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Abstract
Guided bone regeneration (GBR) is a promising strategy for repairing bone defects using bioactive membranes. In this
study, a new type of GBR membrane based on the small intestinal submucosa (SIS) was created, and its surface structure,
cytological characteristics, and bone defect repair ability were compared with commonly used membranes. Our results
show that compared to the Heal-all and Dentiummembranes, the SIS membrane has an asymmetric structure that does not
affect the proliferation of bone marrow mesenchymal stem cells (BMSCs). Instead, it increased their formation of calcium
nodules and expression of bone morphogenetic protein-2 (BMP-2), alkaline phosphatase (ALP), runt-related transcription
factor 2 (Runx2), and osteopontin (OPN). Six weeks after their insertion into a rat calvarial defect model, increased bone
growth was observed in the SIS membrane group. Our results indicate that the SIS membrane has good biocompatibility
and is more effective in promoting early bone formation than existing membranes. Given the wide range of source materials
and simple preparation processes available, SIS membrane is a promising candidate for guided bone regeneration.
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Introduction

Bone defects are a common issue in clinical practice.1,2 In
recent years, guided bone regeneration (GBR) technol-
ogies have provided a new treatment option for bone
defect repair and other oral clinical issues such as alveolar
bone loss and deficiency caused by periodontitis and
tooth loss.3,4

Guided bone regeneration treatments use a barrier
membrane to prevent the growth of fibroblasts from sur-
rounding soft tissues, providing osteoblasts at the bone’s
surface sufficient time to proliferate and complete tissue
regeneration and directional repair.5 GBR membranes can
be divided into two types based on their degradation
characteristics: non-absorbable and absorbable.6 The pri-
mary component of non-absorbable membranes is poly-
tetrafluoroethylene, the earliest membrane material used in
clinical applications.6 However, it must be surgically re-
moved after treatment is completed, increasing patients’
pain, discomfort, and economic burden.7 Absorbable
membranes, such as collagen and polymer membranes,
have been developed to overcome this issue and have be-
come the preferred option in clinical applications.8,9

Collagen is the primary component of animal skin, bone,
and connective tissue, making it a suitable scaffold material
in tissue engineering.10 Because of its excellent biocom-
patibility and degradability, collagen membranes are the
most widely used for guided tissue regeneration in clinical
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applications.11 In recent years, many collagen membranes
have been developed and used as a barrier to promote bone
regeneration in the GBR field with good results, including
Heal-all and Dentium. However, new GBR membranes
containing bioactive substances that improve their regen-
eration and barrier functions have the potential to improve
the clinical efficacy of GBR surgery.

In recent years, the extracellular matrix (ECM) has been
found to play a positive role in tissue regeneration through
its regulatory effects on cell proliferation, survival, mi-
gration, and differentiation, which help maintain tissue
homeostasis and repair.12–14 The small intestinal submucosa
(SIS) is a type of acellular, natural collagen ECM composed
primarily of type I and type III collagen and small amounts
of type V and type VI collagen. It has site-specific tissue
regeneration abilities and excellent mechanical properties
and can be used as a substitute for tissue engineering, which
hardly cause immune rejection.15 In addition, SIS contains
glycosaminoglycan, fibronectin, chondroitin sulfate, hepa-
rin, and various cytokines, including fibroblast growth
factor (FGF), epidermal growth factor (EGF), transforming
growth factor (TGF), and vascular endothelial growth factor
(VEGF).16,17 While playing a supporting role, SIS can help
regulate cellular activities and promote tissue repair and
regeneration.18 It has been used as a tissue engineering
skeleton material in numerous fields, including bone and
cartilage, skin, and tympanic membrane repair.19–21

Therefore, SIS has great potential in GBR.
This study used in vitro and in vivo experiments to

explore the surface characteristics, biocompatibility, and
bone regeneration ability of SIS membrane materials, and
provides new opportunities for barrier membrane devel-
opment in GBR surgery.

