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A B S T R A C T

After tooth extraction, alveolar bone absorbs unevenly, leading to soft tissue collapse, which hinders full 
regeneration. Bone loss makes it harder to do dental implants and repairs. Inspired by the biological architecture 
of bone, a deformable SIS/HA (Small intestinal submucosa/Hydroxyapatite) composite hydrogel coaxial scaffold 
was designed to maintain bone volume in the socket. The SIS/HA scaffold containing GL13K as the outer layer, 
mimicking compact bone, while SIS hydrogel loaded with bone marrow mesenchymal stem cells-derived exo-
somes (BMSCs-Exos) was utilized as the inner core of the scaffolds, which are like soft tissue in the skeleton. This 
coaxial scaffold exhibited a modulus of elasticity of 0.82 MPa, enabling it to adaptively fill extraction sockets and 
maintain an osteogenic space. Concurrently, the inner layer of this composite scaffold, enriched with BMSCs- 
Exos, promoted the proliferation and migration of human umbilical vein endothelial cells (HUVECs) and 
BMSCs into the scaffold interior (≈3-fold to the control), up-regulated the expression of genes related to 
osteogenesis (BMP2, ALP, RUNX2, and OPN) and angiogenesis (HIF-1α and VEGF). This induced new blood 
vessels and bone growth within the scaffold, addressing the issue of low bone formation rates at the center of 
defects. GL13K was released by approximately 40.87 ± 4.37 % within the first three days, exerting a localized 
antibacterial effect and further promoting vascularization and new bone formation in peripheral regions. This 
design aims to achieve an all-around and efficient bone restoration effect in the extraction socket using coaxial 
scaffolds through a dual internal and external mechanism.

1. Introduction

During alveolar socket healing, the expression and interactions of 
different types of cells and several growth factors in the body are 
regulated spatially and temporarily to promote the remodeling and 
building of the alveolar socket [1]. Nevertheless, the alveolar bone, 
which is a tooth-dependent structure, is absorbed to varying degrees 
horizontally or vertically during physiological or pathological bone 

remodeling following tooth loss, due to a lack of functional stimulation 
and insufficient vascular blood supply [2]. Secondly, following tooth 
extraction, soft tissue cells can proliferate rapidly to the defective area of 
the extraction socket, thereby occupying the space necessary for bone 
tissue formation [3,4]. Due to the above reasons, natural healing of the 
alveolar socket following tooth extraction often fails to achieve com-
plete regeneration of the alveolar bone, thereby affecting subsequent 
denture restoration [5]. To solve this problem, alveolar ridge 
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preservation (ARP) is a treatment performed instantly after complete 
tooth extraction to reduce the dimensional changes of the alveolar ridge, 
using a biomaterial filler with or without socket sealing [6–8]. Biological 
materials used for ARP include autogenous bone, allografts, and xeno-
grafts [9,10]. Currently, the extensively applied bone graft material in 
clinical practice is the xenograft Bio-Oss Collagen, where 10 % collagen 
serves as a binder to aggregate the dispersed Bio-Oss particles, enabling 
Bio-Oss Collagen to maintain bone formation space and guide bone 
regeneration when implanted into defects. However, considering the 
new bone quality of alveolar bone regeneration and the shortened 
healing time of the alveolar socket, Bio-Oss Collagen still lacks the 
necessary bioactive components [11,12]. Therefore, the development of 
multifunctional biomaterials for alveolar bone regeneration has become 
a research focus [13,14].

Scaffolds constructed from inorganic minerals and collagen promote 
the repair of alveolar bone defects and have shown positive results in 
clinical practice [15,16]. Small intestinal submucosa (SIS), an extra-
cellular matrix material, boasts an abundance of natural collagen and 
numerous bioactive factors, imparting it with exceptional biocompati-
bility and the capability to dynamically and continuously facilitate tis-
sue repair[17–19]. Self-assembly is an intrinsic property of collagen [20,
21]. Collagen molecules, which maintain their intact triple-helical 
structure in SIS collagen solution, can spontaneously and orderly 
assemble into three-dimensional SIS hydrogels through various inter- 
and intramolecular non-covalent interactions under the influence of pH 
value and temperature [22]. Based on this, SIS/HA scaffolds can be 
fabricated by incorporating hydroxyapatite particles with osteo-
conductive properties into SIS hydrogels [23]. The integration of HA 
with collagen effectively balances the high mechanical strength of the 
inorganic component with the characteristic flexibility of the organic 
component [24,25]. During alveolar bone regeneration, scaffold mate-
rials need provide reliable mechanical support to adapt to the dynamic 
physical microenvironment, maintain the porous structure of the oste-
ogenic bone to achieve effective cellular infiltration, thereby enhancing 
the transduction of cellular mechanical signals for regeneration and 
differentiation [26]. In addition, the deformability of scaffold materials 
is also crucial. The deformable scaffold material easily conforms to the 
bone defect, reducing the gap between the scaffold and the surrounding 
tissue and limiting the micromotions of the scaffold material [27,28]. 
Although the SIS/HA scaffold provides mechanical support for bone 
regeneration, its plasticity remains relatively low, rendering it difficult 
to flexibly fill bone defects after tooth extraction. This emphasizes the 
significance of the scaffold structural design. Human bone possesses a 
distinctive composite structure, characterized by a rigid exterior and a 
hollow interior that houses soft components like bone marrow and blood 
vessels [29]. Inspired by the biomimetic bone structure, the exterior 
SIS/HA scaffold serves a pivotal supportive role, while the inner part of 
the scaffold is designed as a hollow structure to give space for defor-
mation. Meanwhile, the SIS hydrogel was precisely injected into the 
hollow interior of the scaffold, serving as its inner core. By skillfully 
leveraging the pliability of hydrogels, the coaxial scaffold of SIS/HA 
composite hydrogels exhibits an excellent shaping ability, while main-
taining good mechanical strength.

Cell homing is a crucial process for tissue repair, which attracts 
endogenous stem cells from the host to the defect site, eliminating the 
need for acquiring cells in vitro and achieving in situ bone regeneration 
in the alveolar socket [30]. Exosomes (Exos), which are nanometer-sized 
extracellular vesicles enriched with various bioactive factors, share 
similar functions with their parent cells and have gradually emerged as a 
potential strategy for bone tissue repair [31,32]. As a cell-free therapy, 
Exos recognize specific surface proteins of target cells, are internalized 
through endocytosis, phagocytosis, plasma membrane fusion, and other 
means, activate signaling pathways of recipient cells, modulate gene 
transcription and expression of target proteins to exert biological effects 
[33]. In the field of bone regeneration research, BMSCs-Exos have been 
widely applied [34]. Zhang et al. [35] demonstrated that BMSCs-Exos 

can effectively activate the BMP-2/Smad1/RUNX2 and HIF-1α/VEGF 
signaling pathways, further enhancing the proliferation and migration 
of osteoblasts and human umbilical vein endothelial cells (HUVECs) 
towards bone defect, thereby triggering osteogenic and angiogenic 
processes. In most cases, the scaffold material is implanted within the 
bone defect, and bone tissue reconstruction predominantly progresses 
from the defect’s periphery towards its center, with less osteogenesis at 
the center of the defect, which may be attributed to restricted cell 
migration and proliferation into the scaffold [36,37]. To address this 
challenge, the incorporation of active ingredients capable of driving 
endogenous stem cells into the hydrogel inside the scaffold aims to 
attract and promote the migration of BMSCs and HUVECs to the interior 
of the scaffold. The SIS hydrogel, which is filled inside the SIS/HA 
scaffold, is a highly efficient carrier for BMSCs-Exos, ensuring the stable 
and long-term release of exosomes in local regions, thereby fostering 
angiogenesis and osteogenic differentiation processes within the scaf-
fold, and improving the efficiency of bone formation in the central area 
of the defect [38].

The oral cavity is a complex dynamic micro-ecosystem that is in 
direct contact with the external environment and harbors a diverse 
microbial community [39]. The human oral cavity is second only to the 
gut in the diversity of its microbiota, which is either attached to the 
surfaces of oral structures as plaque biofilms or resides in saliva, of 
which bacteria predominate [40]. Given the complexity of the oral 
environment, it is of paramount importance to prevent infection caused 
by scaffold implantation. To avoid this issue, cationic antimicrobial 
peptides (AMPs) have emerged as promising alternatives due to their 
broad-spectrum antimicrobial activity and less susceptibility to drug 
resistance [41,42]. GL13K (GKIIKLKASLKLL-CONH2), a cationic anti-
bacterial peptide comprising 13 amino acids, is derived from human 
parotid gland secretory protein. The positively charged lysine residues 
in the peptide electrostatically attract the negatively charged bacterial 
membrane, destroying the bacterial membrane to achieve the antibac-
terial effect [43]. It has been reported that GL13K exerts inhibitory ef-
fects on common bacteria, including Staphylococcus aureus(S.aureus)and 
Escherichia coli, and also demonstrates excellent antibacterial effects on 
Porphyromonas gingivalis and Streptococcus gordonii, which are commonly 
found in the oral environment [44,45]. Moreover, GL13K has been 
observed to facilitate the proliferation, adhesion, and differentiation of 
HUVECs and BMSCs, up-regulate the expression of genes and proteins 
related to osteogenesis and angiogenesis, and promote angiogenesis and 
osteogenic differentiation [46,47]. Hence, loading the SIS/HA scaffolds 
with the antimicrobial peptide GL13K, which is rapidly released at the 
initial stage, exerts a local antimicrobial effect and creates a favorable 
environment for subsequent bone formation. Meanwhile, the release of 
GL13K in the periphery of the scaffold further recruits cells to the 
defective area, fostering vascularization and promoting new bone for-
mation in the surrounding tissues. In addition, BMSCs-Exos wrapped in 
hydrogel inside the coaxial scaffold effectively and long-term promote 
the proliferation and migration of HUVECs and BMSCs into the scaffold, 
enhancing angiogenesis and osteogenic differentiation within the 
construct. This achieves a comprehensive effect, promoting bone repair 
from the outside to the inside and in all directions.

In our study, a coaxial SIS/HA composite hydrogel scaffold has been 
constructed, comprising an outer layer of SIS/HA scaffold loaded with 
GL13K and an inner core of SIS hydrogel loaded with BMSCs-Exos. Ex-
periments in vitro and in vivo will be conducted to evaluate the cell 
compatibility, antibacterial properties, and osteogenic and angiogenic 
capabilities of the scaffold, hoping to provide a meaningful reference for 
the clinical treatment of alveolar bone regeneration.

