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Multifunctional Modification of SIS Membrane with 
Chimeric Peptides to Promote Its Antibacterial, Osteogenic, 
and Healing-Promoting Abilities for Applying to GBR

Yuzhu Mu, Shiqing Ma, Pengfei Wei, Yonglan Wang, Wei Jing, Yifan Zhao, Lei Zhang, 
Jinzhe Wu, Bo Zhao,* Jiayin Deng,* and Zihao Liu*

Guided bone regeneration (GBR) technology is the most widely used and 
stable method for bone defect repair. However, infectious bone defect limits 
the application of this technique. Herein, a small intestinal submucosa (SIS) 
membrane modified by chimeric peptides as a new type of GBR membrane is 
developed for efficacious tissue regeneration. Based on the main components 
of SIS membrane are I and III collagen, collagen binding peptides TKKTLRT 
and KELNLVY sequences are used to construct chimeric peptides with 
healing-promoting peptide Hst1 or antibacterial osteogenic peptide JH8194, 
so as to realize the specifically target of SIS. This method achieves the fast 
and efficient multifunctional modification of SIS membrane. The chimeric 
peptides modified SIS (pSIS) membrane has satisfactory biocompatibility and 
a certain degree of antibacterial activity. Moreover, pSIS promotes the osteo-
genic related factors expression of rat bone mesenchymal stem cells and 
demonstrates great bone regeneration in rat skull defect model. Furthermore, 
pSIS accelerates the migration of oral epithelial cells in vitro and activate inte-
grin α3β1 signal pathway contribute to wound healing. This study presents a 
novel biomaterial design of GBR membrane, specifically for the treatment of 
infectious bone defects.
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(GBR) technology is considered as one of 
the methods most commonly applied to 
reconstruct bone deficiencies.[1] It requires 
a barrier membrane to prevent the growth 
of epithelial cells and fibrous connec-
tive tissue into defect area, thus ensuring 
osteoblasts can fill the bone defect space 
to obtain the desired bone regeneration.[2] 
The performance of GBR membrane plays 
an important role in the application of 
GBR technology, which is closely related 
to the prevention of bacterial infection, 
wound healing and bone regeneration 
after GBR operation.

Extracellular matrix (ECM) material is a 
noncellular biological network composed 
of collagen (mainly type I and III) and var-
ious proteins, which has become a hotspot 
for tissue engineering scaffold in recent 
years.[3] Small intestinal submucosa (SIS) 
is the most commonly used ECM material 
because of its wide sources and easy avail-
ability. SIS has many excellent properties, 
including site-specific tissue regenera-

tion ability, low immunogenicity, excellent mechanical proper-
ties, as well as contains multifarious cytokines.[4] It has been 
used as scaffold material in many types of tissue and achieved 
satisfactory results.[5] However, infectious bone defect caused 
by periodontitis, peri-implantitis, and periapical periodontitis 
is a difficult problem for GBR.[6] Although SIS membrane 
has excellent mechanical properties and biocompatibility, its  
antibacterial, osteogenic, and healing-promoting properties 
are limited.[7] To address these limitations, we hope to find a  
suitable way for modification of SIS.

Antimicrobial peptides (AMPs), as an important part of 
innate immunity, show broad spectrum, strong and stable anti-
microbial activities and great biocompatibility, having become 
a new generation of potential antibacterial drugs.[8] Histatins 
(Hsts) are a class of AMPs secreted by human main salivary 
glands. Due to the cation and weak amphiphilic character, 
Hsts exhibit broad-spectrum antibacterial activity in warm and 
humid oral environment.[9] Hst5 is a major member of Hsts, 
which can resist lipopolysaccharide (LPS) of Porphyromonas 
gingivalis (Pg) by inhibitor of nuclear factor kappa-B kinase 
(IKK)/nuclear factor kappa-B (NF-κB) pathway and inhibit the 
expression of interleukin (IL)-6 and IL-8 induced by Pg outer 

1. Introduction

Bone defect caused by trauma, tumor, inflammation, and 
other reasons remain as irremediable obstacles in current 
bone reconstruction. Periodontitis and peri-implantitis are 
common causes of alveolar bone loss due to plaque biofilm, 
which can eventually lead to tooth or implant loss and insuf-
ficient bone of dental implant area. Guided bone regeneration 

Adv. Funct. Mater. 2021, 2101452

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202101452&domain=pdf&date_stamp=2021-05-28


www.afm-journal.dewww.advancedsciencenews.com

2101452  (2 of 14) © 2021 Wiley-VCH GmbH

membrane protein.[10] Our previous study has showed that 
JH8194, a derivative peptide of Hst5, also has good antibacte-
rial activity which can prevent peri-implantitis and peri-implant 
mucositis effectively.[11] Except for antibacterial activity, JH8194 
also has a certain ability to promote bone formation. It has been 
found that JH8194 could stimulate the expressions of runt-
related transcription factor 2 (Runx2), osteopontin (Opn), and 
alkaline phosphatase (Alp) in MC3T3-E1 while inhibiting the 
biofilm formation of Pg, so that the cells can differentiate into 
osteoblasts.[12] Additionally, JH8194 can increase the formation 
of mature trabecular bone around the implant and enhance 
the osseointegration, which is conducive to the long-term sta-
bility of the implant.[13] Therefore, JH8194 is an effective drug 
for antibacterial and osteogenic modification of SIS membrane.

