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Abstract: A combination of stem cells, scaffold materials, nanoparticles (NPs), and physiological factors can be used
to engineer a tissue that can replace or improve the function of the damaged tissue. This study was designed to as-
sess whether astragaloside (aS)-IV-activated rat bonemarrow-derived mesenchymal stem cells (BMSCs), seeded on
a nano-biological mesh composed of small intestinal submucosa (SIS) modified with poly (D,L-lactide-co-glycolide)
NPs (PLGA-NPs-SIS), can promote cell engraftment, proliferation, and mesh incorporation into the tissue upon im-
plantation. aS-IV-induced BMSCs cultured with PLGA-NPs-SIS showed enhanced viability and proliferation as well
as reduced apoptosis. Vascular endothelial growth factor, type | and Il collagen, and monocyte chemoattractant
protein-1 were upregulated, whereas matrix metalloproteinase and interleukin-6 were downregulated in these BM-
SCs. Pre-seeded BMSCs induced with aS-IV engrafted in a rat abdominal wall defect model showed migratory and
proliferative capacities while enhancing vascularity at the musculofascial/graft interface. These findings imply that
the nano-biological mesh composed of aS-IV-induced BMSCs seeded on PLGA-NPs-SIS can be used for abdominal
wall reconstruction.

Keywords: Astragaloside IV, bone marrow-derived mesenchymal stem cell, poly (D,L-lactide-co-glycolide) nanopar-
ticle, abdominal wall reconstruction, tissue engineerin

Introduction

The most common abdominal wall defects
include inguinal and ventral hernias, which are
complications of abdominal laparotomy. Appro-
ximate 10% of the population suffers from
some type of abdominal wall hernia in their life-
time [1]; as such, abdominal wall reconstruc-
tion is one of the most common operations per-
formed by general surgeons. However, there is
no single approach that is universally effective,
and complications such as infection and recur-
rence are still a clinical challenge.

Synthetic scaffolds including polypropylene
and expanded polytetrafluoroethylene are usu-
ally used for abdominal wall reconstruction [2,
3]. However, an implanted foreign body can
elicit a chronic inflammatory reaction and is not

under remodeling by the host [4]. Synthetic
meshes are also associated with increased
risks of infection, adhesion to the bowels, and
enterocutaneous fistula formation. Biological
scaffolds composed of extracellular matrix
(ECM) components from human and animal tis-
sues, such as the dermis, pericardium, as well
as small intestine submucosa (SIS) [5, 6], are a
promising alternative to synthetic materials.

SIS from porcine small intestine has been
extensively investigated for its ability of repair-
ing abdominal wall defects [7-9]. Multilaminated
SIS provides mechanical strength for tissue
regeneration but also promotes cellular infiltra-
tion and vascularization [10]. In addition, SIS is
resistant to bacterial infection even in contami-
nated surgical fields, tolerates exposure with-
out requiring explanation; resists adhesion, and
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strengthens the musculofascial interface in the
early stages of tissue repair [11].

One limitation of SIS is the microarchitectural
heterogeneity that can lead to inconsistent
results. Previous studies reported that bone
marrow mesenchymal stem cells (BMSCs) on
an SIS scaffold accelerate re-epithelialization,
revascularization, as well as muscle regenera-
tion in the esophagus [12]; in addition, SIS
supports the 3D growth of BMSCs in vitro, and
BMSC-seeded SIS scaffolds promote the re-
generation of bladder in a canine model [13].
Thus, BMSCs can be as adopted as a cell
source in tissue engineering.

Astragaloside (aS)-1V, a constituent of the root
extract of Astragalus species, is widely used in
Chinese traditional medicine and shows good
biocompatibility [14]. MSCs treated with tanshi-
none A and aS-IV express a higher C-X-C che-
mokine receptor type 4 level on the cell surface
compared with untreated control cells [15].
Additionally, aS-IV treatment promotes the
expression of the stem cell factor, granulocyte
macrophage colony stimulating factor, throm-
bopoietin, as well as transforming growth factor
(TGF)-B1 in MSCs [16].

Poly (D,L-lactide-co-glycolide) (PLGA) is a biode-
gradable and biocompatible copolymer that
has been authorized by the U.S. Food and Drug
Administration for clinical use (e.g., in thera-
peutic devices) [17]. PLGA/collagen (COL)I
microspheres combined with BMSCs have
been used for trabecular reconstruction, and
improve bone quality in osteoporotic rats [18].
Moreover, abdominal defects were successfully
repaired using polyglycolic acid fibers and the
corresponding cell type in an animal model,
preventing postoperative peritoneal adhesion
[19].