2. Materials and methods

2.1. Preparation of SIS hydrogel

The process of obtaining small intestinal submucosa involved 
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mechanical scraping of the mucosa and serosal muscle layer, followed 
by washing with deionized water 3–5 times. Subsequently, the material 
was degreased for 12 h using a mixture of methanol and chloroform (v/ 
v = 1:1), digested with 0.05 % trypsin/0.05 % EDTA for 12 h, treated 
with detergent (0.5 % sodium dodecyl sulfate in 0.9 % sodium chloride) 
for 4 h, sterilized with 0.1 % peroxyacetic acid and 20 % ethanol for 30 
min, and finally dried and chopped at room temperature. The SIS (1 g) 
was immersed in 100 mL of 0.5 mol/L acetic acid solution, and 50 mg of 
pepsin was added for enzymatic hydrolysis, with stirring for 48 h. 
Following centrifugation, an acidic SIS pre-gel (10 % w/v) was obtained. 
The pre-gel was neutralized with a sodium hydroxide solution and 
incubated at 37 ◦C for 30 min in order to obtain the SIS hydrogel.

2.2. Collection and characterization of BMSCs-Exos

2.2.1. Isolation and purification of Exos
Bone marrow mesenchymal stem cells were cultured in dishes con-

taining DMEM, 10 % Exos-free fetal bovine serum, and 1 % penicillin 
and streptomycin at 37 ◦C in a 5 % CO2 atmosphere. Exosomes were 
isolated from the supernatant by removing cell fragments and centri-
fuging at 4 ◦C for 30 min at 1000 g and 60 min at 12000 g. The super-
natant was then filtered through a 0.22 μm filter (Solarbio, China) and 
the precipitate was obtained by centrifugation at 100,000 g for 90 min. 
Subsequently, the precipitate was washed with PBS, after which Exos 
were obtained by centrifugation at 100,000 g for 1 h.

2.2.2. Identification and characterization of Exos
The morphology of exosomes was observed by transmission electron 

microscopy (TEM, Hitachi, HT7700, Japan). The particle size and dis-
tribution of exosomes were analyzed using nanoparticle tracking anal-
ysis (NAT, Nanosight NS300, UK). The markers of exosomes were 
identified through Western blot analysis, with cytochrome C serving as a 
negative control.

2.2.3. Internalization assay of Exos
The Exos that had been centrifuged were labeled with DiI (Beyotime, 

China). To investigate the uptake of BMSCs-derived Exos by BMSCs and 
HUVECs, the labeled Exos were incubated with BMSCs and HUVECs for 
24 and 48 h, respectively. The cells were then washed with PBS and 
fixed in 4 % paraformaldehyde (Solarbio, China) for 30 min. After that, 
the cells were permeabilized with 0.5 % Triton X-100 (Solarbio, China) 
for 10 min and washed again with PBS. Finally, the nuclei were stained 
with DAPI solution (Solarbio, Beijing, China). Images were captured 
using a laser confocal scanning microscope (CLSM, LSM800, Zeiss, 
Germany). The cells were co-cultured with the G-SIS/HA + gel-Exos 
scaffold extracts. The uptake of DiI labeled BMSCs-Exos by BMSCs and 
HUVECs was observed after 1 and 3 days, respectively. Images were 
acquired using CLSM.

2.3. Preparation of SIS hydrogel with BMSCs-Exos

The neutral SIS pre-gel was combined with a solution of Exos (3.29 ×
108 particles/mL) at 4 ◦C to prepare the SIS pre-gel loaded with Exos. To 
confirm the presence of Exos in the hydrogel, CLSM was used to observe 
Exos labeled with DiI. The hydrogel without Exos was used as a negative 
control.

2.4. Preparation of coaxial composite scaffold

2.4.1. Assembly of GL13K-SIS/HA scaffolds and SIS hydrogel-Exos
Hollow SIS/HA scaffolds were prepared using a template casting 

method. HA particles were stirred into the SIS hydrogel to form a 
mixture at low temperature, poured into a custom-made tubular mould, 
and freeze-dried completely to obtain the hollow SIS/HA scaffold (SIS: 
HA = 1:9). To make a GL13K solution with a concentration of 1 mg/mL, 
GL13K was dissolved in deionized water. The SIS/HA scaffolds were 

immersed in the GL13K solution for 30 min, washed three times with 
PBS, and then ventilated and dried at room temperature to obtain the 
GL13K-loaded hollow SIS/HA scaffolds. The neutral SIS pre-gel loaded 
with Exos was uniformly filled into the hollow part of the SIS/HA 
scaffold by a syringe and placed at 37 ◦C for 30 min, resulting in the 
formation of a coaxial scaffold comprising a GL13K-loaded SIS/HA 
scaffold as the outer shell and SIS hydrogel containing Exos as the inner 
core.

2.4.2. Characterization of coaxial composite scaffold
To verify the characterization of the SIS/HA + gel coaxial scaffold, 

we used the Bio-Oss® Collagen, SIS/HA scaffold and SIS hydrogel as 
controls. The morphology of the SIS/HA scaffold, SIS gel, SIS/HA + gel 
scaffold, G-SIS/HA + gel-Exos and Bio-Oss® Collagen scaffold was 
observed using a scanning electron microscope (SEM, ZEISS, Germany) 
and Micro-CT (SkyScan 1276, Germany). Compression tests were per-
formed on each scaffold using a mechanical testing machine (3367, 
Instron, USA) with a verification rate of 10 mm min− 1. The scaffolds 
were ground into a fine powder, and spectra ranging from 500 to 4000 
cm− 1 were collected using a Fourier transform infrared spectrometer 
(FTIR) (Nicolet iS50, Thermo Fisher Scientific, USA) to identify the 
chemical groups present in the samples. The porosity of each scaffold 
was calculated using the formula: Porosity(%)=(V0-Ve)/(Vt-Ve) × 100 
%. Here, V0 represented the initial ethanol volume, Vt represented the 
total volume after immersing the scaffold in ethanol for 2 min, and Ve 
represented the ethanol volume after removal of the scaffold. The 
scaffolds were freeze-dried and weighed to determine the initial weight 
(M0) before being immersed in simulated body fluid (SBF). The samples 
were placed in a constant temperature oscillation box at 37 ◦C for 7, 14, 
21, 28, 35, and 42 days. At each time point, the post-degradation weight 
(M1) was determined by drying the samples. The degradation rate of the 
scaffold was calculated using the following formula: Degradation (%) =
(M0-M1)/M0 × 100 %.

2.4.3. Release of peptides and Exos on the coaxial composite scaffold
Different concentrations (500 μg/mL and 1000 μg/mL) of GL13K- 

SIS/HA + gel scaffolds were prepared and subsequently placed into well 
plates, with 1 mL of PBS added to each well. Following this, the entire 
well plate was positioned on a constant temperature shaker set at 37 ◦C. 
From day 1 up to day 30 (with sampling conducted every two days on 
days 1, 3, 5, …, and 30), 600 μL of release solution was collected and 
replaced with an additional 600 μL of PBS. The absorbance values of the 
GL13K solutions were measured using a microplate reader, and the 
GL13K release amounts of each sample were calculated by comparing 
them with a pre-established standard curve. The SIS/HA + gel-Exos 
coaxial scaffold and SIS gel loaded with Exos were incubated in PBS at 
37 ◦C for 30 days, and the cumulative exosome release was calculated 
using the BCA protein detection kit (Solarbio, China).

2.5. Cell experiments in vitro

2.5.1. Cell proliferation and viability test
The Bio-Oss® Collagen, SIS/HA + gel, G-SIS/HA + gel, SIS/HA +

gel-Exos, and G-SIS/HA + gel-Exos scaffolds were placed in sterile 
centrifuge tubes containing 10 mL of Dulbecco’s modified Eagle’s me-
dium (DMEM) respectively and shaken slowly at 120 rpm in a 37 ◦C 
shaker. The supernatant was collected at specific time points according 
to experimental requirements and sterilized using a 0.22 μm filter 
membrane. Serum (10 %) and penicillin/streptomycin (1 %) were added 
to obtain sample extracts. Cell proliferation was assessed using the CCK- 
8 kit (Solarbio, China). BMSCs and HUVECs (6 × 103 cells/well) were 
seeded in 96-well plates and cultured with extracts from scaffolds (Bio- 
Oss® Collagen, SIS/HA + gel, G-SIS/HA + gel, SIS/HA + gel-Exos, G- 
SIS/HA + gel-Exos). The blank control group was cultured with com-
plete medium. The absorbance (OD) values at 450 nm were measured 
using a microplate reader (Multiskan FC, Thermo Fisher Scientific, USA) 
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after 1, 3, 5, and 7 days of culture. To evaluate the cytotoxicity of the 
scaffolds, BMSCs, and HUVECs were co-cultured with sample extracts 
for 1 and 3 days. The cells were stained with an AO/EB kit (Sangon 
Biotech, China), and cell viability was observed. Images were taken 
using a fluorescence microscope (Olympus, Tokyo, Japan).

2.5.2. Cell migration assay
The migration ability of different groups of cells was detected using 

the Transwell assay. BMSCs and HUVECs (1 × 104 cells) were seeded in 
the upper chamber, while the lower chamber contained a sample extract 
(2 % FBS). After 24 h, the medium was discarded and fixed with 4 % 
paraformaldehyde for 30 min. Non-migrating cells were gently wiped 
with a cotton swab after 20 min of staining with 0.1 % crystal violet 
(Solarbio, China). Images were captured using light microscopy and 
analyzed with Image J software. The scratch assay was employed to 
investigate the impact of scaffolds from different groups on the hori-
zontal migration capabilities of BMSCs and HUVECs. Initially, cells (2 ×
105 cells/well) were seeded into 6-well plates separately. Once the 
confluency reached 100 %, a cell-free band was formed by vertical 
scratching with a 200 μL pipette tip. Following the scratch, sample ex-
tracts were added to the corresponding wells. The status of the scratch 
wound was observed using an inverted microscope at 0 h and 24 h post- 
scratch. ImageJ software was utilized to quantify the changes in the 
scratch area.

2.5.3. Cytoskeleton staining
To visualize the cytoskeleton of the different groups, BMSCs, and 

HUVECs were seeded in 24-well plates (1 × 104 cells/well) and co- 
cultured with sample extracts for 24 h. After fixation with 4 % para-
formaldehyde for 30 min, the cells were permeabilized with 0.5 % Triton 
X-100 for 10 min. Actin filaments were stained with rhodamine B- 
phalloidin (Cytoskeleton, Inc., USA), and nuclei were stained with DAPI 
(Solarbio, China). The cytoskeleton was observed and images were 
captured using CLSM.

2.5.4. Tube formation assay
The tube formation experiments in vitro were conducted using 

ECMatrix Gel (Corning, 356234, USA). Matrigel was melted at 4 ◦C, and 
60 μL was aspirated and injected into a 96-well plate, which was left at 
37 ◦C for 30 min to solidify. Then, 3 × 104 HUVECs were inoculated onto 
the gel in the well plates and incubated for 6 h with the addition of 
sample extracts. The tube-forming effect was observed by light micro-
scopy and analyzed using ImageJ software.