Materials and methods

Preparation of SIS membrane

The SIS membrane used in this study was obtained from
Beijing Biosis Healing Biological Technology Co, Ltd
(Beijing, China) and derived from the submucosa of the pig
small intestine. Its preparation process is described as
follows: First, the small intestines were mechanically re-
moved the tunica mucosa, the entire tunica muscularis
externa and the serosa, and then washed with phosphate-
buffered saline (PBS; Solarbio; Beijing, China). Secondly,
the prepared SIS was soaked into peroxyacetic acid and
ethanol for 30 min and rinsed with saline solution. Thirdly,
the material was incubated in the trypsin/EDTA (Gibco;
Waltham, MA, USA) and rinsed with a saline solution. The
multi-layer composited samples were lyophilized and
sterilized using ethylene oxide (EO) gas. The Heal-all and
Dentium membranes used in this study were derived from
cattle.

Surface morphology of SIS membrane

Membrane morphology was observed by scanning electron
microscopy (SEM) with an operating voltage of 10 kVafter
sputter-coating with gold (Nova NanoSEM430,
Netherland).

In vitro cell culture

A cell culture plate without a membrane was used as the
control group. The Heal-all membrane, Dentiummembrane,
or SIS membrane was placed onto the culture plate and used
as the experimental group. Rat bone marrow mesenchymal
stem cells (BMSCs; Cyagen Biosciences; Jiangsu, China)
were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) with 10% fetal bovine serum (FBS;
Gibco), 100 U/mL penicillin G (Gibco), and 100 mg/mL
streptomycin (Gibco) at 5%CO2 and 37°C. After 3 days, the
culture medium was replaced by the osteoinductive medium
that contained 100 nM dexamethasone, 50 μM ascorbate,
and 10 mM β-glycerophosphate (Sigma-Aldrich; Burling-
ton, MA, USA).

Cell proliferation assay

Cell proliferation was evaluated using a Cell-Counting Kit-
8 (CCK8; Solarbio). After BMSCs were incubated in a 5%
CO2 incubator at 37°C for 4 h, the optical density (OD)
value at 450 nm was obtained.

Alizarin red staining

The three membrane materials were immersed in DMEM
medium for 3 days to obtain a corresponding leaching
solution. BMSCs were inoculated on the cell crawling in 24-
well plates incubated with the leaching solution for 3 days
and then replaced with the osteoinductive medium prepared
from the leaching solution. After 7 days, the cell crawling
was fixed with 4% paraformaldehyde (Solarbio) for 30 min.
After cleaning with PBS (Solarbio) three times, an appro-
priate amount of alizarin red dye was added to the sample
(Solarbio) for 3–5 min before visualization and image
capture under an inverted microscope (Olympus; Tokyo,
Japan) after sealing.

Quantitative real-time polymerase chain reaction
analysis

After culturing for 5 and 7 days, total BMSC RNA was
extracted using TRIzol Reagent (Invitrogen; Carlsbad, CA,
USA), and reverse transcription was performed using
EasyScript One-Step gDNA Removal and cDNA Synthesis
SuperMix (TransGen Biotech; Beijing, China). The mRNA
expression level of bone morphogenetic protein-2 (Bmp-2),
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runt-related transcription factor 2 (Runx2), alkaline phos-
phatase (Alp), and osteopontin (Opn) was determined with
PerfectStart Green qPCR SuperMix (TransGen Biotech)
using glyceraldehyde 3-phosphate dehydrogenase (Gapdh)
as the standardization control and the primers listed in
Table 1. The fold difference of each gene was calculated
with the ΔΔCt method.

Western blot analysis

After BMSC culturing, proteins were separated by elec-
trophoresis and transferred to polyvinylidene fluoride
(PVDF) membranes (Sigma-Aldrich). PVDF membranes
were then blocked for 1 h with 5% bovine serum albumin
(BSA; Solarbio) at room temperature before incubation with
BMP-2, Runx2, ALP, and OPN primary antibodies (Abcam;
Cambridge, UK) at 4°C overnight. Membranes were then
incubated with a secondary antibody (Abcam) at room
temperature for 1 h. All expression values were normalized
to GAPDH.