Based on the above, we hypothesized that
proliferating stem cells in SIS would enhance
cellular and vascular infiltration from surround-
ing tissues. Therefore, this study aimed to
assess whether BMSCs induced by astragalo-
side IV and integrated into SIS modified by
PLGA nanoparticles (NPs) can promote stem
cell engraftment, survival, and proliferation.
Our findings indicate that the nano-biological
mesh composed of aS-IV-induced BMSCs
seeded on PLGA-NPs-SIS is effective for ab-
dominal wall reconstruction.
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Methods and materials
Moral statement

This study was approved by the Ethics
Committee of our hospital. The animal experi-
ment was also approved by the Institution-
al Animal Care and Use Committee of our hos-
pital, and the operation process was carried
out in strict accordance with the relevant
guidelines.

Preparation and detection of PLGA NPs

PLGA (0.4 g) was soaked in 15 ml solution sup-
plemented with acetone and chloroform (9:6,
v/v) under a fume hood. The solution was com-
bined with 40 ml deionized water through stir-
ring at 400 rpm for 30 min. Solvent evaporation
was carried out using a rotary evaporator. After
centrifugation at 12,000 rpm, PLGA in the
emulsion was detected on a laser particle size
analyzer and characterized through transmis-
sion electron microscopy (TEM). The concentra-
tion of the nanoscale solution was determined
by the dry weight method [20].

Preparation of SIS

Porcine small intestine was acquired from
healthy pigs within 4 h of killing them and cut
into pieces of about 10 cm in length, which
were washed with normal saline. The tunica
serosa and muscularis were manually taken
out to obtain the SIS, which was washed with
normal saline and soaked in a solution with
methanol and chloroform (1:1, v/v) under a
fume hood for 12 h. After three washes through
deionized water to remove organic solvents,
the sample was subjected to 12-h incubation
with 0.05% trypsin/0.05% ethylenediaminetet-
raacetic acid (EDTA) at 37°C, washed with nor-
mal saline to remove trypsin, and processed by
0.5% sodium dodecyl sulfate for 4 h with peri-
odic vortexing. After washing with normal
saline, the sample was soaked in 0.1% peroxy-
acetic acid + 20% ethanol for 30 minutes,
washed with normal saline, and dried in a
freeze dryer.

BMSCs
Adult male rats were euthanized via CO, inhala-

tion, and the femur and tibia were dissected
and placed in pre-cooling Dulbecco’s modified
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Eagle’'s medium (DMEM). The epiphyses of the
femur and tibia were removed, and the bone
marrow was washed off through a syringe filled
with DMEM. The bone marrow was gently aspi-
rated and triturated to obtain a single-cell sus-
pension that was subjected to 1000 rpm cen-
trifugation for 20 min. The cell pellet was resus-
pended in complete medium in a culture flask.
About 72 h after plating, the culture superna-
tant with non-adherent cells was taken out, and
fresh medium was added. At 80% confluence,
cells were passaged two to five times by diges-
tion through 0.25% trypsin in 1 mM EDTA for 5
min and subcultured at 1:2.

Physical properties of PLGA NP-modified SIS

SIS was transferred to wells constructed with
silicone glue on the mucosal side, and PLGA NP
suspensions at 1.273 mg/cm? were added into
the mucosal side of SIS. The assembly was
incubated overnight on a shaker at 37°C. The
NP-modified SIS membrane was washed with
water to remove unattached NPs, and thick-
ness was measured as previously described
[241]. Briefly, the membrane was cut into small
(2 x 10 mm) sections, and digital micrographs
of the cross section were acquired under an
inverted microscope accompanied by a charge-
coupled device camera. The cross-sectional
distance was metered with the Sigma Scan Pro
(Systat, Point Richmond, CA, USA) calibrated
through an image of a hemocytometer. Briefly,
analysis on 6 x 1-cm strips of NP-modified SIS
membrane were carried out through an electro-
mechanical load frame (Model 5842; Instron,
Canton, MA, USA) with a constant crosshead
velocity (10 mm/min). Tests were carried out
under dehydration at 37°C in a custom-made
chamber.

Cell proliferation assay

The proliferation of transplanted BMSCs was
evaluated based on bromodeoxyuridine (BrdU)
incorporation. When BMSCs reached the loga-
rithmic growth phase, BrdU was added into the
culture at 30 yM. After 30-60 min, cells were
harvested by 1000 x g centrifugation for 10
min. After two rinses through 500 ul wash buf-
fer, 105-10° cells were transferred to a tube,
and 500 pl fixation buffer was added, followed
by overnight incubation at 4°C. The cells were
cleaned twice with 500 pl wash buffer for 2 min
at 4°C, and 300 ul denaturation buffer was
added at 37°C for 30 min, followed by two rins-
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es and the addition of 195 ul dye buffer and
5 ul fluorescein isothiocyanate (FITC)-BrdU.
Labeled cells were determined via flow cytom-
etry at excitation and emission wavelengths of
488 and 520 nm, respectively.