Surprisingly, Hst1, another member of HSTs, has shown 
superior ability in healing-promoting. Hst1 could promote 
the migration or adhesion of fibroblasts, epithelial cells, and 
endothelial cells, as well as guide re-epithelialization and vascular 
regeneration of the wound area.[14] The mechanism by which 
Hst1 enhances wound healing is still not completely understood. 
Some studies find that Hst1 binds to G protein-coupled receptors 
(GPCR) and activates G protein, which subsequently activates 
downstream unknown kinases and induces extracellular signal-
regulated kinases (ERK1/2)/mitogen-activated protein (MAP) 
phosphorylation, eventually promotes cell spreading, migration, 
and adhesion.[14a,15] Thus, loading Hst1 may enhance the healing-
promoting function of SIS on the basis of JH8194, but the spe-
cific mechanism still needs to be explored.

Despite these advantages, how to bind peptides to SIS mem-
brane is still a challenge. In recent years, chimeric peptide, a 
kind of small peptide protein constructed by connecting two or 
more functional polypeptide molecules, has shown tremendous 
potentiality in drug delivery.[16] Considering the characteris-
tics of SIS membrane with type I and III collagen as the main 
component, collagen binding peptides are chosen. TKKTLRT 
derived from collagenase has a strong affinity with type  I col-
lagen due to high ratio of polar amino acids to nonpolar amino 
acids. It has been combined with a variety of growth factors 
or drug fragments successfully and delivered them to type I 
collagen.[17] In addition, KELNLVY derived from platelet can 
bind to type III collagen specifically.[18] Using TKKTLRT and 
KELNLVY sequences to construct chimeric peptides with Hst1 
and JH8194 is expected to achieve peptides loading specifically 
of SIS membrane (Figure 1A). The chimeric peptides are com-
posed of three parts, collagen binding peptides (type I collagen: 
TKKTLRT or type III collagen: KELNLVY), functional peptides 
(Hst1 or JH8194), and a flexible linker (GGGGSGGGGS). The 
multifunctional modification of SIS membrane with chimeric 
peptides can improve antibacterial, osteogenic, and healing-
promoting abilities of SIS and provide a new direction for the 
development of GBR membranes.

2. Results and Discussion

2.1. Design of Chimeric Peptides Modified SIS (pSIS) Membrane

The design details of pSIS membrane and structure prediction 
of chimeric peptides are shown in Figure 1. The four chimeric 

peptides were composed of collagen binding peptides (TKK-
TLRT or KELNLVY), functional peptides (Hst1 or JH8194), and 
a flexible linker (GGGGSGGGGS). “GGGGS” is the most com-
monly used flexible linker consisting of glycine (Gly) and serine 
(Ser) residues,[19] which can ensure the flexibility and mobility 
of connecting functional domains. In this study, copy number 
2 was used to achieve appropriate separation of the functional 
domains and avoid mutual interference.[20] The prediction 
results showed that P1-4 had one or several basic structures, 
such as α-helix, β-sheet, and random coils, and their spatial 
structures were different (Figure 1B).

2.2. Binding and Release Abilities of Chimeric Peptides 
on the Surface of SIS Membrane

Subsequently, the SIS membranes were soaked in different 
concentrations of P1, P2, P3, and P4 solutions to observe the 
binding ability of chimeric peptides on the surface by con-
focal laser scanning microscopy (CLSM). As the concentration 
increased from 50 to 200 × 10−6 m, the fluorescent label on the 
SIS membrane increased, which meant that more chimeric 
peptides were bound (Figure  2A). In particular, after soaking 
with 200 × 10−6 m chimeric peptides solutions, more than 85% 
fluorescent area of the SIS membrane (H-pSIS) realized the 
effective binding. Previous research showed that the SIS mem-
brane used in this study contained 28.09 ± 0.67% type I collagen 
and 59.50 ± 1.42% type III collagen.[21] To further determine the 
maximum binding capacity, the concentration of chimeric pep-
tide solutions was increased to 400 × 10−6  m (Figure  S1, Sup-
porting Information). The result was similar to 200 × 10−6  m, 
and the binding amount of P1/P2 and P3/P4 did not increase, 
indicating that the binding capacity of four chimeric peptides 
reached the maximum at 200 × 10−6  m. Although the ratio of 
type I and type III collagen was about 1:2, the binding amount 
of P1/P2 bound to type I collagen and P3/P4 bound to type 
III collagen was nearly similar (Figure 2A and Figure S1, Sup-
porting Information), which might be because the binding 
ability of TKKTLRT to type I collagen was stronger than that of 
KELNLVY to type III collagen.