2.5.5. Alkaline phosphatase staining (ALP) and alizarin red staining (ARS)
BMSCs were inoculated at a concentration of 2 × 104 cells per well in 

a 24-well plate. Once the cells reached 70%–80 % confluency, the 
DMEM was replaced with osteogenic induction medium consisting of 
DMEM, 10 % FBS, 1 % penicillin and streptomycin, 50 μM ascorbic acid, 
100 nM dexamethasone, and 10 mM β-glycerophosphate. After 7 and 14 
days of culture with extracts from scaffolds, the cells in each group were 
stained with the BCIP/NBT alkaline phosphatase color development kit 
(Beyotime, China). For ARS staining, each group was stained with 
alizarin red solution (pH 4.2, Solarbio, China) for 20 min after 14 and 21 
days of culture with extracts from scaffolds. The stained samples were 
gently rinsed with ddH2O and observed under a light microscope to take 
pictures.

2.5.6. Quantitative real-time polymerase chain reaction(qPCR)
The study detected the expression of genes related to osteogenesis 

and angiogenesis using qPCR. The HUVECs were cultured with extracts 
from scaffolds for three days, while the BMSCs were cultured in osteo-
genic induction medium and sample extracts for 14 days. Total RNA was 
extracted using Trizol reagent (Invitrogen, USA), followed by cDNA 
synthesis using GoScript Reverse Transcription Mix (Promega, USA). 
The qPCR analysis was performed with SYBR Green Master Mix and the 

Roche LC480II system (Roche, Switzerland). The 2− ΔΔCt method was 
used to analyze gene expression, with GAPDH serving as a reference 
gene to normalize the expression of target genes. The primer sequences 
were designed by Sangon Biotech, China.

2.5.7. Western blotting assay
HUVECs were harvested after 3 days of culture with extracts from 

scaffolds. BMSCs were harvested 14 days after induction of osteogenesis. 
Protein extracts were diluted with protein loading buffer (5X, 
NCMBiotech, China). The extracts were then separated using 10 % so-
dium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (Solar-
bio, China) and transferred to a polyvinylidene difluoride (PVDF) 
membrane (Sigma, USA) at 300 mA for 100 min. The PVDF membranes 
were subsequently blocked with 5 % bovine serum albumin (BSA, 
Solarbio, China) for 1 h. Following this, they were incubated overnight 
at 4 ◦C with primary antibodies, namely anti-BMP2, anti-ALP, anti-OPN, 
anti-RUNX2, anti-VEGF, anti-HIF-1α, and anti-GAPDH. Finally, the 
membranes were incubated with secondary antibodies conjugated with 
horseradish peroxidase (HRP) (1:1000, Beyotime, China) at room tem-
perature for 2 h. The antibody-bound proteins were detected using an 
enhanced chemiluminescence (ECL) Western blotting analysis system 
(New Cell & Molecular, China). Band analysis was performed using 
Image J software, and all values were normalized to GAPDH values.

2.5.8. Immunofluorescence staining
Cellular immunofluorescence staining was employed to observe the 

expression of osteogenic and angiogenic proteins. 1 × 104 BMSCs and 
HUVECs were cultured in 24-well plates with sample extracts. After 3 
days of cell culture, cells were fixed with 4 % paraformaldehyde for 30 
min and permeabilized with 0.5 % Triton X-100 for 20 min, rinsed with 
PBS, and then treated with BSA (5 mg/mL) solution for 30 min. Primary 
antibodies such as ALP, BMP2, RUNX2, VEGF, and HIF-1α were incu-
bated overnight at 4 ◦C with the cells. Cells were then incubated with 
Cy3-conjugated antirabbit secondary antibody (1:1000, Abcam, UK) for 
1 h under light-free conditions. Cell nuclei were stained with DAPI 
(Solarbio, China) solution. Images were captured using CLSM.

2.6. Antibacterial experiment in vitro

2.6.1. Preparation of bacteria
S. aureus and Streptococcus sanguis (S. sanguis) were inoculated in LB 

liquid medium, while Fusobacterium nucleatum (F.nucleatum) was inoc-
ulated in BHI liquid medium, and then incubated at 37 ◦C for 24 h. 
Subsequently, the concentration of each bacterial solution was adjusted 
to 106 CFU/mL by dilution with liquid medium for future use.

2.6.2. Morphology of bacteria
The morphology of the bacteria on the surface of the scaffolds was 

examined using SEM. The scaffolds were co-cultured with 2 mL of 
bacterial solution in 24-well plates at 37 ◦C for 24 h. After that, the 
scaffolds were gently washed with sterile PBS and fixed in 2.5 % 
glutaraldehyde at 4 ◦C overnight. After being fixed, the scaffolds un-
derwent gradient dehydration treatment by being placed successively in 
30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 %, and 100 % ethanol solutions 
for 10 min each. Subsequently, the scaffolds were dried and coated with 
gold before being observed under SEM.

2.6.3. Plate colony count
The scaffolds were immersed in 2 mL of bacterial solution and co- 

cultured at 37 ◦C for 24 h. Subsequently, 1 mL of the bacterial solu-
tion was aspirated and diluted 103-105 times with liquid medium. Then, 
100 μL of S. aureus and S. sanguis bacterial solution was taken and spread 
on LB solid medium plates, while 100 μL of F. nucleatum bacterial so-
lution was spread inside CDC anaerobic blood agar plates. Bacterial 
colonies on the plates were observed after 24 h, and pictures were taken 
with a camera. The colonies were then counted using Image J software.
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2.6.4. Live/dead bacterial staining
The viability of the bacteria was assessed using a Live/Dead staining 

kit (Life Technologies Corporation, CA). A volume of 2 mL of the bac-
terial solution was aspirated into the 24-well plate, followed by co- 
culture with each group of scaffold materials at 37 ◦C for 24 h. The 
bacterial solution was then discarded and replaced with the working 
solution for staining. Dead (red) and live (green) bacteria were observed 
by CLSM.

2.6.5. Inhibition zone experiment
LB solid medium plates and CDC anaerobic blood agar plates were 

prepared. 100 μL of a diluted solution containing S. aureus and S. sanguis 
bacteria was spread evenly on the LB solid medium plate, while a so-
lution containing F. nucleatum bacteria was spread on the CDC anaerobic 
blood agar plate. Subsequently, the sterilized scaffolds were placed on 
the plates and incubated for 24 h at 37 ◦C. Photographs were taken, and 
the diameter of the inhibition zone was measured.

2.7. Bone regeneration in vivo

2.7.1. Rat alveolar bone defect model
The experiment was approved by the Animal Ethics and Welfare 

Committee of Tianjin Medical University. A rat alveolar bone defect 
model was used to evaluate the bone regeneration potential of the co-
axial scaffold. This experiment adopted the male Sprague-Dawley (SD) 
rats, which were randomly divided into six groups: Blank, SIS/HA + gel, 
G-SIS/HA + gel, SIS/HA + gel-Exos, G-SIS/HA + gel-Exos and Bio-Oss® 
Collagen. Following anesthesia of the rats by inhalation of isoflurane, 
the gingiva of the rats was gently separated with a dental probe, and 
then the crown was clamped by a vascular clamp. The right maxillary 
first molar was extracted and irrigated with saline. The scaffold was then 
placed into the extraction socket, and the alveolar socket without the 
scaffold served as a blank control. Finally, cyanoacrylate adhesive was 
used to seal the mucosal tissue around the wound. Three days following 
the implantation of scaffolds, rats were sacrificed and the presence of 
bacterial infection at the implantation site was examined by plate colony 
counting. Under continuous inhalation anesthesia with isoflurane, G- 
SIS/HA + gel-Exos scaffold materials were implanted into the tooth 
extraction sockets of rats (n = 3 in each group). BMSCs-Exos were 
labeled with DiR, and GL13K was labeled with Rhodamine B. Images 
were captured using IVIS at selected time points (3d, 7d, 14d, 21d, 28d) 
to evaluate the release of GL13K and BMSCs-Exos in vivo.

2.7.2. Micro-CT analysis
Rats were euthanized 1 month after surgery, and their maxillae were 

obtained and fixed in 4 % histiocyte fixative (Solarbio, China). The 
reconstructed maxillae were scanned using Micro-CT. The three- 
dimensional reconstructed images were viewed using CTvox software, 
and the new bone volume fraction (BV/TV), bone mineral density 
(BMD), and trabecular thickness (Tb. Th) at the defect site were 
analyzed using CTAn software. New bone formation in the defect area 
was viewed in the sagittal direction using Dataview software.

2.7.3. Histological and immunohistochemical staining
The maxillary specimens were decalcified with an EDTA decalcifi-

cation solution (pH 7.2, Solarbio, China) for one month. Thereafter, they 
were dehydrated, embedded, and cut into thick sections. The specimens 
were then subjected to hematoxylin and eosin (HE) and Masson tri-
chrome staining. For immunohistochemical staining, sections were 
incubated overnight at 4 ◦C with primary antibodies, including OCN and 
CD34, and then treated with secondary antibodies.

2.7.4. Subcutaneous scaffold implantation model
To observe the in vivo degradability of scaffolds, male Sprague- 

Dawley (SD) rats were used and randomly divided into five groups: 
Bio-Oss® Collagen, SIS/HA + gel, G-SIS/HA + gel, SIS/HA + gel-Exos, 

and G-SIS/HA + gel-Exos. The rats were anesthetized with isoflurane 
inhalation, and approximately 1 cm longitudinal incisions were made on 
both sides of the back of each rat to create subcutaneous pockets and 
place the sterile scaffolds. Four weeks post-implantation, the samples, as 
well as the hearts, livers, and kidneys, were harvested and fixed in 4 % 
paraformaldehyde, followed by H&E staining.

2.8. RNA sequencing and data analysis

BMSCs were seeded into a 6-well plate and subsequently incubated 
with different scaffold extracts at 37 ◦C for 14 days. Total RNA was 
extracted from the cells using TRIzol reagent and stored at − 80 ◦C before 
sequencing. Sequencing analysis was performed by Novogene Biotech 
Co., Ltd. (Beijing, China). Rigorous quality control of the mRNA was 
conducted using an Agilent 2100 bioanalyzer, followed by PE150 
sequencing on the Illumina platform. DESeq2 was applied to analyze 
differentially expressed genes (DEGs). The threshold for significant 
differential expression was set at |log2(FoldChange)| ≥ 1 and padj ≤
0.05. Additionally, clusterProfiler software was used to conduct Gene 
Ontology (GO) functional enrichment analysis and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment analysis on the set 
of differential genes. A corrected P-value < 0.05 indicated significant 
enrichment of the DEGs.

2.9. Statistical analysis

The study presented results as mean ± standard deviation, repeated 
at least three times. Data were statistically analyzed using one-way 
analysis of variance (ANOVA) and Tukey’s test. P-values were consid-
ered statistically significant if they were less than 0.05 (*P < 0.05), 0.01 
(**P < 0.01) and 0.001 (***P < 0.001).