Cell viability assay

A Cell Counting Kit (CCK)-8 kit was adopted for
detection of viable cells. Briefly, 100 ul cell sus-
pensions (5 x 10%ml) were transferred to
96-well plates, followed by 24-h incubation in a
5% CO, incubator at 37°C. After two washes,
200 pl serum-free a--minimal essential medium
was added for 24 h. CCK-8 solution (10-ul in
volume) was added for 3 h, and cell viability
was determined by metering the absorbance at
450 nm on a microplate reader.

Detection of apoptotic BMSCs by annexin-V
FITC/propidium iodide (Pl) double staining

Annexin-V FITC/PI double staining was carried
out to detect apoptotic BMSCs in vitro. Cells
grown for 24 h were collected and washed
three times. After being added with 500 pl
binding buffer, 5 pyl Annexin V-FITC, and 5 ul PI,
the cells were subjected to 15-min incubation
at room temperature.

Apoptotic cells were determined via flow cytom-
etry at excitation and emission wavelengths of
488 and 530 nm, respectively.

Immunofluorescence

To evaluate collagen secretion by BMSCs, the
cells were immobilized by 4% paraformalde-
hyde for 30 min, rinsed three times with phos-
phate-buffered saline (PBS), and treated by 3%
H,0,-methanol to inactivate endogenous per-
oxidase. The samples were immersed in 50 pl
normal goat serum for 20 min and cultured with
antibodies targeting pro-COLI/III (1:200) for 2
h. After washing with PBS, the specimens were
cultured for 1 h at 37°C with FITC/tetramethyl-
rhodamine-conjugated secondary antibodies
(1:200), washed three times, and stained with
50 pl 4’,6-diamidino-2-phenylindole (DAPI) for 5
min. Immunoreactive cells were counted under
an inverted epifluorescence microscope (IX51;
Olympus, Tokyo, Japan).

Rat abdominal wall defect model

Male Sprague-Dawley rats (n = 45, 250 + 10
g) were anesthetized through intraperitoneal
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Table 1. Primer for real-time PCR

Primer Sequences (5'- > 3’)

Collagen | - Forward CGTGGAAACCTGATGTATGC

Collagen | - Reverse  GGTTGGGACAGTCCAAGTCT
Collagen Il - Forward GATGCTGGTGCTGAGAAGAA
Collagen Il - Reverse  GGCTGGAAAGAAGTCTGAGG

IL-6 - Forward GAGAAAAGAGTTGTGCAATGGC
IL-6 - Reverse ACTAGGTTTGCCGAGTAGACC
MCP-1 - Forward ATGCAGGTCTCTGTCACGCT
MCP-1 - Reverse GGTGCTGAAGTCCTTAGGGT
MMP-9 - Forward TTCAAGGACGGTCGGTATT
MMP-9 - Reverse CTCTGAGCCTAGCCCCAACTTA
VEGF - Forward GCAGCTTGAGTTAAACGAACG
VEGF - Reverse AGTTCCCGAAACCCTGAG
GADPH - Forward GGCCTTCCGTGTTCCTACC
GADPH - Reverse CGCCTGCTTCACCACCTTC

injection of 10% chloral hydrate (4 ml/kg). The
fur on the abdomen was shaved and the skin
was disinfected. A full-thickness defect (2.0 x
2.0 cm) was caused in the abdominal wall while
retaining the abdominal surface of the skin and
subcutaneous tissues. No mesh was implanted
in the model group, and the skin was sutured by
a 3-0 suture. In the test group, a patch was
implanted along with the engineered tissue
scaffolds with an overlap of about 0.5 cm, and
the skin was closed with a 3-0 suture.

Rats were assigned to five groups (n = 8 ani-
mals each): group 1, normal; group 2, abdomi-
nal wall defect model; group 3, polypropylene
patch implantation (PP); group 4, implantation
of SIS modified with PLGA NPs seeded with
BMSCs (BSP); and group 5, implantation of SIS
modified with PLGA NPs seeded with BMSCs
induced with astragaloside IV (ABSP). Body
weight, eating behavior, infection, hematoma
formation, and mortality were monitored
throughout the study. At 1, 4, and 8 weeks after
implantation, three animals per group were
sacrificed to evaluate adhesion and for histo-
logical analyses.

Evaluation of adhesion

The adhesion area was determined as a pro-
portion of the total visible implant area on
micrographs. Adhesion strength was semi-
gquantitatively graded on a scale from O to 3 in
an increment of 0.5 as follows: 0, no adhesion;
1, adhesion easily separated by applying gentle
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force; 2, adhesion separable by blunt dissec-
tion; and 3, adhesion requiring sharp dissec-
tion for separation from the implant site.

