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ARTICLE INFO ABSTRACT

Keywords: Guided bone regeneration (GBR) technology is an effective method for reconstructing bone defects, and barrier

GBR membranes are widely used in this process. The objective of this study was to develop a novel asymmetric SIS

IS:S . b (small intestinal submucosa) membrane and modify the membrane with exosomes and engineered recombinant
E)Scz:;n;eetsm membrane peptides. The asymmetric SIS membrane was developed with liquid nitrogen quencher. The engineered re-

combinant peptides were designed by connecting collagen binding peptides with the exosomal capture peptide
CPO5 via linker. In vitro experiments demonstrated that the engineered recombinant peptides contributed to
promoting the positive effect of exosomes on the osteogenic differentiation of BMSCs. Further mechanistic
studies confirmed that the PI3K/Akt signaling pathway is critical in the exosome-induced osteogenic differen-
tiation of BMSCs. Moreover, the asymmetric SIS membrane combining engineered recombinant peptides and
exosomes could reconstruct bone defects effectively within 12 weeks. Therefore, the membrane developed in this

Engineered recombinant peptides

study has the potential to repair bone defects.

1. Introduction

Trauma, inflammation and tumors are common causes of osseous
tissue damage [1]. Guided bone regeneration (GBR) technology is
emerging as one of the methods most commonly applied for recon-
structing bone defects [2]. GBR technology is based on the application of
a barrier membrane that covers an osseous defect and excludes any
interference from nonosteogenic tissues in the process of bone healing,
while providing a favorable environment for bone regeneration [3,4].
The barrier membrane plays a key role in the application of GBR
technology.

The majority of recent studies have focused on the construction of
bionic layered membranes with an asymmetric structure to meet the
different functional needs of the target [5,6]. The dense layer towards
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the soft tissue acts as a barrier to prevent fibroblasts from invading bone
defects. The porous layer facing bone defects possesses high porosity,
which can facilitate osteoblast adhesion and the stabilization of blood
clots [7,8]. To our knowledge, the Bio-Gide membrane has been used in
clinical practice and has achieved effective therapeutic results [9,10].
However, due to its single composition, the Biogide membrane lacks
bioactive compounds for inducing bone regeneration. Therefore,
asymmetric structures and osteoinductive capabilities are of great sig-
nificance for absorbable GBR membranes.

Extracellular matrix (ECM) materials have recently become an
endearing scaffold material for tissue engineering technology due to
their noncellular biological network [11]. Small intestinal submucosa
(SIS) is a classical ECM material with low immunogenicity, excellent
mechanical properties and tissue regeneration ability [12,13]. Thus, SIS
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patches are widely used in the repair of damaged tissues, such as skin,
cardiovascular, abdominal wall, and cartilage defects, and have ach-
ieved satisfactory results [14-16]. However, because SIS patches have a
compact texture without a porous structure that provides an appropriate
space for bone cells to grow, only a few studies have applied SIS material
as a GBR membrane [17]. To obtain an asymmetric structure of the GBR
membrane, an improved preparation craft technique should be intro-
duced for modification of the SIS material.

The main techniques used for fabricating asymmetric membranes
include phase inversion and electrospinning [18]. As a classical phase
inversion technology, liquid nitrogen quencher is commonly used due to
its simple operation and avoidance organic applications. Recently, some
scholars have successfully developed asymmetric chitosan membranes
for healing and guiding bone tissue regeneration using liquid nitrogen
quencher, and such membranes exhibit excellent mechanical properties
and porosity [19]. Consequently, liquid nitrogen quencher is a prom-
ising method for inverting the phase of the SIS membrane to generate a
loose and porous structure.

In addition to its asymmetric structure, the osteoinductive capability
of the GBR membrane is also essential because it stimulates the differ-
ential of multifunctional mesenchymal cells into osteoblasts and thereby
creates a suitable microenvironment for the regeneration of osseous
tissue. As extracellular vesicles, exosomes act as a cell-to-cell commu-
nicator through the transfer of mRNAs, miRNAs and proteins, which are
promising therapeutics in the field of bone tissue engineering [20,21].
Moreover, due to their natural origin, high cellular uptake and low
immunogenicity, exosomes might provide a novel strategy for promot-
ing MSC activity on biomaterial surfaces [22,23]. The biochemical cues
encapsulated in exosomes might induce osteogenesis in vitro and in vivo.
Thus, enhancing the osteogenicity of the SIS membrane by exosomes
loading could be an effective attempt. An effective specific binding
strategy to increase the loading rate of exosomes is also needed.