3. Results and discussion

3.1. Characterization of BMSCs-Exos

Exosomes are of great interest in the medical field as intercellular 
communication factors [48]. BMSCs-derived Exos were isolated from 
the culture medium of BMSCs by ultracentrifugation (Fig. 1A), and 
identified by TEM, NTA, and Western blot. TEM images showed that the 
Exos presented a cup-shaped or round-shaped morphology with a 
bilayer membrane structure (Fig. 1B). The average diameter of the 
extracted vesicles was 106.8 nm, as determined by NTA analysis (Fig. 1C 
and D), which was consistent with the range of exosome diameters 
(40–160 nm) [49]. Western blot analysis demonstrated the presence of 
exosome-specific protein markers (Alix, CD63, CD9) in the exosomes, 
while Cytochrome C, serving as a control, was observed only in the cells 
(Fig. 1E) [50]. These results collectively indicated the successful isola-
tion of BMSCs-Exos. Subsequently, SIS gel-Exos was prepared by incor-
porating the isolated Exos into SIS hydrogel. Exosomes labeled with DiI 
in SIS hydrogel were observed by CLSM, exhibiting red fluorescence, 
thereby confirming the successful loading of Exos into SIS hydrogel 
(Fig. 1F). To observe the expression and location of Exos in BMSCs and 
HUVECs, it was demonstrated in the CLSM images that Exos were taken 
up by the cells distributed around the nucleus (blue, DAPI), and the 
number of Exos uptake by the cells incubated for 48 h was found to be 
higher than that at 24 h, indicating that Exos could be uptake into the 
cytoplasm (Fig. 1G and H).

To investigate the stability of exosomes in coaxial scaffolds, the 
scaffolds were placed in PBS and their exosome release was continuously 
collected for 30 days. The standard curve is presented in Figure S1A. The 
result demonstrated that, compared to the SIS hydrogel, the cumulative 
release profile of the SIS/HA + gel-Exos scaffold exhibited a continuous 
and slow release of exosomes. This was because exosome release from 
the SIS/HA + gel-Exos scaffold needed to pass through both the SIS gel 
and the SIS/HA bilayer structure (Fig. 1I). From day 11 onwards, 
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exosome release in the SIS hydrogel approached a plateau, whereas the 
SIS/HA + gel-Exos scaffold showed a cumulative release of approxi-
mately 46.53 ± 0.947 % on day 11 and continued to release exosomes 
slowly over time. Therefore, the SIS/HA + gel-Exos scaffold was more 
effective in loading and sustaining the release of exosomes. We co- 
cultured G-SIS/HA + gel-Exos scaffold extracts with cells and 
observed the uptake of DiI-labeled BMSCs-Exos by BMSCs and HUVECs 

after 1 day and 3 days. The CLSM images (Fig. S1. B) revealed that the 
exosomes (red, DiI) were taken up by the cells and distributed around 
the nuclei (blue, DAPI). Importantly, the number of Exos taken up by 
cells after 3 days of incubation was higher than that after 1 day, indi-
cating that BMSC-Exos can be slowly released from the coaxial scaffold 
and efficiently taken up by the cells. To date, numerous studies have 
comprehensively highlighted the promising applications of Exos in the 

Fig. 1. Characterization of BMSCs-derived exosomes. (A) Schematic of exosome synthesis. (B)Representative TEM images of BMSCs-derived Exos. (C) NTA presented 
the size and particle concentration of BMSCs-Exos. (D) Distribution and intensity of Exos. (E) Western blot analysis of Alix, CD63, CD9, and Cytochrome C expression 
in BMSCs-derived Exos. (F) CLSM images of SIS hydrogels loaded with BMSCs-Exos. Exos were labeled with DiI. (G) Internalization of DiI-labeled Exos by HUVECs for 
24 and 48h. (H)Internalization of DiI-labeled Exos by BMSCs for 24 and 48 h. Nuclei (blue); Exos (red). (I) Release curves of Exos in SIS gel-Exos and SIS/HA + gel- 
Exos scaffold.

S. Ma et al.                                                                                                                                                                                                                                       Bioactive Materials 46 (2025) 97–117 

102 



fields of regenerative medicine and tissue repair due to their stability, 
biosafety, and multifunctionality. However, it is noteworthy that the 
bioavailability of free-form Exos in the target area is suboptimal, and the 
lack of an effective controlled release mechanism somewhat restricts 
their efficacy [51]. To address this issue, researchers have actively 
explored strategies for combining exosomes with various biomaterials, 

including bioactive ceramics, hydrogels, and synthetic polymers [52,
53]. These integration strategies have not only effectively prolonged the 
storage duration of exosomes but also significantly improved their 
release characteristics, thereby successfully overcoming the limitations 
of native exosomes in practical applications. Consequently, these ad-
vancements have paved new avenues for the further application of 

Fig. 2. Preparation and characterization of coaxial scaffolds. (A) Schematic of coaxial scaffold preparation. (B) Rough appearance of different scaffolds: (a) SIS/HA 
scaffold (b) Hollow SIS/HA scaffold (c) SIS gel (d) SIS/HA + gel scaffold. (C) SEM images of SIS/HA, SIS gel, SIS/HA + gel, Bio-Oss® Collagen, and G-SIS/HA + gel- 
Exos scaffolds. (D) Micro CT images of SIS/HA, SIS gel, SIS/HA + gel, Bio-Oss® Collagen, and G-SIS/HA + gel-Exos scaffolds. (E) Images of compression deformation 
of SIS/HA and SIS/HA + gel scaffolds. (F) Stress-strain curves of different scaffolds. (G) Young’s moduli of the different scaffolds. (H) FTIR spectra of SIS/HA, SIS gel, 
SIS/HA + gel, Bio-Oss® Collagen, and G-SIS/HA + gel-Exos scaffolds. (I) Release profiles of GL13K coaxial scaffold. (J) Degradation curves of SIS/HA, SIS gel, SIS/ 
HA + gel, Bio-Oss® Collagen, and G-SIS/HA + gel-Exos scaffolds.
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exosomes in the medical field [54,55].

3.2. Preparation and characterization of coaxial composite scaffolds

Fig. 2A presented the experimental schematic of the fabricated co-
axial scaffolds. A general overview of the manufactured SIS/HA, SIS gel, 
and SIS/HA + gel composite scaffolds could be observed in Fig. 2B. The 
SIS/HA scaffold (a), boasting a diameter of 1 cm and a height of 5 mm, 
has a rough surface. To determine the optimal ratio of inner diameter to 
outer diameter for hollow scaffolds, we prepared hollow scaffolds with 
inner diameters of 3 mm, 5 mm, and 7 mm, respectively (with outer-to- 
inner diameter ratios of 1:3, 1:5, and 1:7), and subjected them to pres-
sure compression tests. The experimental results indicated that while the 
scaffold with an outer-to-inner diameter ratio of 1:3 exhibited good 
mechanical strength, it lacked sufficient deformability; conversely, the 
scaffold with a ratio of 1:7 showed better deformation performance but 
compromised mechanical strength. In comparison, the scaffold with a 
ratio of 1:5 maintained high mechanical strength while also demon-
strating a certain level of deformability. Therefore, we fabricated a 
hollow SIS/HA scaffold (b) with an outer diameter of 1 cm and an inner 
diameter of 5 mm (Figure S2A). The neutral SIS pre-gel exhibited a 
fluidic consistency, with a transparent to translucent appearance, while 
the SIS gel (c) could be formed following incubation at 37 ◦C for 30 min, 
displaying a flat and smooth surface and some elasticity. During this 
process, collagen molecules within SIS spontaneously and orderly 
assemble into SIS hydrogels under the influence of pH and temperature. 
The self-assembly process can be divided into two stages: nucleation and 
nuclear growth. During the nucleation stage, the N-terminus and C- 
terminus overlap, a process regulated by two terminal peptides; whereas 
fiber growth is achieved through lateral and longitudinal intermolecular 
interactions [56,57]. Compared to traditional collagen gels, SIS gel 
uniquely retains the bioactive factors present in the decellularized ECM. 
Leveraging this unique advantage of SIS, coaxial scaffolds have been 
successfully fabricated by injecting SIS pre-gel into the lumen (d) of 
hollow SIS/HA scaffolds. The surface morphology of different scaffolds 
was observed by SEM at different magnifications (Fig. 2C). Images of the 
Bio-Oss® Collagen scaffolds revealed large, irregular inorganic particles 
derived from calcined bovine bone, with collagen fibers wrapping 
around and binding these particles together. However, the images of the 
SIS/HA scaffolds showed that the HA particles were morphologically 
regular and uniformly distributed in the SIS collagen. The freeze-dried 
SIS gel exhibited an interconnected porous network structure. Further-
more, in the images of SIS/HA + gel, the hollow SIS/HA scaffolds were 
visible along with the SIS gel, where the SIS collagen interconnected at 
the interface, demonstrating the successful preparation of the coaxial 
scaffolds. Subsequently, the G-SIS/HA + gel-Exos scaffolds were 
observed to have numerous aggregated peptide particles, indicating 
effective loading of GL13K onto the coaxial scaffolds. Micro CT was 
further utilized to scan Bio-Oss® Collagen, SIS/HA, SIS gel, SIS/HA +
gel, and G-SIS/HA + gel-Exos scaffolds (Fig. 2D). Three-dimensional 
images of different scaffolds were reconstructed from the perspectives 
of side and cross-section. The results indicated that the inorganic par-
ticles in Bio-Oss® Collagen were relatively large and of varied mor-
phologies, with the excess spaces between particle forming the pore 
structure of the material. In the SIS/HA scaffolds, HA particles were 
tightly bound to collagen, with collagen serving as an adhesive to bond 
all particles into the scaffold, revealing an abundant pore structure. The 
SIS gel exhibited a complex interlaced structure of internal collagen fi-
bers. Notably, uniform filling of the SIS gel was clearly observed in the 
hollow regions of the SIS/HA scaffolds.

