].

Polylactic acid (PLA), a polymer approved by the U.S. Food and Drug
Administration (FDA), is a potentially biodegradable material for clin-
ical applications [32]. PLA produced by microorganisms has additional
advantages over other polyesters due to its abundant market supply and
low price. PLA was often used in biomedical materials combined with
other meshes in research due to its cytocompatibility and degradability
[33], but it has poor biomechanical properties with only 1 MPa of ul-
timate strength [34]. However, due to the advantages of electro-
spinning, PLA has been widely used to blend with other components to
improve mechanical properties and fabricate structures [35]. Due to its
low cost, high efficiency, straightforward process, and ease of incorpo-
rating additional components to create composite nanofibers. Electro-
spinning has attracted considerable interest and attention as a method
for creating nonwoven membranes or mats with nano, submicron, or
micron-sized polymer fibers [36]. Over the years, more than 200
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polymers have been successfully electrospun for extensive biomedical
applications, and the number is steadily rising [37].

Because of strong protein adsorption on hydrophilic surface, the
improvement of the hydrophilicity and biocompatibility of synthetic
materials without degrading performance is a vital direction for research
and development of next-generation meshes. Therefore, in this study, an
attempt was made to fabricate an absorbable, nanoporous, and anti-
adhesion mesh by blending PLA with SF proteins. The combination of
SF and PLA, at a ratio of 2:8, was electrospun to form a nanofibrous
membrane mesh (PLA-SF mesh) for abdominal wall hernia repair, which
combined the hydrophilicity, biocompatibility, and high performance of
the silkworm silk with the excellent electrospinning ability of PLA. Here,
we will comprehensively evaluate the properties of the new mesh,
including physicochemical properties, biocompatibility and therapeutic
effects on abdominal wall hernia repair in rat models. We hope that the
novel compositional mesh will provide a basis for clinical use in the
future.

2. Materials and Methods
2.1. Mesh preparation

PP mesh was obtained from Condiner Medical (China). PLA was
purchased from NatureWorks (USA). The silkworm (Bombyx mori) co-
coons were purchased from local cocoon collectors (Xiangtan, China),
dried in a hot air oven, chopped into small pieces, and then boiled in hot
distilled water containing 0.02 mol L~! sodium carbonate (NayCO3) for
20 min with constant stirring. The degummed cocoon silks were
repeatedly washed with deionized water to remove the glue-like sericin
and dried in a hot air oven at 60 °C for 24 h. The degummed silks were
dissolved in 9.3 mol L™! LiBr solution and then dialyzed extensively
against distilled water using a 12 kDa cutoff dialysis membrane for 3
days. The distilled water was changed every 6 h to completely remove
LiBr. After dialysis, the SF solution was centrifuged at 12,000 rpm for 10
min and lyophilized.

SF and PLA were dissolved together in hexafluoroisopropanol (HFIP)
at final concentrations of 2 % and 8 % (w/v), respectively, while a
separate solution of PLA in HFIP (final concentration 10 % (w/v)) was
used as a control. The electrospinning solutions were stirred overnight to
ensure that they were all completely dissolved and centrifuged at
12,000 rpm for 10 min to remove any insoluble material. For the
fabrication of the electrospinning mesh, the electrospinning solution
was placed in a 10 mL plastic syringe equipped with a 20-gauge needle,
with an inner diameter of 0.61 mm. A positive voltage of 18 kV was
applied by using a high voltage generator (Dongwen high voltage,
Tianjin, China) at a distance of approximately 10 cm from the needle tip
and a piece of aluminum foil as a fiber collector. The electrospinning
solution was expelled into the high voltage electric field at a constant
rate of 0.6 mL h™! from the syringe via a syringe pump (LongerPump,
Hebei, China). The electrospun scaffolds were dried in a fume hood for
24 h and then stripped from the aluminum foil. The thickness of the PLA-
SF and PLA electrospun meshes was approximately 0.1 mm. The meshes
were UV sterilized prior to use.

2.2. Scanning electron microscopy and energy dispersive spectrometer
mapping

The PP mesh was observed at a magnification of 300 x with an ac-
celeration voltage of 3 kV. The PLA and PLA-SF meshes were observed at
magnifications of 300 x , 1500 x , and 5000 x with an accelerating
voltage of 3 kV. Energy dispersive spectrometer mapping: A certain area
on the surface of the sample was used as the detection area. By collecting
characteristic X-ray photons, the plane distribution diagram of each
element (especially C, O, and N) can be obtained, and each element is
represented by different colors.
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2.3. Fourier transform infrared spectroscopy (FTIR)

The infrared spectrum can identify the different functional groups
present in the samples and verify whether the compound was synthe-
sized successfully. Microinfrared spectroscopy (Bruker VERTEX70, USA)
was used to study the chemical bonding and molecular structure of PLA
and PLA-SF meshes. The transmittance of the two samples in the range of
4000 to 400 cm™! was analyzed.