Engineered recombinant peptides are nanomolecules constructed by
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connecting two or more functional peptides through recombinant
technology. Due to their low cytotoxicity and small molecular weight,
engineered peptides are less likely to induce an immune response [24].
In previous studies, engineered antibacterial peptides have been con-
structed and used for the surface modification of dental titanium im-
plants [30]. To achieve the specific binding of exosomes to the SIS
membrane by bridging engineered recombinant peptides, it is necessary
to find the target peptides that can specifically bind to SIS membrane
and the functional peptides that can recruit exosomes.

Screened by phage surface display technology, LRELHLNNN or
DARKESVQK are capable binding to type I or III collagen, respectively
[25,26]. These characteristics exactly coincide with the main composi-
tion of the SIS membrane [27,28]. The peptide CP05
(CRHSQMTVTSRL), which can recruit and capture exosomes from
various tissue sources, was recently identified by phage display tech-
nology [29]. CPO5 can specifically bind to the second extracellular loop
of CD63, which is a tetrameric protein typically enriched on the surface
of exosomes and can thus target and capture exosomes. Consequently,
the construction of engineered recombinant peptides by linking CP05
and collagen binding peptides is expected to achieve the specific loading
of exosomes on the SIS membrane.

In this study, we aimed to develop an asymmetric SIS membrane
using liquid nitrogen quencher and modify the membrane with exo-
somes by engineered recombinant peptides (Scheme 1). In addition, in
vivo and in vitro experiments were performed to investigate the effect of
the engineered recombinant peptides on exosomes in promoting the
biological behavior of BMSCs. The asymmetric SIS membrane modified
with engineered recombinant peptides and exosomes might serve as a
promising GBR membrane for repairing bone defects.

Peptide 2 Exosome

SIS-P1P2-EXO membrane

Scheme 1. Schematic illustration of the preparation of the SIS-P1P2-EXO membrane for guiding bone regeneration.
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2. Results and discussion

2.1. Design and structural prediction of the engineered recombinant
peptides

The predicted pseudo 3D architectures of the engineered recombi-
nant peptides are shown in Fig. 1. The two engineered recombinant
peptides were composed of three parts: CPO5 (CRHSQMTVTSRL),
collagen-binding peptide (type I collagen: DARKESVQK or type III
collagen: LRELHLNNN) and linker (PAPAP). The prediction diagram
showed that the spatial structures of the engineered recombinant pep-
tides are different (Fig. 1). The backbone structure of P1 was relatively
compact because the a-helical structure was rich in hydrogen bonds. P2
had a random coil structure and better mobility, which allowed CP05 to
swing over a wider range.

In this study, Pro-rich linker (PAPAP) was selected as the linker for
constructing engineered recombinant peptides. Linkers are an essential
factor for the construction of engineered recombinant peptides to pro-
vide structural flexibility and maintain the original structure of the
functional domains [30]. Pro-rich linker (PAPAP), one of the rigid
linkers, has been successfully applied to preserve a fixed distance be-
tween the domains and to maintain their independent functions, which
is useful for the construction of engineered recombinant peptides. The
nonhelical rigid linker (PAPAP) exhibits sufficient rigidity and serves to
reduce interdomain interference due to Pro-rich sequences, which
impose strong conformational constrain and increase the stiffness of the
linker [31]. Furthermore, to achieve appropriate separation of the
functional domains and avoid mutual interference [32], the sequence of
the linker was repeated twice, which might help for engineered re-
combinant peptides recruit exosomes and anchor the exosomes to the
surface of the SIS membrane.

Peptide 1
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2.2. Morphology of the asymmetric SIS membrane

The asymmetric structure of the SIS membrane was developed
through liquid nitrogen quencher. This process results in a temperature
gradient between the upper and lower layers of the SIS membrane. It has
been proven that the number of crystal nuclei that initially formed at
higher temperature is lower than that the number that forms at a lower
freezing temperature [33]. Therefore, fewer ice crystal nuclei formed in
the upper layer of the SIS membrane, and more ice crystal nuclei formed
in the lower layer. This difference in the number of ice crystal nuclei led
to larger pores in the upper layer (loose layer) and smaller pores in the
lower layer (dense layer) after lyophilization (Fig. 2).

The surface morphology of the asymmetric SIS membrane was
characterized by SEM images. As shown in Fig. 2C and F, the cross-
section of the SIS membrane presented an asymmetric structure,
which included a dense layer and a loose layer, and the surface
morphology of the two layers are shown in Fig. 2A, B, D and E,
respectively. The dense layer showed a compact and flat surface
morphology. The loose layer had large pores that interconnected with
each other. The photos of asymmetric SIS membrane were shown in
Fig. S1.These results indicate that the asymmetric SIS membrane was
successfully developed.