In bone tissue engineering, the mechanical properties of scaffolds are 
an important feature [26]. The three-dimensional porous scaffold ma-
terial placed in the tooth extraction socket should possess a certain 
mechanical strength to maintain the three-dimensional space for bone 
formation, while also having the deformability to easily fill the defect in 
the tooth extraction socket and create a beneficial biomimetic bone 

environment. In Fig. 2E, the deformation of the scaffold was conspicu-
ously discernible. Notably, the SIS/HA + gel scaffold underwent a sig-
nificant deformation even under mild extrusion, standing in stark 
contrast to the relatively inflexible SIS/HA scaffold. This heightened 
deformation capacity of the SIS/HA + gel scaffold is primarily attributed 
to its distinctive hollow structure, which encapsulates the SIS gel within 
the scaffold, exhibiting remarkable compressibility. To explore the me-
chanical strength of the scaffold, the SIS/HA + gel scaffold was 
measured by mechanical performance test, with SIS/HA scaffold, Bio--
Oss® Collagen, and SIS gel serving as controls. The stress-strain curves 
of different scaffolds were shown in Fig. 2F. The stress-strain curve of SIS 
gel tended to be linear, indicating that SIS gel had low mechanical 
strength and collapsed when under stress. The SIS/HA scaffold was 
prepared by incorporating HA particles into SIS gel. However, when the 
strain exceeded 60 %, the SIS/HA scaffold was gradually compacted, 
and while stress increased, the strain hardly changed. Therefore, the 
addition of HA significantly enhanced the mechanical strength of the 
scaffold, but the mechanical properties of the SIS/HA scaffold were 
slightly lower compared to Bio-Oss® Collagen. In contrast, as the stress 
on the SIS/HA + gel scaffold increased, the strain increased propor-
tionally. When the strain exceeded 30 %, the stress-strain curve became 
flattened out, and the coaxial scaffold underwent plastic deformation 
until the strain exceeded 75 %, at which point the scaffold was gradually 
compacted. The results showed that the SIS/HA + gel scaffold exhibited 
significant advantages compared to the SIS/HA scaffold and SIS gel, as it 
possessed both good mechanical strength and a certain degree of 
deformability. Young’s modulus was calculated as the slope of the linear 
region in the corresponding stress-strain curve (Fig. 2G). The experi-
mental results showed that the commercial Bio-Oss® Collagen exhibited 
a high modulus of elasticity, indicating a stiff scaffold structure. The 
SIS/HA + gel scaffold, on the other hand, exhibited a delicate balance of 
properties, with an elastic modulus of 0.82 MPa, exactly between that of 
the SIS/HA scaffold and the SIS gel. This property was due to the 
ingenious combination of the SIS/HA scaffold and SIS gel, which 
allowed the SIS/HA + gel scaffold to retain the necessary mechanical 
strength, while at the same time providing the material with a degree of 
deformability. Research on the modulation of mesenchymal stem cell 
(MSC) differentiation by material elastic modulus/stiffness has garnered 
significant attention. It has been shown that poly(glycolide-co-sebacate) 
(PGS) materials exhibit properties that are closer to osteoid rather than 
mature natural bone, with an elastic modulus that falls within the 
“osteogenic induction" range (25–40 kPa), which has been proven 
effective in inducing stem cell differentiation towards the osteogenic 
lineage. This characteristic allows bone tissue to mature in an environ-
mental matrix with mechanical properties that are more akin to those of 
osteogenic progenitor cells/stem cell differentiation, thereby developing 
into mature bone capable of bearing weight [58]. Notably, numerous 
studies have shown that MSCs exhibit more pronounced cell growth and 
osteogenic differentiation tendencies on materials with stiffnesses 
beyond this range. Hu et al. prepared demineralized bone matrix (DBM) 
scaffolds with varying stiffnesses (66.06 ± 27.83 MPa, 26.90 ± 13.16 
MPa, and 0.67 ± 0.14 MPa). Compared to the first two stiffnesses, the 
DBM scaffold with a stiffness of 0.67 ± 0.14 MPa not only promoted 
osteogenesis but also significantly enhanced bone integration [59]. 
Chen et al., on the other hand, utilized three-dimensional printing 
technology to directly assemble porous bioactive glass nanoparticle 
scaffolds (BGNS) with polycitrate-siloxane (PCS), resulting in 
BGNS@PCS scaffolds that exhibited exceptional elasticity modulus 
(0.78 MPa) and compressive strength, significantly promoting cell pro-
liferation and facilitating osteogenic differentiation of BMSCs [60]. 
Therefore, compared to high-stiffness matrices, low-stiffness bio-
materials enhance cells’ ability to perceive physical stimuli, thereby 
facilitating the transmission of mechanical signals to related proteins on 
target cell membranes, more effectively supporting cell proliferation, 
and enhancing osteogenic cell differentiation [61]. In view of this, the 
SIS/HA + gel scaffold, which has a modulus of elasticity of 0.82 MPa, 
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has the potential to enhance osteoblast differentiation by promoting 
osteogenic signaling more effectively through mechanical stimulation 
mechanisms. FTIR was used to characterize the related chemical groups 
of the Bio-Oss® Collagen, SIS/HA scaffold, SIS gel, SIS/HA + gel scaf-
fold, and G-SIS/HA + gel-Exos scaffold. As evident from Fig. 2H, all 
scaffolds exhibited characteristic absorption bands associated with 
collagen. Specifically, the vibration exhibited at 1646 cm⁻1 (C=O) was 
associated with tensile vibration of the amide I band, the amide II band 
displayed N-H deformation at 1551 cm⁻1, and the amide III band man-
ifested N-H deformation at 1400 cm⁻1. Furthermore, in the Bio-Oss® 
Collagen, SIS/HA scaffold, SIS/HA + gel scaffold, and G-SIS/HA +
gel-Exos scaffold, characteristic peaks associated with HA were observed 
at 566 cm⁻1 (bending vibration peak of O-P-O), 603 cm⁻1 (bending vi-
bration peak of PO₄³⁻ group), and 1032 cm⁻1 (stretching vibration peak 
of PO₄³⁻ group), confirming the successful integration of HA particles 
into the collagen. Additionally, the spectra of the G-SIS/HA + gel-Exos 
scaffold exhibited a characteristic peak at 1570 cm⁻1, attributed to 
GL13K (amide II), thus validating the presence of GL13K in the coaxial 
scaffold. Intensive studies have indicated that scaffolds exhibiting 
porosity comparable to human trabecular bone (ranging from 70 % to 
90 %) efficiently facilitate oxygen and nutrient transport, thereby 
encouraging the growth of bone tissue and vascularization within the 
scaffold structure [62,63]. As depicted in Figure S2B, the SIS gel 
exhibited a porosity of 85.09 ± 0.54 %, while the porosity of the SIS/HA 
scaffolds was lower, at 66.37 ± 1.02 %. The porosity of Bio-Oss® 
Collagen was 61.88 ± 3.33 %, which was not statistically significantly 
different from that of the SIS/HA scaffolds. The SIS/HA + gel scaffold 
exhibited a porosity of 75.38 ± 0.06 %, which fell between the two 
aforementioned scaffolds. Therefore, the SIS/HA + gel scaffold 
possessed an optimal porosity, making it a suitable candidate for bone 
tissue engineering applications.

According to relevant reports, GL13K, as a highly effective antibac-
terial agent, has demonstrated bactericidal activity against bacteria such 
as Pseudomonas aeruginosa, Escherichia coli, Fusobacterium nucleatum, and 
Streptococcus gordonii, with a minimum inhibitory concentration (MIC) 
below 100 μg/mL [64]. Further research has revealed that the func-
tionality of GL13K extends beyond this, as it also promotes cell 
recruitment, modulates immune responses, and significantly enhances 
osteoblast differentiation and angiogenesis, exhibiting multifaceted 
biological activities. Zhang et al. innovatively constructed a 
sustained-release hydrogel system for GL13K peptide on micro/-
nanostructured titanium surfaces. Experimental data showed that 
GL13K at a concentration of 200 μg/mL exhibited good 
sustained-release properties in this system, which significantly 
up-regulated the mRNA expression levels of osteoblast-related genes (e. 
g., OPG, ALP, OPN, and OCN) and effectively promoted osteoblast dif-
ferentiation. Additionally, this sustained-release system effectively 
inhibited the growth of Staphylococcus aureus and Escherichia coli 
through continuous release of GL13K, demonstrating its potential 
application value in the field of antibacterial therapy [65]. On the other 
hand, Zhou et al. utilized silanization technology to immobilize the 
antibacterial peptide GL13K (570 μg/mL) onto titanium surfaces, aiming 
to enhance the osteogenic integration properties of the material. 
Experimental results indicated that the GL13K-coated titanium not only 
promoted the proliferation and migration of BMSCs and HUVECs but 
also facilitated osteoblast differentiation and angiogenesis leveraging its 
immunomodulatory potential [43]. To achieve the application effects of 
GL13K on SIS/HA scaffolds, we immersed the scaffolds in GL13K-FITC 
solutions of different concentrations (100 μg/mL, 500 μg/mL, 1000 
μg/mL, and 1500 μg/mL). Fluorescence microscope observations 
revealed that the 1000 μg/mL and 1500 μg/mL concentration groups 
exhibited similar fluorescence intensity and density, indicating that 
within this concentration range, GL13K can uniformly and maximally 
bind to the SIS/HA scaffolds. In conclusion, it can be deduced that 
SIS/HA scaffolds loaded with GL13K (1000 μg/mL) exhibit great po-
tential in terms of superior antimicrobial properties, promotion of cell 

migration, and osteogenic and angiogenic effects. Furthermore, the 
release characteristics of scaffolds loaded with different concentrations 
of GL13K were analyzed through the release profile of GL13K (Fig. 2I). 
The standard curve is shown in Figure S2C. The G-SIS/HA + gel-Exos 
scaffold with a GL13K concentration of 500 μg/mL, although possessing 
the potential for multifunctional effects such as antibacterial and oste-
ogenic activities, exhibited a relatively short release period for GL13K, 
achieving complete release within approximately 15 days. In contrast, 
the G-SIS/HA + gel-Exos scaffold with a concentration of 1000 μg/mL 
rapidly released about 40.87 ± 4.37 % within the first three days. This 
rapid release phase ensured that GL13K loaded on the scaffold could be 
released into the surrounding environment in large amounts in a short 
time, effectively exerting the local antimicrobial function, and providing 
favorable establishment for the construction of an osteogenic environ-
ment. Subsequently, the release rate of GL13K from the scaffold grad-
ually slowed down, with a sustained release period extending up to 25 
days, indicating that GL13K could be stably released over an extended 
period and continued to exert its effects. The degradation rates of the 
different scaffolds were evaluated by immersing them in SBF for 6 
weeks. The results revealed that the SIS gel exhibited the fastest 
degradation rate, whereas the Bio-Oss® Collagen, SIS/HA scaffold, 
SIS/HA + gel scaffold, and G-SIS/HA + gel-Exos scaffold degraded more 
slowly, with some undegraded material still present until the end of the 
sixth week (Fig. 2J). This gradual degradation process could provide 
ample time and space for new bone formation, thereby effectively 
maintaining the volume of the alveolar ridge. Based on the results of the 
scaffold characterization, the SIS/HA + gel coaxial scaffold was selected 
for further in vitro and in vivo experiments, owing to its superior me-
chanical properties.

3.3. Biocompatibility and cell behaviors of coaxial composite scaffolds

To elucidate the impact of scaffold materials on cytotoxicity, pro-
liferation, and migratory tendencies, the biocompatibility of various 
scaffolds (SIS/HA + gel, G-SIS/HA + gel, SIS/HA + gel-Exos, and G-SIS/ 
HA + gel-Exos, with the blank group and Bio-Oss® Collagen as the 
control) was thoroughly investigated. Fig. 3A presented the schematic 
representation of cell behaviors on the G-SIS/HA + gel-Exos scaffold. 
The proliferative activity of both BMSCs and HUVECs was evaluated by 
the CCK-8 assay. As depicted in Fig. 3B–a notable increase in cell 
numbers was observed over the extended culture period, particularly in 
the G-SIS/HA + gel-Exos group, indicating a significant enhancement in 
cell proliferation. This augmentation is potentially attributed to the 
pivotal roles played by GL13K and Exos within the scaffold architecture. 
Notably, the cell proliferation capacity of the SIS/HA + gel group was 
higher than that of the blank group, which highlights the superiority of 
SIS as a constituent of the coaxial scaffolds. SIS is enriched with natural 
collagen and rich in bioactive factors, which endows coaxial scaffolds 
with the potential ability to promote cell proliferation and excellent 
biocompatibility [66]. Furthermore, the cytotoxicity of these scaffolds 
was assessed using live/dead staining experiments. After 1 and 3 days of 
culture, respectively, BMSCs and HUVECs exhibited growth well in all 
groups, with a minimal presence of dead cells (Fig. 3C and Figure S3A). 
The results collectively demonstrated that all scaffold groups exhibited 
satisfactory biosafety, which was essential for cell survival and subse-
quent tissue repair in vivo.