2.4. Water contact angle

The water contact angle test was performed to measure the hydro-
philicity of both PLA and PLA-SF meshes. First, the meshes were adhered
to the cover slide, which ensured that the meshes were flat. Second, 5 pL
deionized water was dropped onto the meshes. Third, photos were
captured by a digital microscope (U500X, Denmark). Finally, the contact
angle was determined by using ImageJ software.

2.5. Stress—strain curve

The meshes were cut into long strips with a size of 1 cm x 3 cm, and
0.5 cm of each end of the longitudinal axis was fixed on the instrument
to expose test pieces of the meshes with a size of 1 cm x 2 cm. A Bose
Electroforce load testing device was used to test the meshes under tensile
forces at a strain rate of 0.1 mm/s. The yield point, elastic modulus,
ultimate strength, and maximum elongation of the meshes were ob-
tained. The calculation range of the elastic modulus of the meshes
should be the elastic deformation region of the material. The formula is
A = stress/strain.

2.6. Swelling and degradation in vitro

The three meshes were cut into 3 cm x 3 cm squares, soaked in PBS,
and placed in a 37 °C incubator for 90 days. The size of the mesh was
measured, and its weight was measured after drying.

2.7. Surgical procedures

All animal experiments were carried out with the approval of the
Ethics Committee of the Xi’an Jiaotong University Center for Health
Sciences. A total of 128 SD rats weighing 200 g + 20 g were purchased
from the SPF animal room of the Xi’an Jiaotong University Health Sci-
ence Center. All rats were housed in a 12-h/12-h light/dark cycle at
25 °C and 60 % + 10 % humidity with free access to food and water. All
rats were randomly divided into four groups. The rats in the first three
groups were implanted with PP, PLA, and PLA-SF meshes, while the rats
in the fourth group were not implanted with any mesh. The rats were
anesthetized with isoflurane (0.6-0.8 L/min), and their skin was dis-
infected with Aner iodine. A 4-cm abdominal incision was made, and
then the subcutaneous tissue and fascia were separated by electrocau-
tery. A square defect of 2 cm x 2 cm was made with the linea alba as the
center. The PP, PLA, and PLA-SF meshes were cut into 3 cm x 3 cm
squares, and the abdominal wall muscles around the defect were over-
lapped with 0.5 cm overhangs on each side. The four corners of the
meshes were sutured to the abdominal wall muscle with 5-0 PGLA
(Jinhuan®, China), and the midpoints of the four sides of the mesh were
fixed if necessary. The skin was continuously sutured with 4-0 Mersilk
(Ethicon, USA). In the sham group, only the abdominal wall was incised,
and the hernia was not repaired. The rats were placed on a heating pad
to keep warm during the operation until they woke up.

After the operation, the rats were reared in cages, with 4 rats in each
cage, and mortality, recurrence rate, infection rate, incidence of seroma,
change in body weight and activity were observed. Rats were sacrificed
with excess chloral hydrate on days 1, 3, 5, 7, 15, 30, 60, and 90. The
meshes were collected along with the muscle tissue under the mesh. The
samples were divided into 3 parts: one for histology, one for RNA
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extraction, and one for protein extraction.

2.8. Open field test

The open field test is commonly used to assess anxiety, exploration,
and exercise. It was carried out on an unfamiliar square stage, and the
field (625 mm long x 740 mm wide) was divided into 25 squares and
surrounded by walls approximately 510 mm high. One day after surgery,
the rats were placed in the arena for 5 min, and the behavior of the rats
was recorded on a computer with the OFT-100 opening event test system
(Techman, China). Several categories of behaviors can be scored, such as
movement and exploration. Here, we were more concerned about the
movement distance of the rats after operation. The arena was wiped
with 75 % alcohol and allowed to dry before each test.

2.9. Degradation in vivo

After SD rats were sacrificed, a U-shaped incision was made to
observe whether the mesh was displaced, shrunken, or degraded. The
degradation rate was evaluated by the remaining area of the mesh.

2.10. Evaluation of intraperitoneal adhesions

The abdominal wall was opened with a U-shaped incision. Adhesion
between the mesh and intra-abdominal region was observed and scored
according to the grades shown in Supplementary Table 1. Briefly, ad-
hesions that can be easily broken are grade 1, those that can be separated
with instruments are grade 2, and those that are difficult to separate or
cause organ damage after separation are grade 3.

2.11. Micro-CT

After 90 days of hernia repair, the rats were anesthetized, and any
development abdominal adhesions was observed following the gentle
injection of 20 mL of air into the abdominal cavity. For micro-CT im-
aging, the rats were placed in the supine position. Micro-CT images were
obtained using a SkyScan 1176 (Bruker, Belgium) with a resolution of 9
pm.

2.12. Hematoxylin and eosin staining and Masson staining

The tissues were fixed with 4 % paraformaldehyde (PFA) at room
temperature for 24 h. After dehydration and paraffin embedding, the
tissues were cross-sectioned to a thickness of 3-5 mm, stained with HE
and Masson, and photographed by a Phmias Microscope (MC-D310U/C,
China) at a magnification of 200 x . Five fields of view were taken. The
results of HE staining were scored by 2 experts. The number of inflam-
matory cells was counted and scored according to Supplementary
Table 2.