Then, the SIS membranes soaked in 50 × 10−6 m (L-pSIS), 
100 × 10−6  m (M-pSIS), and 200 × 10−6  m (H-pSIS) were 
selected to observe the surface morphology by scanning elec-
tron microscopy (SEM) (Figure 2B). Compared with SIS, pSIS 
still maintained a similar structure and had small particle-like 
substances formed by specific combination of a large number 
of chimeric peptides with SIS membrane. Lyophilization pro-
cess did not affect the structure of the SIS membrane and the 
stable binding of chimeric peptides. The higher the concentra-
tion of chimeric peptides solution, the more particles on the 
surface of pSIS. However, because of the minuscule mole-
cular weight of chimeric peptides, SEM could only observe a 
large number of aggregated particles, which might not match 
the binding rate observed under CLSM. Moreover, the cross-
section of SIS was observed by SEM (Figure S2, Supporting 
Information), and it could be seen that SIS had a certain thick-
ness, about 300–350  µm, which was important for SIS and 
pSIS membrane to play the role of supporting and barrier in 
bone defect area.
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To further clarify the release of chimeric peptides, taking 
H-pSIS group as an example, we observed the binding number 
of chimeric peptides on the pSIS membrane by CLSM after 1, 
3, and 7 d of cell culture (Figure 2C). On the first day, a large 
number of chimeric peptides could be observed on the H-pSIS 

membrane. With the extension of time, the chimeric peptides 
bound on the surface of H-pSIS membrane decreased. This 
trend may be due to the degradation of chimeric peptides caused 
by enzymes in the microenvironment, and the protein crown 
may compete for the binding sites and replace the chimeric 

Figure 1.  Design of pSIS membrane and structure prediction of chimeric peptides. A) Schematic of pSIS membrane. The chimeric peptides consist 
of three parts: P1 and P2: TKKTLRT (binds to type I collagen of SIS membrane), Hst1/JH8194 (plays antibacterial, osteogenic, and healing-promoting 
ability functions), and GGGGSGGGGS (connects these first two parts), P3 and P4: KELNLVY (binds to type III collagen of SIS membrane), Hst1/JH8194 
and GGGGSGGGGS. B) Secondary structure and 3D views of chimeric peptides.
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peptides on the surface of pSIS membrane.[16] After 7 d, the 
content of chimeric peptides decreased significantly, but it still 
could be observed on H-pSIS membrane, indicating chimeric 
peptides could maintain for a certain time and release continu-
ously to the surrounding environment. In addition, some chi-
meric peptides were closely distributed around the cells on the 
seventh day, which might play a biological role in the cells.

2.3. Biocompatibility of pSIS In Vitro

Biocompatibility, the interaction among material and host, is a 
fundamental characteristic of materials to ensure the safety of 
patients during application.[22] The effect of pSIS on cell prolif-
eration was explored by carboxyfluorescein succinimidyl ester 
(CFSE) staining and CCK-8. CFSE staining on the fourth cell 
culturing day was analyzed by flow cytometry (Figure  3A). It 
was found that the proliferation ability of BMSCs and OECs in 

SIS and pSIS groups was higher than the control group, which 
might be related to a variety of cytokines contained in SIS, such 
as endothelial growth factor (EGF) and vascular endothelial 
growth factor (VEGF).[4a] However, the values of SIS and pSIS 
groups were close, indicating that chimeric peptides could not 
promote proliferation of BMSCs and OECs which is related to 
bone reconstruction and soft tissue healing during GBR. This 
was consistent with the results of other studies,[12,14b,15b] sug-
gesting that the promotion of cell proliferation was not the 
main function and mechanism of pSIS in the application of 
GBR. Furthermore, it showed that BMSCs and OECs of each 
group proliferated logarithmically in CCK-8 assay (Figure 3B). 
On the second day, the proliferation ability of BMSCs on 
H-pSIS membrane was lower than other groups signifi-
cantly, but with the time prolongation, the proliferation ability 
increased and there was no statistical difference with other 
groups. The proliferation ability of BMSCs and OECs reached 
the platform stage on the sixth day. These results showed that 

Figure 2.  Binding and release abilities of chimeric peptides on the surface of SIS membrane. A) CLSM observed the binding ability of chimeric peptides. 
(SIS: soaked in PBS, L-pSIS: soaked in four chimeric peptides solutions of 50 × 10−6 m, M-pSIS: soaked in four chimeric peptides solutions of 100 × 
10−6 m, H-pSIS: soaked in four chimeric peptides solutions of 200 × 10−6 m.) B) The surface morphology of freeze-drying SIS and pSIS membranes 
were observed by SEM. C) Release of chimeric peptides on the pSIS membrane observed by CLSM (nucleus: blue).
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pSIS had no obvious cytotoxicity. The robust biocompatibility 
was helpful for the application of pSIS in GBR. Taken the above 
results into consideration, we selected M-pSIS and H-pSIS with 
higher binding rate of chimeric peptides for further exploration 
in the subsequent experiments.