To investigate the chemotactic response of the coaxial scaffolds to 
BMSCs and HUVECs, Transwell assay and scratch assay were performed. 
The results of the Transwell assay showed that, after 24 h of culture, the 
number of migrating cells in G-SIS/HA + gel, SIS/HA + gel-Exos, and G- 
SIS/HA + gel-Exos scaffolds was significantly higher than that in the 
blank group, SIS/HA + gel group, and Bio-Oss® Collagen. Notably, the 
G-SIS/HA + gel-Exos group exhibited the highest number of migrating 
cells (Fig. 3D). Quantitative analysis of the migrating cell counts 
revealed significant differences between the G-SIS/HA + gel, SIS/HA +
gel-Exos, and G-SIS/HA + gel-Exos scaffolds, and the blank group, SIS/ 
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HA + gel group, and Bio-Oss® Collagen, suggesting that GL13K and Exos 
played a crucial role in promoting cell migration (Fig. 3E) (P<0.05). To 
further examine the migration capabilities of the cells, a scratch assay 
was conducted. After 24 h of culture, the migration area of both BMSCs 

and HUVECs in the G-SIS/HA + gel-Exos group was notably increased 
compared to the blank control group, SIS/HA + gel group, and Bio-Oss® 
Collagen (P<0.05) (Fig. 3F). GL13K, an AMP derived from a salivary 
protein, has been proven to exhibit excellent cellular compatibility 

Fig. 3. Proliferation, migration, and morphology of cells on different scaffolds. (A) Schematic representation of cell behavior on G-SIS/HA + gel-Exos scaffolds (B) 
Cell viability of BMSCs and HUVECs at 1, 3, 5, and 7 days (C) Live and dead staining images of BMSCs and HUVECs cultured with different scaffold extracts (1 day). 
(D) Migration staining of BMSCs and HUVECs with different scaffold extracts. (E) Quantification of the number of migrated BMSCs and HUVECs. One-way analysis of 
variance was used for statistical analysis. Data are shown as mean ± SD, *P <0.05, **P <0.01, ***P <0.001. (F) Scratched wound assay of BMSCs and HUVECs. 
Quantitative analysis of the area of migration BMSCs and HUVECs. One-way analysis of variance was used for statistical analysis. Data are shown as mean ± SD, *P 
<0.05, **P <0.01, ***P <0.001. Cytoskeletal morphology of (G) BMSCs and (H) HUVECs after 3 days of culture. Nuclei (blue), actin filaments (red).
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without cytotoxicity, with the ability to recruit cells [67]. Research has 
indicated that exosomes may participate in cellular proliferation, 
migration, and matrix synthesis (including chondrocyte synthesis) via 
the AKT and ERK signaling pathways [68]. The cell morphology and 
spreading of BMSCs and HUVECs were evaluated by cytoskeleton 
staining after 3 days of culture on different scaffolds. CLSM images 
revealed that the number of BMSCs and HUVECs in the G-SIS/HA +
gel-Exos group was significantly greater than in the other groups. In 
comparison to the blank group, the BMSCs in the SIS/HA + gel group, 
Bio-Oss® Collagen, G-SIS/HA + gel, SIS/HA + gel-Exos, and G-SIS/HA 
+ gel-Exos scaffolds exhibited a fusiform tensile morphology, excellent 
extensibility, and extended pseudopodia of cells. A dense network of 
actin filaments was also observable (Fig. 3G). For HUVECs, a smaller 
expansion area of the cells was observed in the blank group and the cell 
morphology was not readily apparent. However, in the SIS/HA + gel 
group, Bio-Oss® Collagen, G-SIS/HA + gel, SIS/HA + gel-Exos, and 
G-SIS/HA + gel-Exos scaffolds, the HUVECs displayed a polygonal 
morphology with distinct cell expansion and orderly arranged red actin 
filaments visible within the cells (Fig. 3H). Consequently, the G-SIS/HA 
+ gel-Exos coaxial scaffold significantly promoted the development of 
the cytoskeleton of BMSCs and HUVECs, providing an optimal growth 
environment for these cells.

3.4. Evaluation of tube formation assays

The pro-angiogenic potential of the G-SIS/HA + gel-Exos scaffold 
was confirmed via the tube formation experiment (Fig. 4A–S4A). After 6 
h of culture, HUVECs formed virtually no vessel-like structures in the 
control group and Bio-Oss® Collagen, whereas a minor quantity of tu-
bules was observed in the SIS/HA + gel group, which might be related to 
the diverse array of active factors present in SIS, including vascular 
endothelial growth factor and fibroblast growth factor [69,70]. In the 
G-SIS/HA + gel, SIS/HA + gel-Exos, and G-SIS/HA + gel-Exos scaffolds, 
a substantial quantity of vascular-like structures was observed, partic-
ularly in the G-SIS/HA + gel-Exos group, where a greater number of 
tubules with a more complete tubular structure were formed. Further-
more, the pro-angiogenic capacity of the G-SIS/HA + gel-Exos scaffold 
was further evaluated at the protein level. Western blot results (Fig. 4B 
and C) showed that the expression of angiogenesis-related proteins 
(HIF-1α and VEGF) was gradually up-regulated in G-SIS/HA + gel, 
SIS/HA + gel-Exos, and G-SIS/HA + gel-Exos scaffolds. Notably, the 
expression levels in the G-SIS/HA + gel-Exos group were significantly 
higher compared to the control group and the SIS/HA + gel group 
(P<0.05). Additionally, immunofluorescence analysis (Fig. 4D–F) 
demonstrated that the fluorescence intensities of HIF-1α and VEGF in 
the G-SIS/HA + gel-Exos group were substantially greater than those in 
the other groups, and the fluorescence intensities of G-SIS/HA + gel and 
SIS/HA + gel-Exos scaffolds were close. From the gene level, the 
expression levels of angiogenesis-related genes were assessed by PCR 
assay. The results in Fig. 4G showed that the mRNA expression levels 
(HIF-1α and VEGF) in the G-SIS/HA + gel-Exos group were significantly 
higher than those in the other groups (P<0.05). The above results 
suggested that the concurrent administration of GL13K and Exos plays 
an important role in promoting angiogenesis.

In the process of osteogenesis, angiogenesis and bone regeneration 
are closely coupled. The emergence of new blood vessels is pivotal in 
providing oxygen, nutrients, and growth factors necessary for bone 
regeneration, thus fostering the development of vascularized bone 
structures and ensuring efficient healing and functional restoration of 
bone defects [71]. VEGF, as one of the most important growth factors in 
angiogenesis, induces endothelial cell proliferation and migration while 
indirectly stimulating new bone formation. Additionally, HIF-1α 
induced by a hypoxic environment can enhance osteogenesis by regu-
lating the expression of VEGF [72,73]. According to Pan et al., miR-
NA29a in BMSCs-Exos could reduce HDAC4de expression, and 
significantly up-regulate RUNX2 and VEGF, playing a role in 

angiogenesis [74]. Furthermore, Zhou et al. found that constructing a 
GL13K coating on the titanium surface enhanced the expression of genes 
such as VEGF-A and HIF-1α, promoting of angiogenesis [47]. Therefore, 
hydrogel rich in BMSCs-Exos on the inner layer of the scaffold combined 
with SIS/HA on the outer layer loaded with GL13K has the potential to 
up-regulate the expression of genes related to angiogenesis, effectively 
promoting scaffold vascular network formation and accelerating bone 
remodeling.

3.5. In vitro osteogenic differentiation of BMSCs by coaxial composite 
scaffolds

The osteogenic potential of different scaffolds was evaluated through 
the utilization of ALP staining, ARS staining, Western blot, and qRT- 
PCR. ALP is a crucial marker for osteoblast differentiation and matura-
tion during osteogenic differentiation [75]. Microscopic pictures of ALP 
staining were shown in Fig. 5A. On days 7 and 14, the G-SIS/HA +
gel-Exos group displayed the most profound staining, followed by 
Bio-Oss® Collagen, G-SIS/HA + gel, and SIS/HA + gel-Exos scaffolds, 
whereas the SIS/HA + gel group exhibited a slightly darker tint 
compared to the blank group, which could be ascribed to the presence of 
HA in the SIS/HA scaffold. Studies have shown that HA-incorporating 
composite materials, due to their biomimetic characteristics, are 
capable of activating nucleation sites, increasing the apatite nucleation 
rate, and enhancing the expression of ossification-related markers, 
thereby ultimately fostering bone formation [76,77]. A comparable 
trend to ALP staining was observed in the ARS results (Fig. 5B). On day 
14, all groups exhibited scattered calcium nodule deposits, among which 
the G-SIS/HA + gel-Exos group displayed the highest number of calcium 
nodules. By day 21, a marked increase in calcium nodules was noted in 
all groups compared to day 14, with large calcium nodules predomi-
nantly found in the G-SIS/HA + gel-Exos group. This augmentation 
could be attributed to the stimulatory influence of GL13K and Exos on 
osteogenic differentiation and mineral deposition of BMSCs.

To further elucidate the impact of different scaffolds on the expres-
sion of osteogenesis-related proteins, Western blot analysis revealed 
(Fig. 5C and D) that the G-SIS/HA + gel-Exos group exhibited the 
highest expression levels of osteogenesis-related proteins (BMP2, ALP, 
OPN, and RUNX2) (P < 0.05). In contrast, the protein expression levels 
in the G-SIS/HA + gel group and the SIS/HA + gel-Exos group were 
nearly identical, with no significant differences (P > 0.05). The results of 
qRT-PCR also confirmed this trend (Fig. 5E), demonstrating a significant 
upregulation in the expression levels of osteogenesis-related mRNAs 
(BMP2, ALP, OPN, and RUNX2) in the G-SIS/HA + gel-Exos group, 
surpassing those in the other four groups (P < 0.05). The primer 
sequence used in the experiment was provided in Table S1. Furthermore, 
immunofluorescence staining images validated the expression of 
osteogenesis-related proteins (BMP2, ALP, and RUNX2). Specifically, 
the strongest red fluorescence was observed in the BMSCs of the G-SIS/ 
HA + gel-Exos group (P < 0.05), indicating a high level of protein 
expression (Fig. 5F–S4B).