2.13. Immunofluorescence staining

Paraffin-embedded sections of tissues were deparaffinized and sub-
jected to antigen extraction. Antibodies were diluted in PBS containing
1 % BSA and 0.01 % Triton X-100 and then added to each tissue section.
The sections were placed at 4 °C overnight. A secondary antibody and
DAPI were applied and examined using a fluorescence microscope (DM
IL LED, Leica, Germany) at a magnification of 100 x .

The following antibodies were used for immunofluorescence anal-
ysis: CD31 (376764, Santa Cruz), PDPN (376962, Santa Cruz), a-SMA
(19245, Cell Signaling Technology), Alexa Fluor 488/594 conjugated
goat anti-rabbit IgG (H + L) cross-adsorbed secondary antibody (11006/
11007, Thermo Fisher) and DAPI (9542, Sigma).
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2.14. Cell culture

Mouse L1929 fibroblasts (CL-0137, Procell, China) were cultured in
DMEM (11995500, Gibco, USA) supplemented with 10 % fetal bovine
serum (10091148, Gibco, USA) and 1 % penicillin-streptomycin
(15140163, Gibco, USA) and incubated at 37 °Cin a 5 % CO5 humidified
incubator. The medium was changed every two days. When 80 %
confluence was reached, cells were digested with 0.25 % trypsin for 30 s
at 37 °C and centrifuged at 800 rpm for 3 min. Cells in an exponential
growth period were used in all experiments.

The three kinds of meshes were cut into 3 cm x 3 c¢cm squares and
then sterilized by UV. Cells were seeded in culture at a density of 1 x
10° cells/mL. After the cells adhered, the three types of meshes were
placed on the plates. Cells were imaged by a microscope (DM IL LED,
Leica, Germany) at 12 h, 24 h, and 48 h. Five visual fields (100 x ) were
randomly selected. Cells were harvested when they were 100 %
confluent.

2.15. Cell counting kit assay

1929 cells were seeded in 96-well plates (approximately 5 x 10°
cells/well) and cocultured with three types of meshes for 12 h, 24 h, and
48 h. Then, the media was carefully removed, and the cells were
cultured in 90 pL. DMEM supplemented with 10 pL CCK8 reagent
(C0005, TargetMol, USA) at 37 °C for 2 h. The plate was then placed on a
shaker (SLK-03000-S, Scilogex, USA) for 5 min before testing. Finally,
the optical density at 450 nm (OD4s0) was read with a microplate reader
(Varioskan Flash, USA).

2.16. Transwell assay

The migration ability of L929 cells cocultivated with meshes was
assessed by the Transwell assay. First, 500 pL of DMEM supplemented
with 10 % FBS was added to a 24-well plate, and then the upper inserts
(8 um, Corning, USA) were placed on a 24-well plate. Next, 5 x 10*
1929 cells were added to the upper inserts incubated with 100 pL serum-
free DMEM. After 24 h of incubation, the inserts were removed from the
24-well plates and cells were fixed with 4 % paraformaldehyde for 5 min
and stained with crystal violet for 30 min. Nonmigrated cells in the
upper layer of the inserts were gently wiped out by cotton balls. The
migrated cells were imaged by a microscope. Five visual fields (100 x )
were randomly selected.

2.17. Live/dead assay

Similar to the CCK8 assay, after coculture with three kinds of meshes
for 24 h, 100 pL of Live/Dead working solution (L3224, Thermo Fisher
Scientific, USA) was added to 96-well plates and the plates were incu-
bated in dark conditions for 20 min. The cells were imaged by fluores-
cence microscopy (DM IL LED, Leica, Germany). Five visual fields (100
x ) were randomly selected.

2.18. Western blotting

All proteins were extracted from adhesion tissues or L929 cells with
radioimmunoprecipitation assay (RIPA) lysis buffer and 5 % phenyl-
methanesulfonyl fluoride (PMSF). The protein samples were mixed with
5 x SDS-PAGE sample loading buffer and then boiled at 90 °C for 10
min. After sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—-PAGE), the samples were separated, transferred to nitrocellulose
membranes, blocked with 5 % skim milk for 1 h at room temperature,
incubated with primary antibodies overnight at 4 °C, and then incubated
with a goat or mouse anti-rabbit secondary antibody for 1 h at room
temperature. The corresponding proteins were finally visualized by
using electrogenerated chemiluminescence (ECL) reagents and quanti-
fied by using ImagelJ software.
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The primary antibodies used in this study were anti-Collagen I
(ab260043, Abcam), anti-collagen III (ab184993, Abcam), anti-Bax
(2772, Cell Signaling Technology), anti-Bcl-2 (ab59348, Abcam), anti-
IL-1p (ab283818, Abcam), anti-TNF-o (ab205587, Abcam), anti-E-
cadherin (4472, Cell Signaling Technology), anti-Vimentin (46173,
Cell Signaling Technology), anti-a-SMA (19245, Cell Signaling Tech-
nology), anti-TGF-p1 (ab179695, Abcam), anti-Smad2/3 (C8685, Cell
Signaling Technology), anti-P-smad2 (18338, Cell Signaling Technol-
ogy), anti-P-smad3 (SC517575, Santa Cruz), and anti-Smad4 (46535,
Cell Signaling Technology), and anti-GAPDH (5174, Cell Signaling
Technology).