2.4. Antibacterial Activity of pSIS In Vitro

To investigate the antibacterial activity of pSIS against Strepto-
coccus sanguis (S. sanguis) and Streptococcus gordonii (S. gordonii), 
inhibitory rings and CLSM were detected (Figure 4). Although 

Figure 3.  Biocompatibility of pSIS in vitro. A) CFSE cell proliferation assay by flow cytometry of BMSCs and OECs on the fourth day. B) Proliferation 
ability of BMSCs and OECs by CCK-8.
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SIS could produce tiny inhibitory rings, the results were not sta-
tistically significant, while M-pSIS and H-pSIS could produce 
obvious inhibitory rings for two kinds of bacteria (Figure  4A). 
Additionally, the CLSM images show the live (green)/dead (red) 
colonies of bacteria (Figure 4B). Compared with the blank well, 
the SIS group had a small number of dead bacteria. Conversely, 
with the increase of peptide concentration (blue), dead bacteria 
of M-pSIS and H-pSIS increased sequentially, indicating that 
chimeric peptides enhanced the antibacterial activity of SIS 
membrane and H-pSIS was the strongest.

Plaque biofilms are multispecies microbial communities 
which can enhance the resistance of bacteria to host defense 
system and antimicrobial agents, finally leading to inflam-
mation.[23] S. gordonii and S. sanguis are early colonizing bac-
teria of dental plaque biofilm.[24] Timely and early control of 
the above flora colonization will be conducive to the preven-
tion of oral infection and inflammation after GBR operation. 
JH8194 is a derivative peptide of oral antimicrobial peptide 
Hst5. It has been found that AMPs and its derivatives could 

exchange divalent cations (e.g., Mg2+ and Ca2+) on the bacte-
rial membrane via an “ion-exchange mechanism” to disrupt 
the stability of cytoplasmic membrane, leading to cell death.[25] 
Moreover, the positively charged AMPs can adsorb on the nega-
tively charged cytoplasmic membrane through electrostatic 
interaction and insert into phospholipid bimolecular layer to 
form pores or even larger defect on the membrane, eventually 
resulting in cytoplasmic leakage and bacterial death.[25]

2.5. Effect of pSIS on Osteogenic-Related Factors  
Expression of BMSCs

Osteogenesis is the key of GBR technology. The effect of pSIS 
on the expression of osteogenic-related factors of BMSCs 
was also assessed (Figure  5). Bone morphogenetic protein-2 
(BMP2), RUNX2, ALP, and OPN are classical osteogenic fac-
tors.[26] As shown in Figure  5A, the mRNA levels of above 
osteogenic factors of pSIS groups were significantly higher 

Figure 4.  Antibacterial activity of pSIS in vitro. A) Inhibitory rings of S. sanguis and S. gordonii (upper left: blank control, upper right: SIS, lower left: 
M-pSIS, lower right: H-pSIS). B) CLSM images of live/dead staining (live bacteria: green, dead bacteria: red, peptides: blue).
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than blank control and SIS, and this trend was confirmed by 
Western blot analysis (Figure  5B,C). Then, the localization of 
BMP2, RUNX2, ALP, and OPN in cells was determined by 

CLSM (Figure  5D). It could be seen that the red fluorescence 
of M-pSIS and H-pSIS was significantly higher than that of 
SIS, and H-pSIS expressed the most fluorescent signals. The 

Figure 5.  Effect of pSIS on osteogenic-related factors expression of BMSCs. A) qRT-PCR analysis of osteogenic-related genes (* represents p < 0.05).  
B) Western blot analysis of osteogenic-related proteins. C) Quantitative analysis of Western blot analysis (* represents p < 0.05). D) Immunofluorescence 
analysis of osteogenic-related proteins localizations in BMSCs (osteogenic-related proteins: red, nucleus: blue).
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proteins were distributed in cytoplasm far away from cell mem-
brane. The above results indicated that pSIS membrane could 
promote the expression of osteogenic-related factors. Makihira 
et al. have found that JH8194 could enhance the expressions of 
Runx2, Opn, and ALPase activity in MC3T3-E1 and make cells 
differentiate into osteoblasts.[12] Thus, JH8194 might play an 
important role in the result that pSIS membrane promoted the 
expression of osteogenic-related factors.

2.6. Effects of pSIS on Cell Migration and Possible  
Signal Pathway of OECs

Wound healing process in GBR involves cell proliferation and 
migration, wound contraction and angiogenesis, collagen depo-
sition and remodeling. Cell migration composed of multistep 
processes is necessary for wound repair.[27] Sequence “SHREFP-
FYGDYGS” of Hst1 contains the minimal elements necessary 
to promote cell migration, which can promote the migration of 
oral keratinocytes, oral epithelial cells, and gingival fibroblasts.[28] 
The effect of pSIS on migration of OECs was detected by Tran-
swell experiments (Figure  6A,B). SIS and pSIS could promote 
the migration of OECs in which H-pSIS had the strongest ability, 
suggesting that chimeric peptides modified SIS membrane could 
promote cell migration furtherly and might contribute to the 
healing of soft tissue. In addition, we used the same method to 
explore the effect of pSIS on the migration of BMSCs (Figure S3, 
Supporting Information). The result was similar to that of OECs. 
SIS and pSIS, especially H-pSIS, could significantly promote 
the migration of BMSCs, which was helpful for the migration of 
BMSCs to the bone defect area to induce osteogenesis.