Cellular immunofluorescence assays and
confocal imaging

After culturing, BMSCs were fixed with 4% formaldehyde
(Solarbio; Beijing, China) at room temperature for 20 min
and permeabilized with 0.25% TritonX-100 (Sigma-Aldrich)
for 5 min. Next, we immunostained for BMP-2, Runx2, ALP,
and OPN using the corresponding antibody (Abcam) at 4°C
overnight. A secondary antibody (Abcam) conjugated with
fluorescein isothiocyanate (FITC; green) was then used to
label cells for 1 h. DAPI (40,6-diamidino-2phenylindole,
blue, Solarbio) was used to stain the cell nuclei. Cells were
imaged with a confocal laser scanning microscope (CLSM;
Nikon Air Confocal; Rhodes, NSW, Australia).

Animal experiments

All animal experiments were approved by the Animal
Ethical Committee of the Academic Medical Center at the
Tianjin Medical University (Tianjin, China). Six to eight-
week-old male Sprague-Dawley (SD) rats were randomly
divided into the blank, Heal-all membrane, Dentium
membrane, and SIS membrane groups, at least three in each
group. An 8 mm critical bone defect was prepared on the rat
skull using a ring drill. In this process, normal saline was
used for flushing to reduce the temperature. Then, the
membrane material was implanted in the defect, and the
incision was sutured.

Analysis of bone regeneration in vivo

Skull specimens were collected 6 weeks post-operation. The
bone regeneration in the skull defect area was evaluated by

micro-CT analysis (SkyScan 1276; Bruker; Karlsruhe,
Germany). Three-dimensional (3D) image reconstruction
was performed with CTAn Software (Bruker), and bone-
volume/total-volume (BV/TV) was calculated. The speci-
mens were then decalcified for 30 days. After dehydration,
tissues were embedded in paraffin and cut into 5 μm thick
sections before hematoxylin�eosin (H&E; Solarbio) and
Masson’s trichrome (Solarbio) staining for histological
analysis.

Statistical analysis

All results are presented as mean ± standard deviation (SD)
in each group. They were analyzed by single-factor analysis
of variance (ANOVA) with Tukey’s Test. A
p-value <0.05 was considered statistically significant.

Results

Morphological observation

The surface morphologies of the three materials were ob-
served by SEM. The right and back surfaces of the Heal-all
membrane were found to have the same dense structure,
with thicker and more obvious fibers (Figure 1a). The
Dentium membrane was similar to the Heal-all membrane,
but its fiber structure was finer (Figure 1b). In comparison,
the SIS membrane was asymmetric with a dense and flat
front and loose and porous back (Figure 1c).

Cell proliferation

After culturing for 1, 3, 5, and 7 days, the proliferation of
BMSCs on each of the three membranes and in the blank
control plate was assessed with CCK8. It found the density
of cells in all groups to increase over time (Figure 2), in-
dicating that the three membrane materials had no apparent
cytotoxicity and satisfactory biocompatibility.

Table 1. RT-qPCR primer sequences.

Gene Primer sequences (50–30)

Bmp-2 F: TGCGGTCTCCTAAAGGTCG
R: ACTCAAACTCGCTGAGGACG

Runx2 F: CCGAACTGGTCCGCACCGAC
R: CTTGAAGGCCACGGGCAGGG

Alp F: TGACCACCACTCGGGTGAA
R: GCATCTCATTGTCCGAGTACCA

Opn F: GTGGTGATCTAGTGGTGCCAAGAGT
R: AGGCACCGGCCATGTGGCTAT

Gapdh F: GACGGCCGCATCTTCTTGTGC
R: TGCAAATGGCAGCCCTGGTGA
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Mineralized nodule staining

We explored the osteogenic differentiation of BMSCs on
each membrane material after 7 days of culturing by ob-
serving their calcium deposition with alizarin red staining.
We observed more red calcium nodules on the three
membrane materials than in the control plate, with SIS
membranes showing the greatest number (Figure 3), indi-
cating that the SIS membrane possesses the greatest BMSC
mineralization promoting activity.