2.19. Statistical analysis

GraphPad Prism 9.0, Origin 2022, and ImageJ 2.0 were used to
process the data, and the experimental data were expressed as the mean
+ standard deviation (x & SD). T-test and ANOVA were used for nor-
mally distributed data and Kruskal-Wallis H was used for non-normal
data. P < 0.05 was considered statistically significant.

3. Results
3.1. Characterization of the three meshes

The commercial PP mesh was transparent and braided in a warp-
knitted arrangement. The PLA and PLA-SF meshes were fabricated by
electrospinning nanofibers and appeared white. Three types of meshes
were cut into 3 cm x 3 cm squares. After the meshes were soaked in PBS
buffer, the appearance of the PP and PLA meshes did not change, while
the PLA-SF mesh became transparent immediately, demonstrating its
high hydrophilicity. When the three meshes were dry after placing in
PBS for 90 days, the PLA-SF returned to white, while the PP and PLA
meshes were still unchanged. Furthermore, the three types of meshes did
not swell, shrink, or degrade within 90 days (Fig. 1A). The weights of the
three meshes were 25.4 + 1.8 g/m?, 20.1 + 0.6 g/m?, and 21.3 + 0.6 g/
m?, respectively (Fig. 1B). The alignment and morphology of the fibers
of the three meshes were observed by SEM. As demonstrated in Fig. 1C-
D, the commercial PP mesh was braided by fibers with a diameter of
approximately 1502.67 + 6.80 pm, while PLA and PLA-SF were suc-
cessfully electrospun into nonwoven membranes by continuous and
smooth-surface nanofibers with diameters of approximately 1.35 +
0.04 pm and 1.24 + 0.04 pm, respectively. The fiber diameter of the PP
mesh was more than 1000 times larger than that of the PLA and PLA-SF
meshes. Compared with the PLA mesh, the fiber surface the PLA-SF mesh
was clearly more heterogeneous, which indicated the successful syn-
thesis of the chimeric mesh.

The compositional distribution of the two meshes was investigated
by EDS mapping, EDS mapping shows that the N content in the PLA-SF
mesh accounts for 13.7 %, and there is no N in the PLA mesh (Fig. 2A-B).
The FTIR spectra of the PLA and PLA-SF meshes are shown in Fig. 2C.
The regions of interest of PLA were peaks at 1780 cm™! for the C=0
stretch, 1180 ecm ™! for the C-O stretch and 1080 cm™! for the C-O-C
stretch. In addition, the peak at 1627 cm ™! corresponds to the amide I
band of the protein, and the peak at 1511 cm ™! corresponds to the amide
II band of the protein. This indicated that the PLA-SF mesh was suc-
cessfully synthesized.

As illustrated in Fig. 2D and Supplementary Table 3, although the
yield point and ultimate strength were similar, the elastic modulus of the
PLA mesh was approximately 3.61 times higher than that of the PP
mesh, indicating that the PLA mesh had more resistance to deformation,
and the breaking elongation of the PP mesh was approximately 2.9 times
higher than that of the PLA mesh, probably due to the warp-knitted
arrangement of the PP mesh. After blending SF into PLA, the yield
point, elastic modulus, and ultimate strength of the PLA-SF mesh were
increased to 5.49, 51.04, and 4.07 times that of the PP mesh and 4.82,
14.15, and 4.24 times that of the PLA mesh, respectively. Compared
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with the PLA mesh, the breaking elongation of the PLA-SF mesh was also
improved 1.75 times, although lower than that of the PP mesh. It was
demonstrated that the PLA-SF mesh combined the advantages of both
the PP mesh and PLA mesh.

Due to the microporous structure of the PP mesh, the water contact
angle of the PP mesh could not be measured. As illustrated in Fig. 2E-F,
the water contact angle of the PLA mesh was significantly larger than
that of the PLA-SF mesh, which demonstrated that the PLA-SF mesh
exhibited better hydrophilicity.

3.2. Animal surgery

All rat abdominal wall hernia models were successfully manufac-
tured. No rats died, no seroma or infection occurred after the operation,
and there was no recurrence of hernia in any group except one case of
recurrence of incisional hernia at 60 days in the PLA group. Rats were
weighed for 15 days after the operation, and the difference in body
weights between groups was less than 5 %, which indicates that the
different meshes did not have an effect on the body weights of rats and
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shows that the rats maintained normal diets and no complications
occurred, such as intestinal obstruction (Fig. S1).