Hematoxylin-eosin (H&E) and Masson’s tri-
chrome staining

Two-cm-long tissue sections were excised from
the abdominal wall at 1, 4, and 8 weeks after
operation, respectively, and fixed with 10% for-
malin. After being cut at a thickness of 5 mm,
paraffin sections were dyed with H&E and
Masson’s trichrome, respectively.

Immunohistochemistry

Immunohistochemistry was carried out on par-
affin sections sliced at 5-7 ym. The sections
were deparaffinized through hot water, rinsed
three times through PBS, boiled in citrate buf-
fer, and incubated in 3% H,0,-methanol for 10
min for inactivation of endogenous peroxidase.
The sections were then successively cultured
with goat serum and primary antibodies (1:100)
for 2 h at 37°C. Subsequently, 50 pl horserad-
ish peroxidase-conjugated 1gG-Fab fragment
was added for 2 h at 37°C. After rinse, two
drops of diaminobenzidine solution were added,
followed by rinsing with distilled water to termi-
nate the chromogenic reaction. The sections
were counterstained through H&E, dehydrated,
mounted, and evaluated under a light micro-
scope (Nikon, Tokyo, Japan).

Quantitative real-time (QRT)-PCR

Total RNA was extracted with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) under the man-
ufacturer’s instructions. First strand cDNA
was synthesized with 2 mg total RNA throu-
gh the Superscript first-strand synthesis sys-
tem (Invitrogen). The levels of octamer-binding
protein-4, matrix metalloproteinase (MMP)-9,
(sex determining region Y)-box-2, COLI, COLII,
interleukin (IL)-6, monocyte chemotactic pro-
tein (MCP)-1, as well as vascular endothelial
growth factor (VEGF) were determined via qRT-
PCR on an ABI Step One Plus Real time-PCR
system (Applied Biosystems, Foster City, CA,
USA). Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was adopted for normalization.
Primer sequences are listed as Table 1. The
cycling conditions: 95°C for 5 min; 42 cycles of
95°C for 15 s and 60°C for 20 s; and 72°C for
40 s.
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Figure 1. Characteristics of the nano-biological mesh. SEM images of SIS close to the serosal layer (A), SIS close
to the mucosal layer (B), BMSC-SIS-PLGA mesh close to the serosal layer (C), and BMSC-SIS-PLGA mesh close the
mucosal layer (D). TEM image of PLGA NPs (E). Red and blue arrows indicate PLGA NPs and BMSCs, respectively.
Scale bar = 10 ym in (A-D). Scale bar = 50 nm in (E).

Western blotting (WB)

Proteins were extracted from tissue by radio-
immunoprecipitation assay (RIPA) buffer, and
total protein amounts were detected by the
bicinchoninic acid assay. Proteins were isolated
through polyacrylamide gel electrophoresis
with a 12% separation gel and 5% stacking gel,
and transferred to a membrane, and the
membrane was then immersed in 5% nonfat
dry milk in PBS for 2 h at indoor temperature.
After three washes through Tris-buffered saline
containing 0.1% Tween-20 (TBST), the mem-
brane was cultured with primary antibodies at
4°C all night long. After three washes through
TBST, 10 min each time, the membrane was
cultured through fluorophore-conjugated sec-
ondary antibodies for 1 h at indoor tempera-
ture. Protein bands were evaluated on an
Odyssey imaging system (LI-COR, Lincoln, NE,
USA).

Statistical analyses

Experiments were repeated three times at
least. Data are expressed as the mean * stan-
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dard deviation (SD), compared among multiple
groups using the One-way analysis of variance
(ANOVA); inter-group differences were evaluat-
ed through the Student’s t-test. SPSS (SPSS
Inc., USA) and GraphPad Prism 6 (GraphPad
Software Inc., USA) were adopted for data anal-
ysis. P < 0.05 implies a significant difference.

Results
Characterization of PLGA and BMC-SIS

SIS isolated from pig small intestinal tissues by
enzymatic digestion showed fibroblast-like mor-
phology by scanning electron microscope (SEM)
analysis as well as good proliferative capacity
(Figure 1A, 1B). BMSCs seeded on SIS scaf-
folds formed a membrane after 5 days of cul-
ture (Figure 1C, 1D). Next, PLGA NPs were
examined by transmission electron microscope
(TEM). The uniform spheres had an average
size of 167 nm (Figure 1E). The size distribution
was determined by analyzing approximately
100 NPs, and the zeta potential was calculated
from three samples. The zeta potential of the
produced PLGA NPs was 7.1 + 1.2 mV (mean *
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standard deviation), indicating that they were
stable.

