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A B S T R A C T

Injectable thermo-sensitive hydrogels composed of small intestinal submucosa (SIS) with exosomes derived from
bone marrow mesenchymal stem cells (BMSCs) are desired for bone regeneration. However, poor mechanical
properties limit the clinical application of SIS hydrogels. Herein, the mechanical properties of SIS hydrogels
incorporated with 3-(3,4-dihydroxyphenyl) propionic acid (CA) are assessed. The results show that the me-
chanical properties of SIS hydrogels are improved. In addition, the retention and stability of exosomes over time
at the defect site are also challenges. Fusion peptides are designed by connecting collagen-binding domines
(CBDs) of collagen type I/III with exosomal capture peptides CP05 (CRHSQMTVTSRL) directly or via rigid linkers
(EAAAK). In vitro experiments demonstrate that fusion peptides are contribute to promoting the positive effect of
exosomes on osteogenic differentiation of BMSCs. Meanwhile, the results of hydrogels combining exosomes and
fusion peptides in the treatment of rat skull defect models reveal that fusion peptides could enhance the retention
and stability of exosomes, thereby strengthen the therapeutic effect for skull defects. Therefore, SIS hydrogels
with CA modified by fusion peptides and exosomes appear to be a promising strategy in bone regenerative
medicine.
1. Introduction

Bone defect is commonly caused by trauma, infection, tumor,
congenital diseases and may results in skeletal disorder-derived
dysfunction [1,2]. Compared to bone grafting, bone tissue engineering
technique has been considered as a potential treatment strategy for bone
reconstruction [3,4]. Thermo-sensitive hydrogels that can mimic extra-
cellular matrix (ECM) environment are widely used in bone tissue engi-
neering as scaffold materials [5,6]. They have excellent in situ
injectability and morphological adaptability, which are conferred by
solution-gel phase transition that occurs with temperature changes [7,8].
Small intestinal submucosa (SIS) is derived from porcine jejunum,
composed of nature ECM, including collagen type I, III and various
bioactive factors (Table S1, Supporting Information) [9–11]. Collagen
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molecules in SIS can self-assemble and condense into a three-dimensional
(3D) network hydrogel under the influence of temperature (37 �C) [12,
13]. Currently, SIS hydrogels are widely used in promoting the regen-
eration of damaged tissue, because their structure and biological activity
can be fine-tuning for desired applications [14,15]. However, under the
complex stress condition in vivo, due to weak mechanical strength, SIS
hydrogels may collapse and impair tissue repair efficacy [16,17]. In order
to solve this problem, 3-(3,4-dihydroxyphenyl) propionic acid (CA) with
catechol groups is used in hydrogels modification by covalent bonds [18,
19]. Catechol groups of CA could interact with collagen molecules in
hydrogels and form a cross-linking network between collagen molecules
[20], thereby improving mechanical properties of SIS hydrogels.

In addition to beneficial scaffold materials, the osteogenic microen-
vironment composed of cells, cytokines or other active substances also
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Table 1
Fusion peptide sequence.

Fusion peptides Sequence Abbreviation

Fusion peptide 1 TKKTLRTCRHSQMTVTSRL P1 (FITC)
Fusion peptide 2 KELNLVYCRHSQMTVTSRL P2 (RB)
Fusion peptide 3 TKKTLRTEAAAKCRHSQMTVTSRL P3 (FITC)
Fusion peptide 4 KELNLVYEAAAKCRHSQMTVTSRL P4 (RB)
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plays an important role for bone regeneration [21]. Bone marrow
mesenchymal stem cells (BMSCs) with self-renewal and multiple differ-
entiation potentials have the ability to treat bone injuries [22–24].
However, traditional stem cell transplant may cause low homing effi-
ciency and tumor formation [25,26]. Therefore, it is necessary to find an
alternative technology to avoid the limitations of direct cell trans-
plantation. Exosomes, nanovesicles naturally secreted by cells, regulating
cell-to-cell communication by transferring mRNAs, miRNAs and proteins
between cells [26,27]. The utilization of exosomes-based therapy ex-
hibits an exceptional stability, low immunogenicity and intrinsic homing
effect [28,29]. Accumulating studies have confirmed that exosomes
derived from BMSCs (BMSCs-Exs) have similar biological effects to
BMSCs in inducing osteogenesis [30,31]. Cell-free therapy based on
exosomes opens up a new avenue for bone defect repair.