To explore how different meshes affect the movement of the rats, an
open field test was carried out. One day after the operation, the rats were
placed in the field to move freely for 5 min, and the camera recorded
their movement track and distance. The rats in the control group that did
not receive any treatment traveled the greatest distance, while the rats
in the sham group without any mesh for hernia repair moved the least,
likely because they were reluctant to move due to pain. After being
treated with the PP mesh, the rats moved greater distances than those in
the sham group, probably due to the pain-relieving effects. Furthermore,
in the PLA-SF and PLA groups, the rats had the smallest foreign body
reaction and moved greater distances than the rats in the PP group
(Fig. 3A and C).

3.3. Degradation and adhesion of PLA-SF mesh after tissue remodeling in
Vivo

None of the meshes were displaced. Half of the PP meshes shrank at

— @
=; e
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e PP |
50+ = PLA
+ PLA-SF
0 1 1 1 1 1 1 1 1
D1 D3 D5 D7 D15 D30 D60 D90
Time

Fig. 3. General condition of the rat after surgery and in vivo degradation of the meshes. A) Representative heatmaps of the moving distance of rats after the operation.
B) Degradation of three kinds of meshes from 1 day to 3 months after the operation. C) Quantification of the movement distance of rats treated with different meshes.
D) Quantification of the remaining area of the three meshes. Scale bar, 1 cm. Data are presented as the mean + SD (n = 4). *P < 0.05, ***P < 0.001. One-way

ANOVA. All experiments were performed in triplicate.
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90 days, possibly due to the stiff properties of the PP, while the other two
meshes did not shrink over time. The PP mesh did not degrade at any
time point from 1 day to 3 months. The PLA mesh began to degrade
partially at 2 months, and the in vivo environment accelerated the
degradation of the mesh compared to the in vitro environment. Similar to
the PLA mesh, the PLA-SF mesh began to degrade at 2 months and
showed 40 % degradation at 3 months, at which time the tissue
remodeling had been completed (Fig. 3B and D).

In the PP group, intraperitoneal adhesion occurred on the third day,
and the degree of adhesion gradually increased. On the 30th day, a
dense adhesion appeared. Similar to the PP group, the degree of adhe-
sion gradually increased with time in the PLA group, adhesion appeared
on day 15, and dense adhesions appeared on day 90. Adhesions did not
occur in all trials in the PLA-SF group, which might be related to the high
hydrophilicity and biocompatibility of PLA-SF (Fig. 4A-B).

After 90 days of hernia repair, the rats were imaged with CT in the
supine position to observe the location of the mesh and the adhesion of
the abdominal cavity. Because the meshes were too thin and filled with
tissues, the positions of the meshes were difficult to observe from CT
images but could be observed from the location of the linea alba. The
adhesion area between the PP mesh and the abdominal cavity was
considerably larger than that between the PLA mesh and the abdominal
cavity, while no adhesion occurred in the PLA-SF mesh group (Fig. 4C).
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After 90 days of hernia repair, to evaluate the effect of meshes on
intraperitoneal adhesion at the molecular level, the levels of collagen I,
and collagen III in tissues were analyzed by Western blot. The expression
level of collagen I in the PLA-SF group was higher than that in the PLA
group and PP group, while the expression of collagen III in the PLA-SF
group was lowest. An increase in type I collagen and a decrease in
type III collagen results in reduced hernia formation and recurrence
[38]. We speculate that the increase in type I collagen and the decrease
in type III collagen are beneficial to tissue remodeling (Fig. 4D-F).

The HE staining results showed that the inflammatory response of
the PLA-SF group was milder than that of the other two groups at an
early stage. The inflammatory response in the PP group and the PLA
group was intense during the first 7 days, and the inflammatory cell
scores were up to 3 or 4 on the seventh day after surgery, while the
scores of the PLA-SF group were only 1 or 2. Additionally, 15 days after
surgery, the inflammation in the PLA-SF group continued to increase,
but it was lower than that in the other two groups. Finally, the inflam-
matory response gradually decreased after 1 month (Fig. 5A and D).

CD31, a marker of vascular endothelial cells, was expressed in most
cells of the PLA-SF group, suggesting more neoangiogenesis. PDPN, a
marker of peritoneal mesothelial cells, was also expressed most exten-
sively in the PLA-SF group, indicating that the peritoneum was being
repaired. The increase in both CD31 and PDPN contributed to the repair

=1 PP
=3 PLA
=1 PLA-SF

Radio of collagen I/ collagen I

Fig. 4. The effect of the three types of meshes on adhesion formation. A) Formation of abdominal adhesion with three kinds of meshes from 1 day to 3 months after
the abdominal defect was repaired. B) Quantification of adhesion. C) Representative CT images of normal control mice and mice repaired with three types of meshes
90 days after abdominal hernia repair. D) Representative Western blots of collagen expression in adhesion tissue 90 days after operation. E) Quantification of
collagen expression in adhesion tissue 90 days after operation. F) The ratio of two kinds of collagen. Data are presented as the mean + SD (n = 4). The triangle