Viability of BMSCs on scaffolds

aS-IV stimulated BMSC proliferation in a con-
centration-dependent manner with the highest
rate observed at a concentration of 160 ug/ml
(19.83%), as determined by BrdU incorpora-
tion (Figure 2A). aS-IV-SIS-PLGA had the most
potent effect on cell proliferation (26.58%). In
addition, CCK-8 assay results showed that the
proliferation ability of cells treated with 160 uM
aS-1V was significantly improved, and aS-IV-SIS-
PLGA cells showed the strongest proliferation
activity (Figure 2B). These results indicated
that PLGA and aS-IV promoted the growth of
BMSCs. Consistent with these observations,
annexin-V FITC/Pl double staining and flow
cytometry analysis showed that BMSCs induced
with aS-1V at 80 (P < 0.05) and 160 (P > 0.05)
ug/ml before seeding on the SIS-PLGA scaffold
suppressed apoptosis compared with normal
BMSCs and SIS-PLGA scaffolds seeded with
cells not treated with aS-1V (Figure 2C).

COLI and COLIII protein quantified by immuno-
fluorescence

BMSCs synthesize collagen, with the most abu-
ndant types | and lll. The precursor proteins,
pro-collagen type |, as well as pro-collagen type
[l were abundant in the nucleus of BMSCs, as
determined by immunocytochemistry (Figure
3).

Evaluation of abdominal wall repair following
scaffold implantation

All rats that underwent surgery recovered with-
out complications and survived until the end of
the study. There was no bleeding, herniation, or
wound infection in any of the animals. However,
rats with an implanted scaffold showed weight
loss and were sluggish.

After implantation of PP, BSP, or ABSP meshes,
adhesion areas and strengths were evaluated
(Table 2). All rats showed slight adhesion involv-
ing the omentum. However, in the abdominal
wall defect model, adhesion was extensive and
affected several additional tissues, including
the liver and bowel. Over time, adhesion areas
and strengths increased in the model and PP
groups, while the opposite trend was observed
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in the BSP and ABSP groups at 1, 4, and 8
weeks (P < 0.05). No significant differences
was found between the model and PP groups in
adhesion score, whereas at 8 weeks, the ABSP
group had a significantly lower adhesion score
compared with other groups.

Histological analysis following mesh implanta-
tion

In vivo host cell infiltration and inflammatory
response to mesh implantation were analyz-
ed at 1, 4, and 8 weeks after operation by
examining the structures of the implanted scaf-
fold and the newly formed tissue by H&E stain-
ing (Figure 4). Multinuclear giant cells were
stained with Toluidine Blue. The highest inflam-
matory response in all experimental groups
was found during the first week after operation,
but the number of infiltrated inflammatory cells
declined over time. Compared with the model
group, rats with implants had fewer inflamma-
tory cells, with the lowest number observed in
the ABSP group (Figure 4).

Collagen is the main component of ECM res-
ponsible for tissue repair; its deposition in
wound gaps can promote wound contraction
and healing. To assess collagen deposition,
rats were sacrificed at 1, 4, and 8 weeks,
respectively, and the structures of the implant-
ed scaffold and the newly formed tissue-includ-
ing the distribution and degradation of collagen
fibers-were explored by Masson’s trichrome
staining. Collagen deposition and muscle infil-
tration increased in area immediately surround-
ing the graft in the BSP and ABSP groups. At 4
weeks after surgery, the tissue layers in the
BSP and ABSP groups were densely aggregat-
ed with cells that appeared red after Masson’s
trichrome staining; these areas reflected newly
migrated cells that start to infiltrate the ECM.
Most of the collagen fibers were still present 8
weeks after implantation (Figure 5). The model
group had the lowest abundance of collagen,
with the ABSP group showing comparable
levels.

Ultrastructure of the abdominal wall tissue as-
sessed by SEM

One specimen at each time point was randomly
selected for SEM analysis. Irregular collagen
fibrils were observed at 1 week, becoming
thicker and more uniform at 4 and 8 weeks
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Figure 2. Viability of BMSCs on SIS-PLGA scaffolds. A. Proliferation of BMSCs treated with indicated concentrations
of aS-IV. Cell viability in the SIS and SIS-PLGA groups cultured with or without 160 uM aS-IV-induced BMSCs was
evaluated by the BrdU incorporation assay. B. Proliferation of BMSCs, as determined by CCK-8. C, D. Apoptosis of
BMSCs in the 20-160 pM aS-IV, SIS, and SIS-PLGA groups, and in 160 uyM aS-IV-induced BMSCs seeded on SIS-
PLGA, as detected via Annexin-V FITC/PI double staining and flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001,
vs. control group; P < 0.05 vs. SIS group; #P < 0.05, SIS-PLGA.

(Figure 6). The normal group had the thickest the ABSP, BSP, PP, and model groups in that
and most uniform collagen fibrils, followed by order.
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Figure 3. Immunofluorescent detection of COLI and COLIIl. COLI (A-C) and COLIIIl (D-F) expression in BMSCs was
detected by immunofluorescence (green). Cells were counterstained through 4’,6-diamidino-2-phenylindole (blue).