Subsequently, to explore the specific mechanism of chimeric 
peptides promoting OECs migration, RNA-seq, a novel high-
throughput sequencing method, was used to analyze the differ-
entially expressed genes of OECs cultured on SIS, M-pSIS, and 
H-pSIS membrane for 24 h (Figure 6C). Compared with the SIS 
group, there were 790 genes increased and 833 genes decreased 
in M-pSIS group, 756 genes increased and 735 genes decreased in 
H-pSIS group. Venn diagram showed that 844 genes had identical 
tendency. By clustering analysis of the different genes, we found 
that integrin-β1(ITG-β1) was related to cell migration (Figure 6D).

However, most integrin are heterodimeric molecules formed 
by the subunits α and β in a noncovalent connection, which 
mediates adhesion and migration of cells and plays an essen-
tial role in wound repair.[29] Integrin α3β1 is closely related 
to cell migration and wound healing. It can promote re-
epithelialization by accelerating migration of keratinocytes to 
assist the healing of epithelial wounds.[30] In the GBR region, 
integrin α3β1 can bind to unprocessed laminin-5, then medi-
ating the migration of connected epithelial cells.[31] Therefore, 
the expression of integrin-α3 (ITG-α3) and ITG-β1 of OECs 
was detected. The expression of ITG-α3 and ITG-β1 in H-pSIS 
group was higher than SIS group (Figure 6E–G), showing that 
chimeric peptides could promote the expression of migration-
related factors. Then, the localization of ITG-α3 and ITG-β1 
(red) in the cells was determined by CLSM (Figure 6H). It could 
be seen that the red fluorescence in H-pSIS group was stronger 
than SIS group, and the proteins were distributed in cytoplasm 
far away from cell membrane.

2.7. Evaluation of Osteogenic Ability of pSIS  
in Rat Skull Defect Model

In animal experiments, we selected the H-pSIS membrane 
with the best effect for in vivo study (Figure 7). The critical size 
defect (CSD) model of 8 mm round defect which could not self-
heal was made in the rat to evaluate bone regeneration.[32] More-
over, Bio-Gide membrane, developed particularly for improving 
the ossification of bone defects of any origin in GBR,[33] was 
used as a control. As shown in Figure 7A, the micro-computed 
tomography (CT) images of all groups showed that the forma-
tion of new bone developed from the defect edge to the center. 
Twelve weeks after surgery, bone volume/total volume (BV/TV)  
of SIS group and Bio-Gide group was higher than blank control, 
but there was no significant difference between SIS and Bio-
Gide. Moreover, H-pSIS group demonstrated greatly improved 
osteogenesis in vivo (Figure 7A,B).

Histological analysis was carried out by hematoxylin and 
eosin (H&E) and Masson’s trichrome staining to evaluate 
growth of collagen and new bone tissue as well as the infiltra-
tion of lymphocytes. Collagen is an important component of 
bone. Osteoblast-secreted ECM including type I collagen may 
transform from amorphous and noncrystalline initially to 
more crystalline gradually leading to promote osteogenesis.[34] 
In addition, mineralization is a major process for osteoblasts 
to promote bone formation. Collagen serves as a template 
and may also initiate and propagate mineralization.[34] There-
fore, collagen content is closely related to bone formation. As 
shown in Figure  7C,D, the defect area of blank control was 
mainly composed of fibrous tissue with less collagen, there 
was no obvious signs of new bone formation. However, the 
bone defect areas of SIS group, Bio-Gide group, and H-pSIS 
group were rich in collagen, and new bone was formed around 
the stump with small numbers of even none fibrous connec-
tive tissue invasion. Meanwhile, the lymphocyte infiltration of 
all groups was low, indicating that there was no inflammatory 
reaction (Figure 7C). The expression of osteocalcin (OCN) and 
collagen type 1 (COL1) was detected by immunohistochemistry 
(Figure  7E). Twelve weeks after surgery, the control group did 
not have obvious OCN and COL1 staining while they were 
highly expressed in the SIS, Bio-Gide, and H-pSIS groups, the 
H-pSIS group was the highest.

The above results showed that H-pSIS could effectively pre-
vent the fibrous connective tissue from growing into the defect 
area, providing space for bone formation. The excellent bone 
regeneration capability of pSIS is helpful to solve the problems 
of alveolar bone loss caused by periodontitis or tooth loss and 
insufficient bone mass in the dental implant area. In addition, 
its unique anti-infective capability conduces to repair infective 
bone defects with resisting and preventing tissue inflammation 
and infection, which is expected to solve the clinical difficulty in 
repairing bone defects associated with infection.