(yellow) represents the meshes, and the rectangle (white) represents the adhesion. Scale bar, 1 cm *P < 0.05, ***P < 0.001, ****P < 0.0001. Kruskal-Wallis, One-way

ANOVA. All experiments were performed in triplicate.
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Fig. 5. Pathological changes in rats after surgery. A) Representative HE staining at different time points after surgery. B) Representative images of CD31, PDPN, and
a-SMA expression in tissue 90 days after the operation. C) Representative Masson’s trichrome staining 90 days after surgery. D) Quantification of inflammation. E)
Mean fluorescence intensity (MFI) of CD31, PDPN, and a-SMA. F) Quantification of Masson’s trichrome staining. Data are presented as the mean + SD (n = 4). Scale

bar, 100 pm. Red asterisks represent meshes. *P < 0.05, **P < 0.01,
in triplicate.

of the abdominal wall muscles. A marker of myofibroblasts, a-SMA, was
expressed the least in the PLA-SF group, which also showed the least
adhesion (Fig. 5B and E). In addition, Masson trichrome staining showed
less collagen deposition in the PLA-SF mesh (Fig. 5C and F).

3.4. PLA-SF promotes cell proliferation through the TGF-f1/smad
pathway in vitro

To verify whether the three types of meshes could affect cell prolif-
eration in vitro, L929 cells were cultured with three kinds of meshes. The
results of the CCK8 assay demonstrated that there were no significant
differences in cell proliferation among the four groups after 12 h. After
24 h, the cell proliferation rates of the three mesh groups were all higher
than those of the control group, and the cell proliferation rate in the PLA-
SF group was lower than that in the PP group, and was roughly the same

*P < 0.0001. Kruskal-Wallis H, One-way ANOVA. All experiments were performed

as that in the PLA group (Fig. S2). The results of the Transwell assay
indicated that culture with meshes after 24 h changed cell polarity and
enhanced cell migration, which might be associated with adhesion for-
mation (Fig. 6A and C). Additionally, the results of the Live/Dead assay
showed that coculture with meshes after 24 h did not cause excessive
cell death (Fig. 6B and D).

The three types of meshes cocultivated with 1L929 cells acted as
foreign bodies and brought mechanical stimulation to cells, resulting in
different expression of proteins. We found that 1929 cells proliferated
through the TGF-$1/Smad pathway. All meshes increased the expression
of TGF-f1, P-Smad2/3, and Smad4 (Fig. 7A-B). The results of HE
staining suggested that the three types of meshes cause cells to secrete
inflammatory factors. The increased expression of IL-1f and TNF-a also
confirmed this finding (Fig. 7C-D). The upregulation of the fibrotic
molecules Vimentin and «-SMA and the downregulation of the cell
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Fig. 6. Coculture with meshes promotes 1.929 proliferation. A) Representative images of the migration viability of L929 cells 24 h after coculture with meshes. B)
Representative Live/Dead staining images showing cell viability. C) Quantification of migrated cells. D) Quantification of cell viability 24 h after coculturing with
meshes. Data are presented as the mean + SD (n = 3). Scale bar, 200 pm *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA. All experiments were performed

in triplicate.

adhesion molecule E-cadherin indicated that both the number of myo-
fibroblasts and the migration ability of the cells increased, which was
consistent with the results of the Transwell assay (Fig. 7E-F).

4. Discussion

Surgical repair of abdominal wall hernias is one of the most common
surgical procedures performed by surgeons. Before 1958, primary suture
repair was used to treat abdominal wall hernias. Since the introduction
of PP mesh in 1958, synthetic mesh has become the typical strategy for
hernia repair. Until now, the mesh used in hernia repair surgery for
many years was still PP mesh, but the various postoperative complica-
tions have driven the search for a more suitable replacement. Meshes
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used clinically or in research have been combined with each other or
coated with PLA [2], chitosan [39], fibrin [40], amino acids [41], drugs
[42], cytokines [18] or other materials to form a new type of composite
mesh. However, an ideal mesh has not been found for Clinical applica-
tion. An ideal mesh would have good mechanical properties and not
swell and shrink, would have properties of high hydrophilicity, de-
gradability, anti-inflammation, and anti-adhesion and would be low in
price. The PLA-SF mesh in this study meets the ideal characteristics
mentioned above to a certain extent.