Proteomics and genomic analyses have confirmed that microRNAs 
(miRNAs) and proteins within BMSCs-Exos constitute crucial elements 
that facilitate bone repair processes [78]. In-depth investigations by Lu 
et al. revealed that BMSCs-Exos carrying miR29a exhibit remarkable 
potential in regulating angiogenesis and osteogenesis, and may serve as 
a potential therapeutic target for osteoporosis [79]. Additionally, 
research conducted by Ma et al. demonstrated the successful recon-
struction of cranial bone defects in rats through the specific binding of 
BMSCs-Exos to SIS membranes modified with engineered recombinant 
peptides. The underlying mechanism suggests that exosomes in this 
process may mediate osteogenic effects via the PI3K/Akt/mTOR 
signaling pathway [80]. In addition, experimental results in a rat model 
of periodontitis showed that BMSCs-Exos also exhibit notable bone 
repair efficacy, enhancing the migration, proliferation, and osteogenic 
differentiation of human periodontal ligament stem cells (hPDLCs). This 
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Fig. 4. Promotion of angiogenesis in vitro. (A) HUVECs were cultured on Matrigel for 6 h to form microtubules. (B) Expression of angiogenic related proteins (HIF-1α 
and VEGF) by Western blot analysis. (C) Quantitative analysis of Western blot experiments. Data are shown as mean ± SD, *P <0.05, **P <0.01, ***P <0.001. 
Expression of angiogenesis-related proteins HIF-1α (D) and VEGF (E) was observed by immunofluorescence. (F) Quantitative analysis of fluorescence intensity. Data 
are shown as mean ± SD, *P <0.05, **P <0.01, ***P <0.001. (G) Expression of genes related to angiogenesis (HIF-1α and VEGF). Data are shown as mean ± SD, *P 
<0.05, **P <0.01, ***P <0.001.
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may occur through the modulation of the OPG-RANKL-RANK signaling 
pathway, thereby promoting periodontal tissue regeneration [81]. On 
the other hand, GL13K, an antibacterial peptide, has previously been 
shown to possess osteogenic capabilities, stimulating the proliferation 
and migration of BMSCs, upregulating the expression of 
osteogenic-related genes and proteins (ALP, OPN, and OCN), and 

enhancing osteogenic differentiation [65]. This study further un-
derscores the supportive role of coaxial scaffold systems in promoting 
the proliferation and osteogenic differentiation of bone marrow 
mesenchymal stem cells. Notably, when compared to SIS/HA scaffolds, 
the G-SIS/HA + gel-Exos scaffold, incorporating both GL13K and Exos, 
significantly enhances the osteogenic differentiation capabilities of cells 

Fig. 5. Studies on osteogenic differentiation in vitro. (A) ALP staining images of different scaffolds at 7 and 14 days. (B) ARS staining images of different scaffolds on 
14 and 21 days. (C) Western blot analysis for expression of osteogenesis-related proteins (BMP2, ALP, OPN, and RUNX2) (D) Quantitative analysis of Western blot 
analysis. Data are shown as mean ± SD, *P <0.05, **P <0.01, ***P <0.001. (E) qRT-PCR detection of expression levels of osteogenic-related genes (BMP2, ALP, 
OPN, and RUNX2). Data are shown as mean ± SD, *P <0.05, **P <0.01, ***P <0.001.(F) Immunofluorescence assays of proteins related to osteogenesis.
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through the synergistic effects of these dual factors.

3.6. In vitro antimicrobial activity of coaxial composite scaffolds

The oral cavity serves as a home to a multitude of microorganisms, 
necessitating the prevention of infections associated with the implan-
tation of scaffolds [82]. During the implantation process, multiple bac-
terial species have the potential to adhere to the biological material, 
ultimately leading to infection. Among these, S. aureus, a gram-positive 
aerobic bacterium, stands out as a prevalent pathogenic bacterium 

associated with implanted biomaterial infections [83,84]. Furthermore, 
F. nucleatum and S. sanguis are frequently encountered as gram-negative 
anaerobes and gram-positive facultative anaerobes, respectively, in the 
oral cavity [82]. To investigate the antibacterial activity of coaxial 
scaffolds, we employed the aforementioned bacteria as representatives 
and evaluated them by performing SEM, plate colony counting, bacterial 
live/dead staining, and zone of inhibition experiments.

To visually demonstrate the antibacterial properties of the scaffolds, 
SEM was employed to observe the distribution and morphology of 
S. aureus, S. sanguis, and F. nucleatum on different scaffold surfaces. As 

Fig. 6. In vitro antibacterial activity (A) SEM image. (B) Plate counts of bacterial colonies (S.aureus, S. sanguis, and F. nucleatum). (C) Quantitative analysis of bacterial 
colonies. Data are shown as mean ± SD, *P <0.05, **P <0.01, ***P <0.001. (D) CLSM images of S. aureus, S. sanguis, and F. nucleatum live/dead staining. Green: 
live bacteria, red: dead bacteria. (E) Inhibition zones of S. aureus, S. sanguis, and F. nucleatum co-cultured with different scaffolds and statistical analysis of the 
inhibition zones. (a: SIS/HA + gel, b: G-SIS/HA + gel, c: SIS/HA + gel-Exos, d: G-SIS/HA + gel-Exos, e: Bio-Oss® collagen) Data are shown as mean ± SD, *P <0.05, 
**P <0.01, ***P <0.001.
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shown in Fig. 6A, the surfaces of the blank group, SIS/HA + gel group, 
Bio-Oss® Collagen, and SIS/HA + gel-Exos group exhibited abundant 
bacterial adhesion with intact bacterial membranes, while the bacterial 
count on the surfaces of the G-SIS/HA + gel group and G-SIS/HA + gel- 
Exos group significantly decreased, displaying bacterial rupture, 

deformation, or wrinkled bacterial surfaces. Plate colony counting re-
sults (Fig. 6B and C) revealed that compared with the blank group, SIS/ 
HA + gel group, Bio-Oss® Collagen, and SIS/HA + gel-Exos group, the 
number of bacterial colonies in the G-SIS/HA + gel group and G-SIS/HA 
+ gel-Exos group was significantly reduced, with only a small number of 

Fig. 7. Evaluation and analysis of post-extraction and alveolar reconstruction. (A) Schematic diagram of the experiment. (B) Colony counts at the wound sites. (C) 
Sagittal picture of the rat maxilla. (D) Three-dimensional reconstructed images of rat alveolar bone defects. (E) G-SIS/HA + gel-Exos materials (Rhodamine B-GL13K, 
DiR-Exos) were implanted into a rat extraction socket and the release of GL13K and Exos was observed in vivo at different time points. (F) Subcutaneous degradation 
of different scaffolds in rats (Yellow arrows represent undegraded materials). (G) The newly formed bone tissue was evaluated by H&E staining and Masson’s tri-
chrome staining after an operation of 1 month. (H) Immunohistochemical analysis of CD34 and OCN expression.
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bacterial colonies visible (P<0.05). Further evaluation of the antibac-
terial effect of coaxial scaffolds loaded with GL13K was conducted by 
live/dead bacterial staining. Fig. 6D showed that the blank group, SIS/ 
HA + gel group, Bio-Oss® Collagen, and SIS/HA + gel-Exos group had 
significantly more live bacteria, while the G-SIS/HA + gel group and G- 
SIS/HA + gel-Exos group had a higher proportion of dead bacteria. The 
zone of inhibition experiment results (Fig. 6E) showed that no inhibition 
zones were observed around the scaffolds in the blank group, SIS/HA +
gel group, Bio-Oss® Collagen, and SIS/HA + gel-Exos group, while clear 
inhibition zones were observed around the scaffolds in the G-SIS/HA +
gel group and G-SIS/HA + gel-Exos group when placed in three different 
bacterial plates. Statistical analysis showed no significant difference in 
the diameter of the inhibition zones between the G-SIS/HA + gel group 
and the G-SIS/HA + gel-Exos group, but significant differences were 
observed compared to the other three groups (P<0.05).

Most AMPs perforate the bacterial membrane by targeting its nega-
tively charged portion, disrupting its integrity and leading to bacterial 
lysis and death [85]. The results of the above experiments indicate that 
the scaffold containing GL13K has a significant antibacterial effect on 
the associated bacteria during implantation. In the initial stage of scaf-
fold implantation, the G-SIS/HA + gel-Exos coaxial scaffold can rapidly 
and greatly release GL13K from the scaffold, so that GL13K around the 
scaffold reaches a local high concentration level in the initial stage and is 
slowly released in the later stage, which effectively kills the 
gram-positive and gram-negative bacteria adhered to and around the 
scaffold surface, which provides a favorable platform for the later bone 
repair process. In a previous study, Qi et al. achieved excellent anti-
bacterial effects against localized Staphylococcus aureus and Escher-
ichia coli at infected wounds using HAMA (hyaluronate methacrylate) 
hydrogel to deliver tFNA (tetrahedral framework nucleic acid)-loaded 
antimicrobial peptide GL13K [86]. Therefore, compared with the 
application of antibiotics, GL13K as a cationic antimicrobial peptide 
avoids the risk of bacterial resistance and plays an antibacterial role 
more safely and effectively.

3.7. In vivo alveolar bone regeneration assessment

A rat tooth extraction model was used to assess the bone-inducing 
potential of the scaffolds in vivo (Figure S5A). A schematic illustration 
of the experimental design is shown in Fig. 7A. Three days after im-
plantation of the material, colony counts at the wound sites were per-
formed to assess the antimicrobial effects of the different scaffolds. As 
illustrated in Fig. 7B–a large number of colonies were visible in control 
and unloaded GL13K groups compared with G-SIS/HA + gel and G-SIS/ 
HA + gel-Exos, indicating that the G-SIS/HA + gel-Exos scaffolds 
exerted an effective antimicrobial effect after implantation in the alve-
olar socket, providing favorable conditions for subsequent bone recon-
struction (P<0.05) (Figure S5C). After a month, the observation of rat 
tooth extraction wounds demonstrated that they had grown well, tooth 
extraction sockets in periodontal healing, and were tough (Figure S5B). 
Analysis of the sagittal views of the extraction sockets using Dataview 
revealed varying degrees of new bone formation in the experimental 
groups with scaffold implantation (Fig. 7C). Conversely, the blank group 
exhibited significant horizontal resorption of the alveolar bone, with 
only a minimal amount of regenerated bone visible at the base of the 
extraction socket, resulting in a concave appearance. Notably, the Bio- 
Oss® collagen group showed alveolar bone neogenesis, similar to the 
osteogenic effect of the G-SIS/HA + gel-Exos scaffold. This result further 
confirmed the superiority of Bio-Oss® Collagen for alveolar ridge 
preservation.