2.8. Evaluation of Healing-Promoting Ability of pSIS  
in Rat Skin Defect Model

A rat skin defect model was constructed to evaluate the 
healing-promoting ability of pSIS. One and two weeks after 
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surgery, the healing effects of Bio-Gide, SIS, and H-pSIS 
were better than the blank control under direct vision 

(Figure  S4, Supporting Information). Among them, H-pSIS 
had the best healing-promoting ability. Compared with 

Figure 6.  Effects of pSIS on OECs migration and its signal pathway. A) Transwell experiments to detect capability of OECs migration. B) Analysis of 
migrating cells (* represents p < 0.05). C) RNA-seq screened differentially expressed genes. D) Venn diagram of different genes. E) qRT-PCR analysis 
of migration-related genes. F) Western blot analysis of migration-related proteins. G) Quantitative analysis of Western blot analysis (* represents 
p < 0.05). H) Immunofluorescence analysis of migration-related proteins localizations in OECs (ITG-α3 and ITG-β1: red, nucleus: blue).
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other groups, the wound in this group was the smallest at 
one week and completely healing at two weeks. To evaluate 
the re-epithelialization and collagen content in the soft 
tissue defect area, histological analysis was carried out by 
H&E and Masson’s trichrome staining (Figure  8A–D). As 
shown in Figure  8A,B, one and two weeks after surgery, the 
degree of re-epithelialization of SIS group and H-pSIS group 
was significantly higher than Bio-Gide and blank control, 
the H-pSIS was the highest. Re-epithelialization is a basic 
feature of wound healing, which is related to the directional 
migration of keratinocytes.[35] The pSIS membrane may accel-
erate the re-epithelialization through the promotion of cell 
migration, which is helpful for the rapid healing of wound. 

As with bone formation, the successful healing of wounds 
requires the local synthesis of a large amount of collagen.[36]  
The collagen content in the soft tissue defect area of H-pSIS 
was significantly higher than other groups (Figure  8C,D). It 
showed that H-pSIS had better ability of promoting soft tissue 
healing. The expression of ITG-α3 and ITG-β1 was detected 
by immunohistochemistry, the positive area was described in 
Figure  8E. A higher level of ITG-α3 and ITG-β1 in the SIS, 
Bio-Gide, and H-pSIS groups than control group, and the 
H-pSIS group was the highest. These results suggested that 
the chimeric peptides modified SIS membrane promoted epi-
thelial cell migration and collagen deposition, which might be 
related to the increased expression of ITG-α3 and ITG-β1.

Figure 7.  Evaluation of osteogenic ability of pSIS in rat skull defect model at 12 weeks. A) 3D reconstruction and sagittal image of bone defects cov-
ered with SIS, Bio-Gide, and H-pSIS membrane. B) BV/TV of bone defects in different groups (* represents p < 0.05). C) H&E staining. D) Masson’s 
trichrome staining. E) Immunohistochemical analysis of OCN and COL1 expression.
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Briefly, promoting early healing of wounds after GBR is an 
effective method to prevent microbial infections and biomate-
rial exposure complications. At present, some GBR membranes 
possess a certain role in guiding soft tissue healing, but have 
single performance and limited effects.[37] The pSIS membrane 
developed in this study could simultaneously exert the func-
tions of antibacterial, promoting soft tissue healing and bone 
regeneration, which enriched the performance of GBR mem-
brane greatly and might provide a prospect for the clinical treat-
ment of infectious bone defects.

3. Conclusion

In conclusion, multifunctional modification of SIS membrane 
with chimeric peptides was successfully developed. A set of 
antibacterial, osteogenic, and healing-promoting chimeric pep-
tides which were targeted on the surface of SIS membrane by 
collagen binding sequences. The pSIS promoted the expression 
of BMP2, RUNX2, ALP, OPN, ITG-α3, and ITG-β1 as well as 
inhibited the growth of S. gordonii and S. sanguis, which allowed 
SIS membrane to exert osteogenic, healing-promoting, and 
antibacterial biofunctions. This study provided experimental 

evidence for the development of membranes of GBR and the 
clinical treatment of infectious bone defects.

4. Experimental Section
Synthesis and Structure Prediction of Chimeric Peptides: Chimeric 

peptides were synthesized to 95% purity by Fmoc solid-phase peptide 
synthesis method (Jill Biochemical Shanghai Co., Ltd., China) according 
to the sequences in Table S1 (Supporting Information). P1, P2 were labeled 
with rhodamine B (RB, red) and P3, P4 were labeled with fluorescein 
isothiocyanate (FITC, green) for CLSM. The secondary structures were 
analyzed by software PSIPRED. The tertiary structures were predicted by 
protein analysis software Robetta and visualized by VMD.

Fabrication and Morphological Observation of Chimeric Peptide Modified 
SIS Membrane: The SIS membrane (Beijing Biosis Healing Biological 
Technology Co., Ltd., China) was cut into a circle matched with different 
culture plates size. The four chimeric peptides were prepared into 50, 
100, 200, and 400 × 10−6  m solution, respectively. The SIS membrane 
was soaked in the first peptide solution for 10 min, then washed with 
phosphate buffer saline (PBS) for three times and soaked in the next 
peptide solution. After following this method until all four peptide 
solutions were soaked, the pSIS was obtained. The binding ability of 
chimeric peptides was investigated by CLSM (LSM900, Zeiss, Germany).