Table 2. Adhesion areas and scores (mean + SD) of implanted meshes

Model group PP group BSP group ABSP group P value

Adhesion areas

1 week 52.74 + 2.37"1# 29.39 + 3.31"1 9.11 £ 0.88 6.58 + 0.54 <0.001

4 weeks 79.04 + 4.56™1# 65.09 + 3.69"1 8.01+1.45 5.68 + 0.65 <0.001

8 weeks 93.20 + 3.25™1# 77.21 +£3.39"1 5.82+1.09 3.68 £ 0.46 <0.001
Adhesion scores

1 week 2.60 + 0.65 2.40 +0.55 2.00+0.71 1.60 £ 0.89 0.163

4 weeks 2.60 £ 0.55" 2.00+0.71 1.80£0.45 1.40 £ 0.55 0.031

8 weeks 2.80 £ 0.45"1 2.40 £ 0.55™1 1.40 £ 0.55 0.80 + 0.45 < 0.001

*: P <0.05 vs. ABSP group; t: P < 0.05 vs. BSP group; #: P < 0.05 vs. PP group.

Immunohistochemical findings

The DNA content of a population of MSCs rep-
resented the number of MSCs on a scaffold,
and was used as a measure of MSC prolifera-
tion on SIS meshes.

Microvessel density around the implants was
quantified by counting CD31+ cells within the
cluster of differentiation detected by immuno-
histochemistry at 1, 4, and 8 weeks (Figure 7).
Microvessel densities were mostly lower in the
model, PP, and BSP groups but higher in the
ABSP group compared with normal rats at each
time point (P < 0.05), with a significant differ-
ence between the model and normal groups at
4 weeks (P < 0.05). Microvessel density
increased over time after operation, especially
during the first 4 weeks. The differences
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between the ABSP and the remaining groups
were statistically significant at 8 weeks (P <
0.01) (Figure 7).

As for COLI and Ill expression amounts, the nor-
mal group showed the highest values at each
time point (1, 4, and 8 weeks post-implanta-
tion), followed by the ABSP group. Increases in
COLI and Il levels occurred over time, with sig-
nificant differences observed in the PP and
BSP groups relative to model rats (P < 0.05),
which showed the lowest COLI and Ill expres-
sion levels (Figures 8 and 9). Meanwhile, COLI
and lll levels were higher in the ABSP group and
lower in the PP group compared with the BSP
group at all-time points; therefore, COLI and Il
levels in decreasing order were found in the
normal, ABSP, BSP, PP, and model groups
(Figures 8 and 9). These results indicated that
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Figure 4. Histological examination of the tissue response to subcutaneously implanted meshes in a rat abdominal
wall defect model at 1, 4, and 8 weeks after mesh implantation. Photomicrographs show SIS samples dyed with
H&E. Normal abdominal tissue samples are presented in the top panels, followed by the Model, PP, BSP, and ABSP
groups at 1, 4, and 8 weeks. Scale bar = 50 mm.

astragaloside IV-stimulated BMSCs seeded on
SIS modified with PLGA NPs increased collagen
production in vivo.

Expression of inflammatory and angiogenic
factors

To determine whether the implanted mesh can
repair abdominal wall defects, we analyzed the
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mRNA and protein levels of pro- and anti-inflam-
matory cytokines, ECM components, and angio-
genic factors by gRT-PCR and WB, respectively,
at 1, 4, and 8 weeks. MMP-9 and IL-6 mRNA
levels declined in the ABSP group compared
with other groups at each time point, except for
the BSP group at 8 weeks (Figure 10A). On the
other hand, the ABSP group showed a higher
COL1A1 mRNA level than the model and PP
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Normal

Figure 5. Masson’s trichrome staining of abdominal wall tissue 1, 4, and 8 weeks after mesh implantation. Normal
abdominal tissue samples are presented in the top panels, followed by the Model, PP, BSP, and ABSP groups at 1,
4, and 8 weeks. Scale bar = 50 mm. Collagen fibers and the muscle appear as blue and red, respectively.

groups at each time point (P < 0.05) and a
slightly lower COL1A1 mRNA level than the nor-
mal group at 4 and 8 weeks (P > 0.05). There
were no differences in COL1A1 mRNA expres-
sion between the ABSP and BSP groups at
any time point. COL3A1 mRNA expression
showed a similar trend, although the level was
lower in the ABSP compared with the normal
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group at 4 and 8 weeks. Angiogenesis is an
important determinant of the survival of the
implanted mesh; VEGF was upregulated in the
ABSP group compared with the BSP, PP, and
model groups, and downregulated relative to
normal control values at 1, 4, and 8 weeks
(Figure 10A). Similar trends in protein expres-
sion were found by WB (Figure 10B).
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Figure 6. Ultrastructure of the abdominal wall tissue assessed by SEM at 1, 2, and 4 weeks after mesh implantation.
Normal abdominal tissue samples are presented in the top panels, followed by the Model, PP, BSP, and ABSP groups

at 1, 4, and 8 weeks. Scale bar = 20 ym.