Sufficient mechanical properties are crucial for maintaining the
space for bone formation. The tensile strength of the membranes at dried
and wetted was shown in Fig. S2. The SIS, SIS-EXO and SIS-P1P2-EXO
membrans group presented approximate tensile strength to that of
Biogide. There was no significant difference between the groups. The
tensile strength of all groups decreased slightly at wetted conditions,
which may be due to the degradation of collagen.

Peptide 2
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Fig. 1. Pesudo-3D views of the molecular architectures visualized by VMD. The tertiary structures of Peptide 1 and Peptide 2 were predicted by protein analysis
software Robetta and visualized by VMD. P1: DARKESVQKPAPAPPAPAPCRHSQMTVTSRL; P2: LRELHLNNNPAPAPPAPAPCRHSQMTVTSRL.
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_ Cross-section

Fig. 2. SEM photographs showing the morphologies of an asymmetric porous SIS membrane: (A) dense layer ( x 1000); (B) loose layer ( x 1000); (C) cross-section (
x 1000); (D) dense layer ( x 2000); (E) loose layer ( x 2000); and (F) cross-section ( x 2000). Low magnification scale bar:40 pm. High magnification scale

bar:20 pm.

2.3. Characterization of exosomes and modified asymmetric SIS
membrane surfaces

Exosomes were extracted from the culture medium of BMSCs by
centrifugation. TEM, NTA analysis and Western blotting were used to
characterize the exosomes derived from BMSCs. The results showed that
the majority of these particles exhibited a cup- or round-shaped
morphology with a size ranging from 50 to 150 nm (Fig. 3A and B),
which suggested the presence of exosomes. Western blotting analysis
(Fig. 3C) showed that the exosomes characteristic surface markers
CD63, CD9, CD81and Alix were positive and Cytochrome C (cell marker)
was negative. These results suggested that the exosomes were success-
fully isolated.

The concentration screening pre-experiment was also carried out.
The SIS membranes were soaked in different concentrations of peptides
solutions to observe the binding ability of engineered recombinant
peptides. CLSM images (Fig. S3) showed that P1 and P2 could achieve
good binding effect with SIS membrane at 200 x 10~% M. The exosome
particles distributed on the surfaces of the SIS-EXO and SIS-P1P2-EXO
membranes exhibited a cup-shaped morphology with a heterogeneous
size (Fig. 3D). To further demonstrate whether the exosomes and engi-
neered recombinant peptides were modified on the SIS membrane, a
group of CLSM images verified the loading of the exosomes and engi-
neered recombinant peptides (Fig. 3E). The CLSM images showed that
DiR-labeled exosomes (purple particles) were homogeneously distrib-
uted on the SIS-P1P2-EXO membrane, and only scattered purple parti-
cles were found on the SIS membrane (Fig. 3E). There were more DIR-
labeled exosomes on the SIS-P1P2-EXO membrane than on the SIS-
EXO membrane, demonstrating the effective recruitment of engi-
neered recombinant peptides.

To further clarify the release of engineered recombinant peptides and
exosomes, changes in engineered recombinant peptides and exosomes
on the SIS-P1P2-EXO membrane were observed by CLSM (Fig. S4). On
the first day, a large number of engineered recombinant peptides and
exosomes could be observed on the SIS-P1P2-EXO membrane. With the
extension of time, the engineered recombinant peptides and exosomes
bound on the surface of SIS-P1P2-EXO membrane decreased. After 10
day, the content of engineered recombinant peptides and exosomes

decreased significantly, but it still could be observed on SIS-P1P2-EXO
membrane, indicating engineered recombinant peptides and exosomes
could maintain for a certain time and release continuously.

Taken together, these results implied that the exosome- and engi-
neered recombinant peptides-modified SIS membrane was successfully
developed. The desirable modification effect of the engineered recom-
binant peptides on the SIS membrane might ascribed to the linker
(PAPAP), which served as a passive linker to maintain a distance be-
tween the collagen binding peptide and CPO5 and resulted in engineered
recombinant peptides with a higher structural stability. Further in vitro
experiments will assess whether the SIS-P1P2-EXO membrane has a
more positive influence on cell behaviors than the SIS-EXO membrane.

2.4. Internalization of exosomes by BMSCs and effect of exosomes on cell
proliferation

Accumulating evidence suggests that exosomes can regulate the tis-
sue repair course by stimulating cell proliferation and differentiation
[34]. To prove that exosomes can be taken up by cells and have an effect
on cell behaviors, BMSCs were incubated with Dil-labeled exosomes for
8 h, 12 h, 24 h, 48 h and 72 h, respectively. Fluorescence microscopy
images showed that the exosomes (red granules) were gradually inter-
nalized by the BMSCs from 8 h to 24 h (Fig. 4A). After 48 h of incubation,
a large number of exosomes were internalized and distributed in the
perinuclear region (Fig. 4A). The fluorescence intensity reached a peak
at 72 h, demonstrating that exosomes could be transported to recipient
cells to regulate cell behaviors in the prophase of tissue repair.