In this study, a novel PLA-SF composite biological hernia mesh was
successfully fabricated by electrospinning PLA and SF at a ratio of 8:2.
Swelling experiments, degradation experiments, SEM experiments, and
stress—strain tests were carried out to evaluate the physicochemical
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Fig. 7. The PLA-SF mesh promotes cell proliferation through the TGF-p1/Smad pathway in vitro. A) Representative Western blots of TGF-$1/Smad pathway-related
proteins after L929 cells were cocultured with PP, PLA, and PLA-SF. B) Quantification of TGF-$1/Smad pathway-related proteins. C) Representative Western blots of
inflammation-related proteins after L929 cells were cultured with PP, PLA and PLA-SF. D) Quantification of inflammation-related proteins. E) Representative Western
blots of fibrotic-related proteins after L929 cells were cultured with PP, PLA, and PLA-SF. F) Quantification of fibrotic-related proteins. Data are presented as the
mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA. All experiments were performed in triplicate.
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properties of the new mesh. In vivo degradation, intraperitoneal adhe-
sion, and inflammation were observed in a rat abdominal wall hernia
model. Finally, in vitro coculture experiments indicated that PLA-SF
mesh reduced the expression of inflammatory and fibrotic molecules
and increased cell proliferation and migration, which were beneficial to
tissue remodeling. Compared with the PP and PLA meshes, the novel
PLA-SF mesh had excellent physicochemical properties and biocom-
patibility and could be a very promising composite biological mesh for
hernia repair.

The abdominal wall bears the highest stress when people cough or
jump (14.35 kPa and 22.80 kPa, respectively) [43]. In this study, the PP,
PLA, and PLA-SF meshes could withstand ultimate strengths of 4.25 +
0.31 MPa, 4.08 + 0.44 MPa, and 17.28 + 1.65 MPa, respectively, which
were much higher than the stresses that the abdominal wall muscles
could support, and the PLA-SF mesh performed best. Tension-free her-
nioplasty was used in hernia repair. If the mesh shrank or swelled, it
changed the tension around the defect. Mesh shrinkage led to increased
tension around the defect, and mesh expansion led to the protrusion of
the abdominal contents, both of which could increase the recurrence
rates of hernia. The PLA-SF mesh did not shrink or expand with time,
and no recurrent hernias were observed.

The physical structure of the mesh affected the repair of the hernia. A
study by Qiu et al. [44] showed that lightweight mesh had a less in-
flammatory response due to its softness, strong elasticity, and large pore
size and had better histocompatibility than heavyweight mesh.
Although the weight of the PP mesh used in this study was 25.4 + 1.8
g/m?, which is thus classified as a lightweight mesh, it still caused
serious adhesions. The PLA-SF mesh weighed 21.3 = 0.6 g/m? and is
thus also classified as a lightweight mesh. Although it did not meet the
characteristics of a large pore size, its high porosity observed with SEM
promoted tissue ingrowth, caused a reduced foreign body reaction and
lower inflammation, and exhibited better histocompatibility.

Non-degradable and degradable meshes each have their own ad-
vantages. The most considerable advantage of non-degradable meshes is
the low rate of recurrence; the hernia recurrence rate after repair with
PP meshes was only 4 % [45]. However, a randomized controlled trial
showed that non-absorbable meshes demonstrated superior 2-year her-
nia recurrence risk compared with biologic mesh in patients undergoing
single-stage repair of contaminated ventral hernias [26]. Therefore,
whether non-absorbable mesh can truly reduce the recurrence rate of
hernia still needs to be explored. Although coatings are applied to PP
meshes, it is still difficult to change the fact that PP meshes cause
abdominal adhesions. Some rats developed mild adhesions on the 14th
and 90th days after SF-PP mesh implantation [16]. Some complications,
such as poor healing of abdominal incisions, were experienced with the
PLA-SRL-PP mesh. As the concentration of SRL increases, mild inflam-
mation, foreign body reaction, mild collagen deposition, and neo-
vascularization occur [15]. In our study, we designed a biologic mesh,
which avoids the complications of non-absorbable meshes while
ensuring the physical properties. The advantage of degradable meshes is
that they can reduce chronic postoperative pain, foreign body sensation
and delayed mesh infection. Furthermore, the degradation rates of the
PLA-SF mesh were slower than the tissue repair rates, avoiding the
recurrence of hernia.

Myofibroblasts play a crucial role in secreting molecules, including
collagens, proteoglycans/glycosaminoglycans, elastin, fibronectin,
laminins, and several other glycoproteins, which are vital components of
the extracellular matrix (ECM) [46]. Excessive deposition of ECM can
cause fibrosis [47]. Adhesions are fibrotic scars that form between
abdominal organs following surgery or infection [48].

Adhesions arise from disordered wound healing. Using peritoneal
repair caused by surgical trauma as an example, completing the repair
within the first three days typically prevents the occurrence of adhe-
sions. However, if repair and/or fibrinolysis are delayed, fibroblast
proliferation can lead to the formation of adhesions [49]. Hence, in
normal conditions, tissue repair follows an orderly process, while the
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formation of adhesions is counterproductive to effective wound healing.

Normally, When the body is subjected to harmful stimuli (such as
inflammation and mechanical stress caused by the mesh), myofibro-
blasts derived from multiple sources (including resident fibroblasts,
mesenchymal cells, circulating fibroblasts) can initiate wound healing
responses by remodeling the extracellular environment [50-52]. When
the tissue repair is complete, this profibrotic program shuts down.
However, chronic inflammation can lead to dysregulation of this pro-
cess, leading to deposition of ECM. The interplay of inflammation and
mechanical stimulation can disrupt the orderly process of repair, giving
rise to disordered adhesions.