Detection of osteogenic factor expression in vitro

We next explored the effect of different membrane materials
on the expression of osteogenesis-related factors in BMSCs
to assess their osteogenic abilities. We found the mRNA
expression levels of BMP-2, Runx2, ALP, and OPN to be
highest in the SIS membrane group (Figure 4a). Consistent
with this pattern, their protein expression levels were also
highest in the SIS membrane group (Figure 4b and c) and

supported by immunofluorescence (Figure 4d). These re-
sults demonstrate that SIS membranes promote
osteogenesis-related factor expression more than other
membrane types.

Osteogenesis ability in vivo

Micro-CT 3D reconstructions in the skull defect model after
6 weeks showed that the defect area in the blank control
group had almost no reduction, and tomography showed
that the defect area was entirely in a low-density trans-
mission area (Figure 5a). In the Heal-all and Dentium
membrane groups, a small amount of new bone formation
was observed around the defect, but no complete healing
had been formed (Figure 5a). However, in the SIS mem-
brane group, the range of bone defects was significantly
reduced compared to the other groups (Figure 5a), and
tomography showed a thin-layer image of increased bone
density in the defect area (Figure 5a). In addition, BV/TV
values in the SIS membrane group were significantly higher
than in the other three groups (Figure 5b).

Histological staining

The infiltration of fibrous tissue and the formation of new
bone was evaluated by H&E and Masson staining. There
was almost no new bone formation in the blank control
group, and the defect area was filled with fibrous connective
tissue (Figure 6a). In contrast, a small amount of new bone
tissue was present in the defect area of the three membrane
groups, with homogeneous red staining and no obvious
inflammatory response (Figure 6a). Notably, the amount of
new bone formation was greatest in the SIS membrane
group (Figure 6a). Moreover, collagen formation in the SIS

Figure 1. SEM images of Heal-all, Dentium, and SIS membranes. (a) Heal-all membrane. (b) Dentium membrane. (c) SIS membrane. All
images were taken at 2000×.

Figure 2. The proliferation of BMSCs cultured with each
membrane.
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membrane group was more mature than that in the Heal-all
and Dentium membrane groups (Figure 6b).

Discussion

In recent years, numerous studies have focused on devel-
oping asymmetric GBR membranes.22–24 The surface mor-
phology of the membrane affects its application in GBR. Its
dense layer prevents epithelial cells and fibrous connective
tissue from entering the bone defect area, and its loose layer
promotes the adhesion of osteoblasts and blood clot stability
to promote bone regeneration.25 Among three membranes,
the SIS membrane had an asymmetric structure that could
provide sufficient time and a suitable environment for bone
cell growth and enable bone tissue regeneration.

In addition, cell proliferation is the basis of new tissue
formation in most systems.26 However, we found the three
membranes to have no significant effect on cell growth,
indicating that they have good biocompatibility, a prereq-
uisite for their use in hosts. The cell proliferation promoting
abilities of the SIS membrane may be related to FGF, TGF,
and other biologically active factors within it. Studies have
found FGF and TGF to significantly promote BMSC
proliferation and osteogenic differentiation through the
protein kinase B (Akt1), extracellular signal-regulated ki-
nase (Erk), and other signal pathways.27–29