Discussion

Our study designed a nano-biological mesh
composed of aS-IV-induced BMSCs seeded on
PLGA-NPs-SIS, which was demonstrated to be
effective for abdominal wall reconstruction.

Reconstruction of abdominal wall defects with
insufficient fascia musculares or excessive ten-
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sion remains a clinical challenge. Besides oper-
ation, patches play an essential role in abdomi-
nal defect repair. The application of SIS to the
engineering of manifold organs has yielded
promising results in terms of host tissue re-
generation and functional recovery [22]. To this
end, various cell types have been used in con-
junction with SIS [23]. As an acellular ECM, the
SIS not only provides a three-dimensional
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micro cessel density

micro cessel density

micro cessel density

Figure 7. Immunohistochemical assessment of microvessel density in the abdominal wall tissue 1, 4, and 8 weeks
after mesh implantation. By counting CD31 positive microvessels, microvessel density was assessed. Normal ab-
dominal tissue samples are presented in the top image panels, followed by the Model, PP, BSP, and ABSP groups at
1, 4, and 8 weeks. Quantitation is shown in the right panels. *P < 0.05, **P < 0.01, vs. Normal group; &P < 0.05
vs. Model group; #P < 0.05 vs. PP group; aP < 0.05 vs. BSP group.

structure for cell adhesion, growth, and migra-
tion, but also secretes growth factors such as
VEGF and glycosaminoglycan, fibronectin, lam-
inin, heparin sulfate, COLIV, and hyaluronic acid
[24, 25]. However, a previous study demon-
strated that although it promoted cell attach-
ment, proliferation, and differentiation, SIS only
induced partial epithelialization 35 days after
esophagoplasty [26].

SIS can support BMSCs without affecting cell
viability, with collagen, elastin, as well as colla-
gen crosslinking stored in culture [27]. BMSCs
are critical for the repair of damaged tissue
since they release various growth factors and
cytokines [28]. Implanted BMSCs loaded on
SIS have been successfully engrafted and dif-
ferentiated into myocyte-like cells at the site of
implantation, accelerating re-epithelialization,
revascularization, and muscular regeneration

7090

to a greater extent than SIS only [12]. aS-IV was
extracted from Astragalus membranaceus, and
is usually used as a food additive and in herbal
medicine for positively inotropic features as
well as anti-hypertensive, -inflammatory, -oxi-
dant, and -infarction properties [29]. aS-IV was
shown to upregulate VEGF and inhibit leukocyte
infiltration and the expression of inflammatory
factors including TNF-a and IL-13 and -6 [30]. In
our study, aS-IV in the 0-160 pg/ml range inhib-
ited BMSC proliferation in a concentration-
dependent manner (Figure 2). Then, in vivo
experiments showed that collagen was upregu-
lated by SIS loaded with BMSCs stimulated
with aS-IV (Figure 5), which was confirmed by
SEM (Figure 6) and immunohistochemistry
(Figures 8 and 9).

A key factor in abdominal wall reconstruction
with a biological mesh is the balance between
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Figure 8. Immunohistochemical assessment of COLI protein amounts in the abdominal wall tissue 1, 4, and 8
weeks after mesh implantation. Normal abdominal tissue samples are presented in the top image panels, followed
by the Model, PP, BSP, and ABSP groups at 1, 4, and 8 weeks. Quantitation is shown in the right panels. *P < 0.05,
**P < 0.01, vs. Normal group; &P < 0.05 vs. Model group; #P < 0.05 vs. PP group; aP < 0.05 vs. BSP group.

rates of mesh degradation and tissue remodel-
ing. If the mesh has sufficient mechanical
strength to prevent herniation before complete
degradation, the probability of hernia recur-
rence is significantly lowered. In a canine model
of abdominal wall defect repair, 25% of SIS
scaffolds were absorbed after 1 month and
75% after 2 months; after 4 months, the scaf-
fold was completely replaced with host tissue
[31]. Cell-SIS scaffolds are more effective in
minimizing the incidence of hernia than those
consisting of SIS alone [5]. In this study, BMSCs
stimulated by aS-IV and seeded on a SIS-PLGA
scaffold produced COLI and COLIII (Figure 3),
and SEM revealed that the scaffold was eventu-
ally covered by fibrous connective tissue and
mesothelial cells. In agreement, gRT-PCR and
WB revealed that COLIII mRNA expression
increased in the BSP and ABSP groups com-
pared with the PP group, although COLIII pro-
tein levels were similar in the two former groups.
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It is known that collagen is a biomarker of
osteogenesis, and the up-regulated COLI and
COLIIl in BMSCs are helpful to promote osteo-
genesis and play the role of abdominal wall
reconstruction [32].