A CCK-8 assay was performed to assess cell proliferation over a
period of 7 days (Fig. 4B). The OD value of the exosome-treated group
was significantly higher than those of the blank and SIS groups (p <
0.05). The SIS-P1P2-EXO group showed greater proliferation of BMSCs
than the SIS-EXO group (p < 0.05), and no statistical differences were
found between the blank and SIS groups (p > 0.05).

The above results indicate that the engineered recombinant peptides
could enhance the retention and stability of exosomes and strengthened
the therapeutic effect. The SIS membrane modified by the engineered
recombinant peptides and exosomes possesses ideal biocompatibility
and exhibits a stronger ability to promote cell activities, which indicates
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Fig. 3. Characterization of exosomes
and modified asymmetric SIS mem-
brane surfaces. (A) Morphology of
exosomes observed by TEM. (B) Par-
ticle size distribution of exosomes
measured by NanoSight analysis. (C)
Western blotting analysis of exosomal
surface markers (CD63, CD81, Alix
and CD9). The cells were stained with
Cytochrome c. (D) SEM images of SIS
membranes modified with exosomes
(SIS-EXO membranes), SIS membrane
modified by engineered recombinant
peptides and exosomes (SIS-P1P2-
EXO membranes). (E) Distribution of
DiR-labeled exosomes on the SIS-EXO
and SIS-P1P2-EXO membrane sur-
faces. P1 was labeled with FITC
(green), and P2 was labeled with
RhodaminB (red). High magnification
scale bar: 50 pm. (For interpretation
of the references to colour in this
figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. Internalization of exosomes by BMSCs and biocompatibility of SIS, SIS-EXO and SIS-P1P2-EXO in vitro. (A) BMSCs were incubated with Dil labeled exosomes
(red) for 8 h, 12 h, 24 h, 48 h and 72 h. The nucleus of BMSCs were stained with DAPI (blue). (B) Proliferation ability of BMSCs by CCK-8 analysis. *p < 0.05;**p <
0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

that the engineered recombinant peptides have potential applications in
biomaterial modification.

2.5. SIS membranes modified with the engineered recombinant peptides
and exosomes promote the osteogenic differentiation of BMSCs

The osteogenic differentiation of BMSCs is regulated by factors such
as BMP2, OCN, ALP and OPN [35]. In this study, Western blot analysis
revealed that BMP2, OCN, ALP and OPN expression levels were signif-
icantly upregulated in the BMSCs of the SIS-P1P2-EXO and SIS-EXO
compared with those of the SIS and blank group (p < 0.05) (Fig. 5A).
The upregulation of osteogenesis-related marker expression at the pro-
tein level was further confirmed by immunofluorescence (Fig. 5C). IF
staining demonstrated that the SIS-P1P2-EXO and SIS-EXO groups
showed a significant increase in the fluorescence intensity of BMP2,

OCN, ALP and OPN. Among the groups, the SIS-P1P2-EXO group dis-
played the highest expression levels of osteogenesis-related protein
markers. The related expression levels of mRNAs were confirmed by
gqRT-PCR analysis (Fig. 5B). Consistently, the qRT-PCR analysis showed
that the SIS-P1P2-EXO group exhibited the highest mRNA levels of
BMP2, OCN, ALP and OPN (p < 0.05). In conclusion, the SIS-P1P2-EXO
membrane significantly contributed to the osteogenic differentiation of
BMSCs.

Cell-material interactions and cell-cell communication, which
involve multiple cell-secreted signaling factors, are major biological
processes during bone healing and remodeling [36]. The design of GBR
membranes that can provide an osteogenic microenvironment to induce
osteogenic differentiation of BMSCs is of great significance for bone
tissue regeneration. In this study, exosomes released from the SIS-P1-
P2-EXO membrane at the early stage were helpful for the regulation of
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Fig. 5. Effects of the SIS-P1P2-EXO, SIS-
EXO, SIS and blank groups on the osteo-
genic differentiation of BMSCs. (A) The
protein expression levels of BMP2, OCN,
ALP and OPN were determined by West-
ern blotting. The protein levels were
quantitated by densitometry and nomarl-
ized to the level of GAPDH. (B) RNA
expression of osteogenesis-related genes
(BMP2, OCN, ALP and OPN). *p < 0.05;
**p < 0.01. (C) Representative immuno-
fluorescence staining of osteogenic
markers (BMP2, OCN, ALP and OPN).
BMP2, OCN, ALP and OPN are shown in
red and nuclei in blue, stained with DAPI.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this
article.)
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intercellular communication and ultimately for the activation of a
cascade of cell responses. The SIS-P1P2-EXO membrane exhibited
higher osteogenic capacity than the SIS-EXO membrane, which indi-
cated that the engineered recombinant peptides exerted a positive effect
on exosomes-mediated promotion of the osteogenic differentiation of
BMSCs.
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2.6. Activation of the PI3K/Akt signaling pathway