In this study, the expression of osteogenic factors in
BMSCs was explored. BMP-2, Runx2, and ALP are classic
bone formation factors, and their expression is closely related
to bone regeneration.30–32 Our results showed that the SIS
membrane increased the expression of BMP-2, Runx2, ALP,
and OPN in BMSCs the most compared with the other
membranes, indicating that the SIS membrane has a sig-
nificant osteogenic effect in vitro. The 3D structure of the SIS
membrane can provide a suitable microenvironment for cell
proliferation, survival, and adhesion, and various growth
factors contained in SIS also contribute to cell differentiation
and tissue regeneration.33 FGF plays an important role in
osteogenesis and angiogenesis during bone healing and
development,34 and bFGF can induce BMSC osteogenic
differentiation,27 which is conducive to bone tissue regen-
eration. In addition, the continuous supply of VEGF is also
important for tissue regeneration. It has been shown that the

application of VEGF enhances the osteogenic effect of hu-
man osteoblast-like MG-63 cells.35 VEGF can also synergize
with BMP-2 to accelerate bone formation and maturation
through the p38 protein kinase pathway.36,37 Therefore, the
SIS membrane might promote new bone formation through
its multiple active components, providing greater osteogenic
induction effects than other membrane materials.

Collagen regeneration and new bone formation are im-
portant processes in tissue regeneration.38 The three mem-
branes provide specific repair effects on bone defects, while
the osteogenic effect of the SIS membrane group was better
than the Heal-all and Dentium membrane groups. Their
similarities might reflect that they are all collagenmembranes
with good biocompatibility and degradability, and their
fabrication techniques retain the 3D spatial structure, pro-
viding good scaffolds for bone tissues and cells and con-
ducive to the growth of cells and repair of bone defects.

However, the SIS membrane group had a stronger effect
on repairing bone defects in vivo and in vitro than the Heal-all
and Dentium membrane groups, likely due to the various
growth factors and other components it contains that promote
osteogenesis. Glycosaminoglycans such as chondroitin sul-
fate are major ECM components that play an important role
in organogenesis.39,40 Chondroitin sulfate can bind to
N-cadherin and regulate osteoblast differentiation through
ERK1/2, Smad3, and Smad1/5/8 signaling pathways and
plays an important role in promoting osteogenesis in a variety
of bone defect models.41–43 In addition, heparin can enhance
the osteogenic ability of biomaterials,44 increasing the ex-
pression and activity of ALP in primary human bone marrow
stromal cells (hBMSCs) and promoting mineralization dur-
ing osteogenic differentiation and transformation.45

In conclusion, the SIS absorbable collagen membrane
has high biocompatibility, prevents the invasion of fibro-
blasts from surrounding soft tissue, provides bone cells
sufficient time to proliferate, and retains the original 3D
ECM structure, providing a good scaffold for bone cell
growth. SIS membrane contains glycosaminoglycan, hep-
arin, and a variety of growth factors, which can effectively
promote and accelerate bone regeneration and achieve a
better osteogenic repair effect. However, further research
into the effect of the SIS membrane on osteogenesis is
needed and how to improve its performance in promoting

Figure 3. The calcium salt deposition of BMSCs cultured on the different membranes. Cells were stained with alizarin red after 7 days of
culturing.
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Figure 4. Effects of the SIS, Heal-all, and Dentiummembranes on osteogenesis-related factors BMP-2, Runx2, ALP, andOPN in BMSCs. (a)
mRNA expression. (b) Protein expression. (c) Quantitative analysis of Western blots. (d) Representative confocal microscopic images
after staining, where the factors are shown in green and cell nuclei in blue. In parts a and c, *denotes p < 0.05.
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bone and reducing regeneration time. In addition, the
scaffold degradation rate is also a key factor in tissue re-
modeling.46 The study found that the SIS membrane rapidly
degraded, which is unfavorable for maintaining the me-
chanical and supporting properties of the scaffold.47 If the
degradation and mechanical properties of the SIS membrane
can be improved by modification, its application effects will
also improve. Nevertheless, the SIS membrane shows great
practical potential in GBR.

Conclusion

In this study, the GBR potential of the SIS membrane was
evaluated. The results show that the SIS membrane has an
asymmetric structure and good biocompatibility, provides a
microenvironment suitable for inducing BMSC osteogenic

differentiation, and promotes the expression of important
osteogenic-related factors. In addition, the SIS membrane
performed well in promoting early bone formation in the rat
calvarial defect model. The SIS membrane has great po-
tential as a new type of GBR membrane.
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