To illustrate the regenerative effect of the coaxial scaffold in the bone 
defect, a 3D model of the newly formed bone tissue was constructed 
(Fig. 7D). The bone repair amount in the alveolar socket of the blank 
group was less than that of the other groups, and the G-SIS/HA + gel- 
Exos group exhibited the most significant bone regeneration effect. In 
horizontal sections, as the reconstruction process progressed, the new 

bone growth in the SIS/HA, G-SIS/HA + gel, SIS/HA + gel-Exos scaf-
folds, and Bio-Oss® Collagen groups showed a tendency to gradually 
advance towards the central region of the defect, with less osteogenesis 
observed at the defect’s center, whereas the G-SIS/HA + gel-Exos group 
exhibited a denser distribution of new bone tissue in the central region 
of the defect. This finding was consistent with our previous hypothesis 
that BMSCs-Exos in the SIS gel within the coaxial scaffolds promoted the 
proliferation and migration of cells to the scaffolds and played an 
important role in the osteogenesis process. According to the quantitative 
analysis of Micro-CT, the bone volume/total volume (BV/TV), bone 
mineral density (BMD), and trabecular thickness (Tb. Th) of different 
groups were compared. The results showed that in terms of BV/TV, 
implanted scaffold groups were all higher than the blank group, and G- 
SIS/HA + gel-Exos group was the highest among all groups. The Bio- 
Oss® Collagen group had slightly higher BMD than the G-SIS/HA + gel- 
Exos group. The trabecular thickness of the Bio-Oss® Collagen, G-SIS/ 
HA + gel, SIS/HA + gel-Exos, and G-SIS/HA + gel-Exos groups was 
higher than that in the SIS/HA + gel and blank groups, and there was 
statistical difference (P<0.05) (Figure S5D). Utilizing fluorescence im-
aging technology, we evaluated the in vivo release characteristics of 
GL13K and BMSCs-Exos within the alveolar sockets of rats (Fig. 7E). The 
results demonstrated that on the third day post-implantation, strong 
fluorescence signals were detected for both GL13K and BMSCs-Exos 
within the coaxial scaffolds. Over time, these fluorescence signals 
gradually diminished, revealing the dynamic process of drug release. 
The fluorescence signal remained significant until day 14, implying that 
GL13K and BMSCs-Exos in the scaffolds had not been fully released. 
When the time reached the twenty-eighth day, the fluorescent signals 
had become very weak, indicating that GL13K and BMSCs-Exos in the 
scaffolds implanted into the tooth extraction sockets were nearly 
completely released. Notably, at the same time points, the fluorescence 
intensity of GL13K was weaker than that of BMSCs-Exos, indicating a 
slower release of BMSCs-Exos from the hydrogel within the hollow 
portion of the scaffold. This slow release ensured the long-term stability 
of the therapeutic effect of BMSCs-Exos. To evaluate the degradation 
characteristics and biocompatibility of different scaffold materials in 
vivo, coaxial scaffolds were implanted into the subcutaneous tissue of 
rats, with Bio-Oss® Collagen serving as the control. Four weeks later, the 
samples were harvested and stained for observation. As shown in 
Fig. 7F, residual material was visible in the Bio-Oss® Collagen group, 
with extensive ingrowth of fibrous connective tissue and a small amount 
of inflammatory cell infiltration within the material. In the coaxial 
scaffold group, the scaffold material was also not fully degraded, and 
hydroxyapatite particles were still observable at the implantation site, 
accompanied by the ingrowth of fibrous connective tissue. This is 
consistent with data from in vitro degradation experiments. Notably, 
none of the groups showed significant inflammatory responses, indi-
cating their good biocompatibility and ability to exist relatively stably in 
the in vivo environment without eliciting excessive immune responses. 
Additionally, four weeks after subcutaneous implantation, histological 
staining analysis of major organs (including the heart, liver, and kid-
neys) was conducted to assess the biocompatibility of the coaxial scaf-
fold materials. As shown in Figure S6A, the major organs in all 
experimental groups exhibited normal morphological structures histo-
logically, with no abnormal changes or intergroup differences observed, 
suggesting the good biosecurity of the coaxial scaffolds.

The analysis of new bone formation was conducted through H&E and 
Masson’s trichrome staining (Fig. 7G). After a month, it was observed 
that the blank and SIS/HA + gel groups exhibited limited bone tissue 
formation within the defect, predominantly filled with fibrous connec-
tive tissue. Conversely, the G-SIS/HA + gel-Exos group displayed su-
perior new bone formation and mineralization, accompanied by the 
presence of blood vessels. Immunohistochemical staining was employed 
to evaluate the expression of osteogenic and angiogenic genes, with OCN 
and CD34 being specific osteogenic markers and markers of endothelial 
progenitor cell formation during neoangiogenesis, respectively [87,88]. 
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As depicted in Fig. 7H, the G-SIS/HA + gel and SIS/HA + gel-Exos 
groups exhibited a significantly higher expression of OCN and CD34 
compared to the blank and SIS/HA + gel groups, with the G-SIS/HA +
gel-Exos group displaying the most prominent expression. This finding 
indicated the effectiveness of G-SIS/HA + gel-Exos scaffolds in pro-
moting osteogenesis and angiogenesis in the extraction socket site. The 
results underscored the superior osteogenic and bone integration 

capabilities of the coaxial scaffold. Moreover, the synergistic effect of 
GL13K and BMSCs-Exos significantly accelerated bone tissue remodel-
ing, resulting in a marked increase in new bone tissue.

3.8. Gene expression and bioinformatic analyses

Based on both in vitro and in vivo experimental results, the G-SIS/HA 

Fig. 8. Gene expression and analysis of biological activity of BMSCs cultured in SIS/HA + gel and G-SIS/HA + gel-Exos groups. (A) Venn diagrams and volcano plots 
of genes affected by coaxial scaffolding. (B) Representative enriched GO up terms of DEGs from SIS/HA + gel versus G-SIS/HA + gel-Exos. (C) Heatmap of DEGs 
related to cellular activity, angiogenesis and osteogenesis from SIS/HA + gel versus G-SIS/HA + gel-Exos. (D) The enriched KEGG pathways of DEGs from SIS/HA +
gel versus G-SIS/HA + gel-Exos. (E) GSEA plots of SIS/HA + gel versus G-SIS/HA + gel-Exos.
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+ gel-Exos scaffold exhibited optimal angiogenic and osteogenic capa-
bilities, attributed to the combined effects of GL13K and BMSCs-Exos. 
Consequently, we further explored the potential regulatory mecha-
nisms of the coaxial scaffold through RNA sequencing. The volcano plot 
revealed that, compared to the SIS/HA + gel group, 477 genes were 
significantly upregulated and 77 genes were downregulated in the G- 
SIS/HA + gel-Exos experimental group, suggesting significant differ-
ences between the two groups (Fig. 8A). To further evaluate the syner-
gistic effects of GL13K and BMSCs-Exos, we used a Venn diagram to 
display the upregulated differentially expressed genes (DEGs). Specif-
ically, the purple circle represented DEGs upregulated by GL13K, and 
the yellow circle represented DEGs upregulated by BMSCs-Exos. These 
overlapping genes were located among those up-regulated in the vol-
cano map by the combined effects of GL13K and BMSCs-Exos, including 
genes associated with osteogenesis (Ahsg, Nipbl, etc.), suggesting sig-
nificant synergism between GL13K and BMSCs-Exos. According to Gene 
Ontology (GO) enrichment analysis, we found genes related to cell 
proliferation and migration (positive regulation of vascular smooth 
muscle cell proliferation, positive regulation of endothelial cell migra-
tion, positive regulation of cell activation, etc.), angiogenesis (positive 
regulation of vasculature development, positive regulation of sprouting 
angiogenesis), and osteogenic differentiation (positive regulation of 
osteoblast differentiation, positive regulation of ossification, regulation 
of bone mineralization, etc.) to be upregulated in G-SIS/HA + gel-Exos 
(Fig. 8B). Subsequently, a corresponding heatmap was generated for 
highly expressed DEGs to display the upregulated genes between the two 
groups (SIS/HA + gel and G-SIS/HA + gel-Exos), including those related 
to cell proliferation and migration (Egr1, Mmp9, etc.), extracellular 
matrix (Spock2, Dcn, etc.), and osteogenesis (Ahsg, Nipbl, etc.) (Fig. 8C). 
Additionally, we enriched the DEGs between the SIS/HA + gel and G- 
SIS/HA + gel-Exos groups using the KEGG database. The enriched 
signaling pathways are shown in Fig. 8D, indicating that the G-SIS/HA 
+ gel-Exos group enriches pathways related to cell proliferation and 
migration (cell cycle, ECM-receptor interaction, FoxO signaling 
pathway), angiogenesis (HIF-1α, VEGF signaling pathway), and osteo-
genic differentiation (PI3K-Akt signaling pathway, TGF-β signaling 
pathway, Wnt signaling pathway, MAPK signaling pathway) [89–91]. 
Among them, the PI3K-Akt signaling pathway and the transforming 
growth factor (TGF-β) pathway were significantly enriched, which are 
closely related to osteogenesis[92–94]. Zhang et al. found that the 
PI3K-Akt signaling pathway played a key role in the osteogenic effect of 
exosome/β-TCP scaffolds on BMSCs [95]. Furthermore, the TGF-β 
signaling pathway has been reported to have specific roles in osteoblast 
and chondrocyte differentiation and skeletal development. During 
signal transduction, TGF-β binds to TNF receptor factors, activating 
TGFβ-activated kinase 1 (TAK1), which then phosphorylates 
mitogen-activated protein kinases (MAPK) or phosphoinositide 3-ki-
nases (PI3K), further activating target transcription factors (NF-κB, 
RUNX2) [96]. Accordingly, gene set enrichment analysis (GSEA) further 
confirmed that more genes involved in pathways such as the PI3K-Akt 
pathway and the TGF-β pathway were up-regulated in the 
up-regulated regions of the G-SIS/HA + gel group compared to the 
SIS/HA + gel group, and the association was stronger (Fig. 8E). In 
summary, the RNA-seq results are consistent with the aforementioned in 
vitro and in vivo experimental results, suggesting that G-SIS/HA +
gel-Exos holds promise for homing endogenous cells, inducing angio-
genesis, and bone regeneration.

4. Conclusion

In summary, we have prepared an SIS/HA composite hydrogel co-
axial scaffold that achieved dual optimization of structural strength and 
biological activity through its unique structural design and functional 
modification. With the effects of GL13K and BMSCs-Exos, it not only 
effectively exerts antibacterial properties but also promotes the forma-
tion of new bone and blood vessels in both the inner and outer regions of 

the scaffold, thereby shortening the alveolar bone repair time and 
avoiding insufficient bone formation in the central area of bone defects. 
The coaxial scaffold demonstrated potential in vitro experiments for 
promoting cell proliferation and migration, angiogenesis, and bone 
formation. In vivo experiments, G-SIS/HA + gel-Exos could effectively 
rebuild bone defects and achieve bone repair in rat extraction sockets 
within one month (BV/TV = 80.508 ± 3.04 %). We believe that this 
comprehensive bone repair platform with excellent mechanical strength 
and certain deformation capability, integrating multiple functions such 
as antibacterial activity, angiogenesis, and efficient osteogenic differ-
entiation induction, may provide new insights into the preservation of 
alveolar socket bone volume following tooth extraction in clinical 
practice.
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