We further clarified the molecular mechanisms of exosomes on the
osteogenic differentiation of BMSCs. Research has shown that exosomes
secreted by human BMSCs can activate several signaling pathways
(including Akt, Erk1/2 and STAT3) targeting MSCs and increase their
osteogenic differentiation [37]. In particular, the PI3K/Akt signaling
pathway has been reported to play important roles in osteogenic
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Fig. 6. Exosomes induced the activation of the PI3K/Akt signaling pathway, and these effects were abolished by a PI3K inhibitor (LY294002). (A) Western blot for p-
Akt and total Akt in BMSCs cultured for 5 days. GAPDH expression was used as a normalization control. (B) Immunofluorescence staining for p-Akt and total Akt in
BMSCs cultured for 5 days. Phospho-Akt (p-Akt) and total Akt are shown in red, and nuclei are shown in blue. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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differentiation of BMSCs and bone regeneration [38]. To observe the
effects of exosomes on PI3K/Akt pathway, we examined Akt and p-Akt
levels using WB and IF assays (Fig. 6A and B). The p-Akt levels were
gerater on SIS-P1P2-EXO and SIS-EXO group than on SIS and blank
group. The SIS-P1P2-EXO group exhibited the highest level of p-Akt
may because of a large number of exosomes were captured by the
engineered recombinant peptides. However, the upregulation of p-Akt
in BMSCs by exosomes was suppressed by the culture of the BMSCs with
a PI3K inhibitor (LY294002). None of the treatments altered the
expression level of total Akt. These results indicated that the PI3K/Akt
signaling pathway in BMSCs is activated by exosomes. The osteogenic
differentiation of BMSCs induced by exosomes is at least partially due to
activation of the PI3K/Akt signaling pathway.

2.7. Evaluation of the bone regeneration ability of the SIS-P1P2-EXO
membrane in vivo

To investigate the therapeutic potential of the SIS-P1P2-EXO mem-
brane on bone defect repair, critical size defects with a diameter of 8 mm
were created in animal experiments, and the membrane was implanted
into the defect area. As shown in Fig. 7A, micro-CT images of the all
groups showed that the formation of new bone developed from the
defect edge to the center. The defect was filled with homogeneous
mature bone when covered with the SIS-P1P2-EXO membrane (Fig. 7A).
In particular, the surface morphology of the healed defects closely
resembled that of surrounding normal bone. Although some bone frag-
ments were found in the Biogide and SIS-EXO groups, the boundary
between the defects and the surrounding normal bone was still visible.
In the control and SIS groups, only small numbers of highly dense spots

SIS-EXO

12 weeks

BV/ITV(%)
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were observed. Moreover, 3D reconstruction was conducted through the
analysis of the bone volume fraction (BV/TV) and the bone mineral
density (BMD) (Fig. 7B and C). Quantification of the micro-CT images
provided further evidence that significantly more new bone was formed
in the SIS-P1P2-EXO group than in the other four groups (p < 0.05). The
representative micro-CT images and quantitative analysis suggest that
the SIS-P1P2-EXO membrane effectively activates the bone tissue repair
process.

2.8. Histological assessment of the bone regeneration ability of the
SIS-P1P2-EXO membrane in vivo

A histological analysis was conducted to evaluate the growth of
collagen and new tissue as well as the infiltration of lymphocytes. The
HE staining results showed no obvious inflammatory tissue in each
group. The defect area of the blank group was filled with large fibrous
connective tissues, and there were no obvious signs of new bone for-
mation (Fig. 8A). In the SIS group, a small amount of newly formed bone
tissue was observed in the center of the defect area. In the SIS-EXO and
Biogide groups, the newly trabecular bones were evenly distributed
without invasion of fibrous connective tissue. The SIS-P1P2-EXO group
showed the best structural integrity among all the groups. The collagen
content is closely related to bone formation. Masson-Goldner staining
revealed more mature collagen and osteoid tissue formation in the
SIS-P1P2-EXO membrane group than in the other groups (Fig. 8B). The
early-formed bone was reconstructed into regular lamellar bone, which
exhibited red staining in Masson-Goldner staining because of the
abundant collagen matrix deposition. IHC staining showed that the SIS-
EXO group formed more new bone than the SIS and control groups
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Fig. 7. General evaluation of the in vivo performance at 12 weeks after implantation of the SIS, SIS-EXO, Biogide and SIS-P1P2-EXO membranes. (A) Representative
three-dimensional(3D) reconstruction and sagittal surface images of critical-sized rat calvarial full-thickness defects. Summarized date of the (B) bone volume
fraction (BV/TV) and (C) bone mineral density (BMD) in defect area. *p < 0.05; **p < 0.01.
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Fig. 8. Histological and immunohistochemical analysis of the newly formed bone at 12 weeks. (A) H&E staining of histological sections. (B) Masson-Goldner staining
of histological sections. (C) Immunohistochemical staining for the osteogenic markers COL1-A1 and OPN.