Capillaries supply oxygen and nutrients to en-
gineered or regenerated tissue that prevents
cell necrosis. A combination of BMSCs and
SIS was found to synergistically induce angio-
genesis in a rat esophageal defect model, with
neovascularization improving blood supply to
the defect and enhancing tissue repair. Indeed,
engrafted BMSCs can produce angiogenic and
stem cell homing factors via a paracrine mech-
anism critical for angiogenesis [24]. In this
study, we observed neovascularization and
increased microvessel density in the BSP and
ABSP groups, as demonstrated by elevated
amounts of CD31+ cells (Figure 7); thus, aS-IV
stimulation of BMSCs seeded on SIS-PLGA
scaffolds may enhance neovascularization,
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Figure 9. Immunohistochemical assessment of COLIIl protein amounts in the abdominal wall tissue 1, 4, and 8
weeks after mesh implantation. Normal abdominal tissue samples are presented in the top image panels, followed
by the Model, PP, BSP, and ABSP groups at 1, 4, and 8 weeks. Quantitation is shown in the right panels. *P < 0.05,
**P < 0.01, vs. Normal group; &P < 0.05 vs. Model group; #P < 0.05 vs. PP group; aP < 0.05 vs. BSP group.

which can, in turn, promote cell infiltration.
CD31 staining data were comparable across
groups in our study, implying that MSC seeding
failed to change the ability of SIS to integrate
into the surrounding myocardium or recruit new
blood vessels.

It is likely that the non-injury model established
here may have provided insufficient stimulus
for the pro-regenerative activity of BMSCs.

Mesh implantation results in a more persistent
inflammatory reaction than SIS implantation,
as demonstrated by elevated amounts of mast
cells, CD8+ T cells, as well as CD68+ macro-
phages 24 weeks after surgery [33]. The exis-
tence of MSCs can suppress graft-specific
adaptive immune responses compared with
SIS alone. As shown above, macroscopic exam-
ination revealed that the ABSP group had
reduced inflammatory response compared
with the model, PP, and BSP groups, which may

7092

be associated with reduced adhesion of ab-
dominal organs such as the intestines, liver
margin, and omentum that can cause intestin-
al obstruction, abdominal organ failure, and
peritonitis. Secretion of cytokines (IL-6) and
ECM components (MMP-9) by BMSCs was
reduced after cell activation by aS-IV, althou-
gh the level differences were insignificant. It
can be attributed to the suppression of the
inflammatory response in the ABSP group
compared with the BSP and PP groups. These
findings suggest a potential therapeutic bene-
fit for aS-IV-induced BMSCs seeded on SIS
through increased release of pro-angiogenic
cytokines.

The ideal biosynthetic material should not be
altered by tissue fluid. It is a chemically inert
material that does not induce inflammation and
is also a non-carcinogenic material that can
resist mechanical stress, does not cause aller-
gic reaction or anaphylaxis, and can be molded
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Figure 10. Protein and mRNA expression of inflammatory and angiogenic factors. A. qRT-PCR analysis of COL1A1,
COL3A1, VEGF, MMP-9, MCP-1, and IL-6 levels; relative mRNA levels are based on GAPDH expression. B. WB analy-
sis of the expression of indicated proteins (GAPDH was adopted as a loading control). *P < 0.05, **P < 0.01, vs.
Normal group; &P < 0.05 vs. Model group; #P < 0.05 vs. PP group; aP < 0.05 vs. BSP group.

into different shapes as needed. In our study,
we analyzed the feasibility of using a mesh con-
sisting of BMSCs seeded on SIS modified with
PLGA NPs for abdominal wall defect repair in a
rat model. Compared with the PP mesh, this
graft showed a higher capacity for autologous
muscle regeneration and remodeling of the
nearby tissues while suppressing the inflamma-
tory response. These findings underscore the
importance of naturally occurring products in
designing complex tools to solve actual clinical
problems. It is worth assessing additional com-
pounds with properties similar to those of aS-IV
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in order to identify the best inducers of BMSCs,
which would yield even better platforms for
abdominal wall reconstruction.

The main limitation of this study is the use of
rats, which lacks the abdominal aponeurosis-
like tissue found in humans and cannot mimic
the process of normal musculofascial tissue
defect repair. Therefore, our findings should be
confirmed in clinical trials before application of
this platform.

In conclusion, the nano-biological mesh com-
posed of a S-IV-induced BMSCs seeded on
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PLGA-NPs-SIS can be used for abdominal wall
reconstruction. Therefore, the engineered bio-
material has the potential for tissue engineer-
ing in clinical applications.
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