According to the results of CLSM, the SIS membranes soaked in 
four peptide solution concentrations of 50, 100, and 200 × 10−6 m were 

Figure 8.  Evaluation of healing-promoting ability of pSIS in rat skin defect model at one and two weeks. A) H&E staining (segment: length of unepi-
thelized wound). B) Neoepithelialization length (* represents p < 0.05). C) Masson’s trichrome staining (segment: length of non-collagenous fiber of 
wound). D) Collagen fibers length (* represents p < 0.05). E) Immunohistochemical analysis of ITG-α3 and ITG-β1 expression.
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labeled as L-pSIS, M-pSIS, and H-pSIS group. These membranes were 
frozen overnight and lyophilized. After sputter-coated with gold, the 
surface morphology of the SIS and pSIS membranes was observed by 
SEM (Gemini 300, Zeiss, Germany).

Release of Chimeric Peptides on the pSIS Membrane: 1 × 104 BMSCs 
or OECs in 1000  µL of Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco, USA) with 10% fetal bovine serun (FBS, Gibco, USA) were seeded 
onto the 24-well plates in which the H-pSIS membranes were placed 
and cultured at 37  °C with 5% CO2. After 1, 3, and 7 d of culture, the 
cells were fixed in 4% formaldehyde (Solarbio, China) for 10 min, then 
infiltrated in 0.5% Triton X-100 (Sigma-Aldrich, USA) for 5  min. After 
washed three times with PBS, the nucleus were stained with 5 mg mL−1 
4′,6-diamidino-2-phenylindole (DAPI, Solarbio, China) for 5  min. The 
samples were observed by CLSM.

Biocompatibility of pSIS: The BMSCs or OECs were seeded on the 
culture plate, SIS or pSIS. On the fourth day, the cells were collected 
and centrifuged to remove the supernatant. Adding CellTrace CFSE 
(1:1000 dilution, Thermo Fisher Scientific, USA) for staining. The cells 
were gently resuspended and incubated at 37 °C in the dark for 20 min. 
Then, the medium was added and incubated at 37 °C for 5 min. The cells 
were centrifuged again to remove the supernatant and resuspended with 
fresh, pre-warmed medium for flow cytometry analysis (BD LSRFortessa, 
BD, USA). The data were analyzed using FlowJo.

Using the same method to seeded BMSCs or OECs onto the 24-well 
plates. After 1, 2, 4, and 6 d, 100 µL CCK-8 solutions (Solarbio, China) 
were added to each sample. After incubated at 37  °C with 5% CO2 for 
4 h, the relative cell viability was determined by measuring the light 
absorbance (OD) at 450 nm.

Antibacterial Activity of pSIS In Vitro: S. sanguis (ATCC 10556) and 
S. gordonii (ATCC 51656) were cultured separately in brain heart infusion 
(BHI) agar plates for 18 h at 37 °C. Then, the bacteria were resuspended 
at 1 × 107 colony forming units (CFU) mL−1 as a primary inoculum. In a 
100 mm bacterial culture dish, 20 mL BHI solution mixed with 100 µL 
bacterial solution was inoculated. After coagulation, the SIS, M-pSIS, 
and H-pSIS membranes were placed in the center, and the blank well 
was used as the control. After 24 h, the inhibition rings were observed 
and photographed.

In addition, after primary inoculum of S. sanguis or S. gordonii was 
inoculated and incubated on the SIS, M-pSIS, and H-pSIS membranes 
for 24 h, the membranes were washed with PBS three times and then 
stained with the Live/dead staining kit (Life Technologies Corporation, 
CA) on new plates. The dead bacteria (red), live bacteria (green), and 
Alexa Fluor 405 labeled peptides (blue) could be observed by CLSM.

Cell Migration Activity of pSIS In Vitro: SIS, M-pSIS, or H-pSIS 
membranes and 500  µL medium (2% FBS) were put into the lower 
compartment of the transwell plate, and the blank well just had medium 
was served as the control. Then, 1 × 104 OECs or BMSCs in 500 µL of 
medium (2% FBS) were seeded onto transwell inserts (Thermo Fisher 
Scientific, USA). After 24 h, media within the transwell inserts was 
removed carefully. Cells were fixed with 4% formaldehyde for 30  min, 
permeabilized with 0.01% Triton X-100 for 5  min and stained with 1% 
crystal violet (Sigma-Aldrich, USA). The cells without migration were 
removed by gently wiping with a cotton swab. Then, migrated cells were 
viewed and imaged with an inverted fluorescence microscope (Olympus 
IX71, Japan).

1 × 105 OECs were seeded onto six-well plates with SIS, M-pSIS, and 
H-pSIS membranes and cultured for 24 h. Then, scraped the cells down 
by a cell scraper and collected them by 1000  rpm centrifugation for 
3  min. Each sample required 1 × 106 OECs. Subsequently, differentially 
expressed genes were commercially detected by RNA-seq (Beijing Nuohe 
Zhiyuan Biological Mdt InfoTech Ltd., China). Quantitative real-time 
polymerase chain reaction (qRT-PCR) analysis, Western blot analysis, and 
immunofluorescence staining were used to detect differentially expressed 
factors after OECs were culturing for 24 h.