(Fig. 8C). Higher expression of OPN and COL1-A1l was detected in the
Biogide group. The highest expression level was found in the SIS-P1P2-
EXO group, which suggested that the SIS-P1P2-EXO membrane exerted
the strongest effect on bone regeneration.

The above results showed that the SIS-P1P2-EXO membrane could
effectively prevent fibrous connective tissue from growing into the
defect area and provided space for bone regeneration. The engineered
recombinant peptides constructed in this study might prolong the action
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time of exosomes and improve their stability. The SIS-P1P2-EXO
membrane exhibited the strongest bone repair effect because a large
number of exosomes were captured by the engineered recombinant
peptides. The excellent bone regeneration capability of SIS-P1P2-EXO
membrane is helpful to solve the problems of bone loss caused by trauma
or inflammation and insufficient alveolar bone mass in the dental
implant area. In addition, exosomes-engineered recombinant peptides
provides a new therapeutic idea for acellular tissue regeneration.
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3. Conclusions

In this study, we developed an asymmetric SIS membrane using
liquid nitrogen quencher. The SIS membrane could be specifically
combined with BMSC-exosomes through the modification of engineered
recombinant peptides. The peptides promote the positive effect of exo-
somes on the osteogenic differentiation of BMSCs. The SIS-P1P2-EXO
membrane could reconstruct bone tissue defects effectively and achieve
cell-free bone regeneration within 12 weeks. Furthermore, the PI3K/Akt
signaling pathway might play a critical role in the pro-osteogenic effects
of the SIS-P1P2-EXO membrane on BMSCs. These results demonstrate
that the SIS-P1P2-EXO membrane has the potential for clinical appli-
cation as a novel GBR membrane.

4. Methods

Synthesis of Engineered Recombinant Peptides: The engineered recom-
binant peptides were commercially synthesized (Jill Biochemical
Shanghai Co., Ltd, China) according to the sequences in Fig. 1, using the
Fmoc solid-phase peptide synthesis method. Peptide 1 was labeled with
fluorescein isothiocyanate (FITC) and peptide 2 was labeled with
rhodamine B (RB). The peptides were purified to at least 90% purity and
analyzed by mass spectrometry. The tertiary molecular architectures of
the two engineered recombinant peptides were predicted using the
protein analysis software Robetta.

Fabrication of the Asymmetric SIS Membrane: The SIS membranes were
provided by Beijing Biosis Healing Biological Technology Co., Ltd. The
asymmetric structure of the SIS membranes was obtained by immersion
in liquid nitrogen for 20s and subsequent lyophilization to produce a
porous structure. The membranes were cut into discs with a diameter of
10 mm/35 mm matching the well size of a 24-well/6-well plate and
soaked overnight in peptide solution and exosome suspension. Subse-
quently, the membranes were removed and lyophilized to generate
engineered recombinant peptides and exosomes-modified asymmetric
SIS membrane. The samples were assigned to the SIS, SIS-EXO and
SIS-P1P2-EXO groups.

Mechanical properties: The SIS, SIS-EXO, SIS-P1P2-EXO and Biogide
membranes were tailored into proper specimens (15 mm in width, 20
mm in length) for the measurement of tensile strength. The measure-
ment was carried out using ultimate tensile test machine (3367, Instron,
USA) with a crosshead speed of 10 mm/min at both wetted (soaking in
PBS for 0.5 h in advance) and dried conditions. Then, the tensile
strengths of the specimens were calculated and recorded on the basis of a
Blue Hill Systems.

Morphological Observation of the Engineered Recombinant Peptides and
Exosomes-Modified Asymmetric SIS Membrane: The surface morphology of
the SIS and SIS-P1P1-EXO groups was observed by scanning electron
microscopy (SEM; Nova NanoSEM 430, FEIL, Netherland). Before scan-
ning, the samples were sputter-coated with gold in an argon atmosphere
using a sputter coater (K575XD, Emitch, England). A confocal laser
scanning microscope (CLSM; FV1000, Olympus, Japan) was used to
observe the target binding of the engineered recombinant peptides and
exosomes on the surface of SIS membranes.