The degradability of materials is also intricately linked to the for-
mation of adhesions. The PLA-SF mesh avoided long-term contact of
foreign bodies with the body, reduced inflammation and mechanical
stress, thereby reducing excessive accumulation of ECM, and the TGF-
f/Samd pathway was not overactivated. The non-degradable PP mesh
caused the body to be in an environment of sterile inflammation and
mechanical stress for a long time, and the ECM continued to deposit,
which led to a large release of TGF-p1 (a major effector of the fibrotic
process) [53]. Furthermore, Smad 2/3 phosphorylated by TGF-1 bind
to Smad4 and enters the nucleus, which enhances
fibroblast-myofibroblast differentiation and the production and secre-
tion of ECM [54].

The hydrophilicity of PLA-SF additionally diminishes the formation
of adhesions between it and abdominal organs. Bacakova et al. sug-
gested that highly hydrophilic surfaces prevent the adsorption of pro-
teins, or these molecules are bound very weakly. In contrast, on highly
hydrophobic materials, proteins are adsorbed in rigid and denatured
forms, impeding cell adhesion [55]. This could be attributed to the fact
that hydrophilic materials promote cell-matrix adhesion, whereas hy-
drophobic materials facilitate protein-matrix adhesion. In this study, the
PLA-SF mesh exhibited higher hydrophilic, and the results of immuno-
fluorescence (the expression of a-SMA decrease) and Masson staining
(the expression of Collagen decrease) suggested that the ECM deposition
caused by PLA-SF mesh was less compared to that caused by PLA mesh.
This happened to attenuate the effect of the TGF-p/Samd
adhesion-promoting pathway, making the repair effect milder.

The small pore structure of the PLA-SF mesh facilitated tissue repair.
The results of tissue immunofluorescence (the expression of PDPN and
CD31 increase) suggested that a significant influx of peritoneal meso-
thelial cells and new blood vessels into the PLA-SF mesh. However, the
PP mesh has large pores, it was difficult for peritoneal mesothelial cells
to cling, and new blood vessels only existed around the pore.

The hydrophilicity of the PLA-SF mesh might promote tissue repair.
Etesabi et al. demonstrated enhanced cell proliferation and attachment
to modified hydrophilic scaffold [56], a phenomenon potentially linked
to the hydrophilicity of PLA-SF.

Increased production of extracellular matrix (ECM) components:
Collagen I and collagen III, hyaluronan (HA), fibronectin (FN), and extra
domain A fibronectin (EDA-FN) distinguish the hallmarks of myofi-
broblasts [57]. Collagen I and collagen III play an important role in
wound healing. Henriksen et al. [38] found that a high collagen
I/collagen III ratio was more conducive to hernia formation and recur-
rence. In this study, Western blot showed that the expression of collagen
I was the highest and the expression of collagen III was the lowest in the
PLA-SF group, so the ratio of collagen I/collagen III was the highest in
the PLA-SF group. Therefore, the rates of tissue remodeling in the
PLA-SF mesh group were the fastest, which was more conducive to tissue
remodeling.

The PLA-SF mesh may be fabricated for mechanical enhancements
and chemical modifications to achieve specific functionalities. Me-
chanical properties may improve through weaving methods, prepara-
tion processes, and the incorporation of reinforcing materials. Chemical
modifications or filling with functional materials, offer versatile ways to
enhance surface functionality. Zhou and his team used adipose stem
cells to fill poly(e-caprolactone)/chitosan scaffolds to promote tissue
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remodeling [58]. Another study demonstrated the efficacy of a specific
drug carrier system for postoperative analgesia [59]. These instances
prompt speculation that PLA-SF mesh, upon chemical modification,
could potentially exhibit antibacterial, anti-inflammatory, analgesic
properties, and contribute to tissue remodeling. PLA-SF scaffold,
following chemical modification, can be tailored for applications such as
biomedical implants, drug delivery, or tissue engineering scaffolds. Yan
et al. demonstrated hydrogel carriers for sustained release on stem cells,
indicating potential combinations with PLA-SF scaffolds [60]. Overall,
PLA-SF mesh can undergo upgrades and modifications, serving as a
platform for creating materials with enhanced functionalities.

In this study, for the first time, we used behavioral experiments to
evaluate the postoperative pain in a rat abdominal wall hernia model
and used the rat movement distance to evaluate the effect of different
meshes on postoperative pain. Furthermore, we performed small-animal
CT on rats, and we could easily observe the postoperative adhesions
without sacrificing the animals. Most importantly, the PLA-SF mesh not
only overcame the poor mechanical properties of PLA but also reduced
postoperative complications caused by PLA or PP.

5. Conclusion

The PLA-SF mesh had advantageous physicochemical properties,
promoted cell proliferation and tissue remodeling through the TGF-f1/
Smad pathway, reduced the expression of fibrotic molecules without
producing more inflammatory factors, and led to little production of
adhesions. Therefore, the PLA-SF mesh is a promising composite bio-
logical material for hernia repair.
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