Osteogenic Activity of pSIS In Vitro: The osteoinductive medium 
containing 10 × 10−3 m β-glycerophosphate (Sigma, USA), 100 × 10−9 m 
dexamethasone (Sigma, USA), and 50 × 10−6 m ascorbate (Sigma, USA)  
was prepared. 1 × 105 BMSCs were inoculated on SIS, M-pSIS, and 

H-pSIS membranes in six-well plates for culturing 3 d with culture 
medium, and then the osteoinductive medium was used instead. After 
7, 14, and 21 d, the expression of BMP2, RUNX2, ALP, and OPN was 
detected.

qRT-PCR Analysis in Cell Culture: Total cellular RNA was extracted 
by using Trizol (Gibco, USA). cDNA was synthesized using GoScript 
Reverse Transcription Mix (Promega, USA). The qRT-PCR analysis was 
performed on the Roche LC480II system (Roche, Switzerland) using 
a GoTaq qPCR Master Mix (Promega, USA). The data were calculated 
using GAPDH as the internal control by the ΔΔCt method. The sequences 
of primers are listed in Table S2 (Supporting Information).

Western Blot Analysis in Cell Culture: After culturing, proteins were 
separated by electrophoresis and transferred to polyvinylidene fluoride 
(PVDF) membranes (Sigma-Aldrich, USA). After sealing with 5% 
bovine serum albumin (BSA, Sigma-Aldrich, USA) at room temperature 
for 1 h, PVDF membranes were probed with 1:1000 primary antibodies 
(Abcam, UK) at 4  °C overnight. Then, they were incubated with a 
corresponding secondary antibody at 1:5000 dilution for 1 h at room 
temperature. And a Pierce ECL Western Blotting Substrate (Thermo 
Fisher Scientific, USA) was used to detect antibody-bound proteins. 
Image J software was used for quantitative analysis.

Immunofluorescence Staining in Cell Culture: 1 × 104 BMSCs or OECs 
were seeded onto 24-well plates cultured with 1 mL leaching solution of 
SIS, M-pSIS, or H-pSIS membranes and then BMSCs were cultured with 
osteoinductive medium. After the corresponding culture period, BMSCs 
or OECs were fixed in 4% formaldehyde for 30 min, permeabilized with 
0.5% Triton X-100 for 5  min, and blocked in 5  mg mL−1 BSA solution 
for 1 h. Then, cells were incubated with primary antibodies (Abcam, UK) 
at 1:200 dilution at 37  °C for 2 h. After that, they were incubated with 
Cy3-conjugated anti-rabbit/mouse secondary antibody at 1:200 dilution 
(Abcam, UK) for 1 h and then stained with 1 mg mL−1 DAPI for 10 min. 
CLSM was used to visualize.

Osteogenic Activity of pSIS In Vivo: Animal experiments in this work 
were approved by the Animal Ethical Committee of the Academic 
Medical Center at the Tianjin Medical University. Briefly, the experiment 
was divided into blank control, SIS, Bio-Gide, and H-pSIS groups. 
The Sprague-Dawley (SD) rats (250–280  g, male, 6–8 weeks) were 
anesthetized by inhaling isoflurane. Then, the parietal calvarium was 
exposed by cutting the skin. Subsequently, a full-thickness defect with a 
diameter of 8 mm was made in the center of the skull with a trephine. 
The blank control group was not treated, the other three groups were 
placed with corresponding membranes on the defects. Finally, the 
wound was stitched up.

At the end of 12 weeks, the rats were euthanasia. The bone defects 
were taken out and fixed in 4% paraformaldehyde for 24 h. Then, the 
samples were scanned with Micro-CT (SkyScan 1276, Germany) for 
standardized reconstruction and evaluating new bone formation. Next, 
the samples were decalcified with a rapid decalcifying fluid (Rapid Cal 
Immuno, ZS-Bio, China) for 7 d. After being dehydrated and paraffin-
embedded, the samples were sliced at 5  µm in thickness. H&E and 
Masson’s trichrome staining (Solarbio, China) was used for histological 
analysis. The primary antibodies anti-OCN, anti-COL1, and fluorescence-
conjugated secondary antibody IgG at 1:200 dilution (Abcam, UK) were 
used for immunohistochemistry. The sections were observed using a 
quantitative analysis system for whole landscape imaging of tissue slices 
(Vectra Polaris, PerkinElmer, USA).

Healing-Promoting Ability of pSIS In Vivo: The SD rats were 
anesthetized by inhaling isoflurane and fixed in prone position. After 
removing the hair of the back, four symmetrical round marks were made 
by using a punch (2 cm in diameter) on both sides of the spine. Along the 
round marks, the entire skin was cut off with a scalpel and divided into 
groups as follows: blank control, SIS group, Bio-Gide group, and H-pSIS 
group, and the membrane was sutured and fixed with subcutaneous 
tissue. Each rat was raised separately to avoid biting each other. One 
and two weeks after operation, photos were taken and skin samples 
were collected. Specific methods of H&E, Masson’s trichrome staining, 
and immunohistochemistry were the same as above. The expressions of 
ITG-β1 and ITG-α3 were detected by immunohistochemistry.
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Statistical Analysis: All experiments data were expressed as means 
± standard deviations (SD) which were repeated at least three times. 
Statistical analysis was assessed using single factor analysis of variance 
(ANOVA) with Tukey’s test. A p-value less than 0.05 was considered to 
have significant statistical difference (* p < 0.05).
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