Cell Culture and Conditioned Medium Collection: Rat bone mesen-
chymal stem cells (BMSCs, 1 x 10° Cyagen Biosciences, China) were
seeded on the SIS, SIS-EXO and SIS-P1P2-EXO membranes and cultured
in proliferation medium containing Dulbecco’s modified Eagle’s me-
dium (DMEM), 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin
G and 100 mg/ml streptomycin for 7 days. The cultured medium was
changed every 3 days.

Exosomal Characterization: Exosomes were isolated from BMSCs by
ultracentrifugation. The culture medium of the BMSCs was collected in
conical tubes for later using. Several centrifugation and filtration steps
were performed for the purification of the exosomes. Briefly, the culture
medium was centrifuged at 800 g for 30 min to eliminate dead cells and
at 12,000 g for 60 min and was then filtered through a 0.22-pm filter to
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remove cellular debris. The supernatant was then ultracentrifuged at
100,000 g for 90 min, washed with PBS at 100,000 g for 90 min (Ul-
tracentrifuge, Beckman Coulter, L-90K). The exosome suspension was
stored at —80 °C.

Transmission electron microscopy (TEM; Nova Nano TEM 430,
Netherland) was used to observe the morphology of exosomes. The
concentrated exosomes were fixed with 4% paraformaldehyde for 30
min. Then the mixture was dropped onto carbon coated copper grids and
dried for 15 min. The dried mixture was stained twice with 1% uranyl
acetate (5 min each). Images were obtained using a TEM at 120 kV. The
particle size and distribution of exosomes was measured by nanoparticle
tracking analysis (NAT, NanoSight Ltd, Malvern, UK). NTA analytical
software (Nanoparticle Tracking Analysis, version 2.3) was used for the
analysis. Exosome-specific markers, such as CD63, CD81, CD9 and Alix,
were identified by Western blotting.

Assays of the Stability of Engineered Recombinant Peptide and Exosomes:
To test the release of engineered recombinant peptide and exosomes,
FITC-labeled and RhodaminB-labeled peptides were coated on the SIS
membrane surfaces. The peptide-modified SIS membranes were soaked
in the exosome suspensions overnight at 4 °C before use. The samples
were observed using a confocal laser scanning microscope (CLSM, Nikon
Air Confocal, Australia).

Assay of Exosome Uptake: The exosomes were labeled with Dil
(Sigma-Aldrich). Briefly, 100 pl of the exosome suspension was mixed
with 5 pl Dil for 1 h. The labeled exosomes were then washed in PBS and
centrifuged at 100,000 g for 1 h. Afterward, the exosomes were incu-
bated with the BMSCs for 8 h,12 h, 24 h, 48 h and 72 h respectively.
After incubation, the cells were washed with PBS, fixed in 4% para-
formaldehyde for 30 min and washed again. DAPI solution was used for
staining of the nuclei. Images were captured with a CLSM (Nikon Air
Confocal, Australia).

Cell Proliferation Assay: The viability of cells was measured by the
CCK-8 assay. Briefly, SIS, SIS-EXO and SIS-P1P2-EXO samples were cut
into circles with a diameter of 6 mm and placed into a 96-well plate.
Subsequently, BMSC cells were seeded in 96-well plates (2000 cells/
well). Three replicates were performed for each group. After 1, 3, 5, and
7 d, 10 pl of CCK-8 reagent (Solarbio, China) was added to each well,
followed by incubation for 4h at 37 °C. OD value was calculated at 450
nm absorbance.

Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR) Analysis:
BMSCs were cultured in osteogenic medium for 7 days. Total RNA was
extracted using TRIzol reagent (Invitrogen, USA), and reverse tran-
scription was then performed using GoScript™ Reverse Transcription
Mix (Promega, USA). qRT-PCR Kit (Qiagen, Germany) was used to
detect the mRNA expression of bone morphogenetic protein-2 (BMP-2),
osteocalcin (OCN), alkaline phosphatase (ALP) and osteopontin (OPN).
GAPDH was used for reference. The fold differences were calculated
using the AACt method. The primers are listed in Table 1.

Western Blotting Analysis: Three days after 1 x 10° BMSCs were
seeded onto six-well plates with the sterilized SIS, SIS-EXO and
SIS-P1P2-EXO membranes, the culture medium in the well was replaced
by osteoinductive medium. Cell lysates were diluted with protein

Table 1
Primer sequences for real-time PCR.

Gene Primer sequences (5'-3')
BMP-2 F: TGCGGTCTCCTAAAGGTCG
R: ACTCAAACTCGCTGAGGACG
ALP F: TGACCACCACTCGGGTGAA
R: GCATCTCATTGTCCGAGTACCA
OCN F: GGTGCAGACCTAGCAGACACCA
R: AGGTAGCGCCGGAGTCTATTCA
OPN F: GTGGTGATCTAGTGGTGCCAAGAGT
R: AGGCACCGGCCATGTGGCTAT
GAPDH F: GACGGCCGCATCTTCTTGTGC

R: TGCAAATGGCAGCCCTGGTGA
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loading buffer (4 x ) and heated at 95 °C for 10 min. The protein extracts
were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride membranes (Sigma,
USA) for 90 min at 300 mA. The membranes were blocked for 1 h with
5% BSA (Sigma, USA) at room temperature and incubated with the
primary antibodies (Abcam, UK) at 4 °C overnight. The membranes were
then incubated with secondary antibodies (Abcam, UK) at 37 °C for 70
min. The primary antibodies included anti-BMP2 (1:1000, Abcam), anti-
OCN (1:1000, Abcam), anti-ALP (1:1000, Abcam), anti-OPN (1:1000,
Abcam), anti-p-Akt(1:1000, Abcam) and anti-Akt(1:1000, Abcam). All
the values were normalized by GAPDH (1:1000, Abcam).

Immunofluorescence Staining: For immunofluorescence analysis, the
cells were fixed with 4% formaldehyde at room temperature for 30 min.
After the cells were permeabilized with 0.25% Triton X-100 (Sigma,
USA) for 10 min, BMP-2, OCN, ALP, OPN, p-Akt and Akt(Abcam, UK)
were then immunostained using the corresponding antibodies. The cells
were further labeled with a secondary antibody conjugated with fluo-
rescein isothiocyanate. DAPI was used to stain the nuclei. The cells were
then imaged with a CLSM (Nikon Air Confocal, Australia).

PI3K/Akt Signaling Inhibition: LY294002, a highly selective inhibitor
of PI3K, was purchased from Sigma-Aldrich (St. Louis, MO, USA) and
dissolved in dimethylsulfoxide (DMSO) at a stock concentration of 100
mM according to the protocol. To confirm the involvement of PI3K/Akt
signaling in the exosome-mediated effects on BMSCs, the cells were
placed on BLANK, SIS, SIS-EXO, and SIS-P1P2-EXO group with or
without the LY294002 for 5 days. Western blotting and immunofluo-
rescence staining was then performed as described above.

Animals and Surgical Procedures: All animal experiments were
approved by the Animal Ethical and Welfare Committee of Tianjin
Medical University (SYXK:2019-0004). Male six-week-old Sprague-
Dawley (SD) rats were randomly divided into five groups, including
blank group, SIS membrane group, SIS-EXO membrane group, Bio-Gide
membrane group and SIS-P1P2-EXO membrane group. A critical size
defect with a diameter of 8 mm was made on the skull with a diamond
needle (Hager Meisinger Co., Ltd., Germany) under slow speed drilling.
To reduce the temperature, a large amount of saline must be used for
flushing, and the operation must be performed carefully to avoid dam-
age to the dura mater and brain. The membranes were then implanted
into the defect and the incision was stitched.

Micro-CT Scanning Evaluation: The rats in each group were sacrificed
by isoflurane inhalation at 12 weeks postsurgery. The bone regeneration
of the calvarial defect areas was evaluated by micro-CT analysis (Sky-
Scan 1276, Germany). After three-dimensional (3D) visualization, the
bone volume/Total volume ratio (BV/TV) and bone mineral density
(BMD) were examined using CTAn software.

Histological and Immunohistochemical Analysis: After decalcification
for 30 days, the tissues were embedded in paraffin and sliced (5 pm in
thickness). Histological analysis was conducted by Hematoxylin Eosin
(H&E) and Masson-Goldner (Solarbio, China) staining. For immuno-
histochemistry, the primary antibodies anti-COL1-Al and anti-OPN
(1:200 dilution; Abcam, UK) was used. The immunoreactivity was
detected using fluorescence-conjugated goat anti-rabbit IgG (1:200
dilution; Solarbio, Beijing, China). The images were observed with a
digital slice scanning system (Nano Zoomer, Hamamatsu, Japan).

Statistical Analysis: All the results are presented as the means +
standard deviations for each group. The date were analyzed by one-way
ANOVA followed by Tukey’s post hoc test. For all tests, the differences
were accepted as significant if p < 0.05 (*).
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