In spite of the advantages mentioned above, the use of exosomes for
bone regeneration remains a challenge. At present, a common method of
modifying exosomes into hydrogels is direct mixing [32,33], which may
have disadvantages such as low loading efficiency, destruction of exo-
somes structure and hindering the osteogenic potential of exosomes [34].
To overcome these limitations, multifunctional fusion peptides
composed of two or more peptide chains, exhibiting excellent capabilities
in drug delivery [35–38], are considered as a promising method for
exosomes delivery. Pertinent literatures report that CP05
(CRHSQMTVTSRL), a polypeptide sequence, can recognize and capture
exosomal marker CD63 specifically [36,39]. TKKTLRT and KELNLVY are
collagen-binding domains (CBDs) that bind collagen type I and type III of
SIS hydrogels specifically [40–43], respectively. Furthermore, involving
a peptide linker in the process of constructing fusion peptides might
avoid misfolding or impaired biological activity of fusion peptides [44].
EAAAK is a rigid linker containing α-helix structure that consist of mul-
tiple hydrogen bonds, conferring high structural stability to fusion pep-
tides [45,46]. Accordingly, we hypothesize that exosomes could be
effectively introduced into SIS hydrogels by constructing fusion peptides
linking the CBDs, CP05 and EAAAK together. Herein, we assess the me-
chanical properties of CA modified SIS hydrogels (SIS-CA). Then inves-
tigate the effect of fusion peptides on exosomes in promoting osteogenic
differentiation and biological behavior of BMSCs through experiments in
vitro. And the osteogenic ability of SIS-CA hydrogels containing exo-
somes and fusion peptides are evaluated in rat skull defect models. It is
expected that this strategy has great application potential in bone
regenerative medicine.

2. Materials and methods

2.1. Materials

All fusion peptides were synthesized by Jill Biochemical Co., Ltd.
(Shanghai, China). Fresh porcine small intestines were harvested from
healthy pigs. The 3-(3,4-two hydroxyphenyl) propionic acid (CA) and the
polyvinylidene fluoride (PVDF) membranes were purchased from Sigma-
Aldrich (Massachusetts, USA). Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum (FBS), penicillin/streptomycin, type III
collagenase were purchased from Gibco (NY, USA). The 1,1-dioctadecyl-
3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) and 1,10-dio-
ctadecyl-3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI) were
purchased from AAT Bioquest (California, USA). The 40,6-Diamidino-2-
phenylindole, dihydrochloride (DAPI), Live/Dead kit, 4% para-
formaldehyde, hematoxylin and eosin (HE) and Masson's trichrome were
purchased from Solarbio (Beijing, China). The Cell Counting Kit-8 (CCK-
8) were purchased from Synaptic Systems (Goettingen, Germany).
Rhodamine B dye were purchased from cytoskeleton Inc. (Denver, USA).
The Reverse transcription kit and SYBR Green Master Mix were pur-
chased from Promega (Madison, Wisconsin, USA) and LC480II system
were purchased from Roche (Basel, Switzerland). The
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Ethylenediaminetetraacetic acid slow decalcification solution (EDTA)
was purchased from Servicebio (Wuhan, China). The 0.22-m filters were
purchased from Millipore (Massachusetts, USA). The Bradford assay and
all antibodies were purchased from Abcam (Cambridge Science Park,
UK). ExoQuant™ Overall Exosome Capture and Quantification Assay Kit
were purchased from Biovision (San Francisco Bay, USA). Sprague
Dawley rats (SD, 30 males; 250–280 g) were purchased from the Nankai
Experimental Animals Center (Tianjin, China).
2.2. Design and synthesis of fusion peptides

All fusion peptides sequences were presented in Table 1, using the
Fmoc (9-fluorenylmethyloxycarbonyl) method. P1 and P3 labeled with
fluorescein isothiocyanate (FITC, green), and P2 and P4 with Rhodamine
B (RB, red) markers for confocal laser scanning microscope (CLSM,
LSM900; Zeiss, Germany). The structures of the two fusion peptides were
predicted and their molecular structures were analyzed by Raptor X v5.1
(Raptor X, USA) software.
2.3. Characterization of BMSC-Exs

Bone marrow mesenchymal stem cells (BMSCs) were inoculated into
culture dishes with fresh DMEM, 10% FBS and 1% penicillin/strepto-
mycin, and cultivated in a 5% CO2 atmosphere at 37 �C. Then, BMSCs
medium was collected after the medium was centrifuged at 1000 g for 10
min, followed by 10,000 g for 30 min, the supernatant was collected and
filtered with 0.22-m filters. Subsequently, the exosomes were precipi-
tated by ultracentrifugation at 100,000 g for 1 h and the pellet was
washed with a lot of PBS, and finally recovered by centrifugation at
100,000 g for 1 h [36]. The total protein concentration of exosomes was
quantified by Bradford assay. The morphology of exosomes was detected
by transmission electron microscope (TEM, HT7700; HITACHI, Japan).
The particle size distribution was measured using Nano Sight (NS300;
Malvern, UK). In addition, Western blot analysis was used to identify
exosomal markers, and cell extracts were used as control.
2.4. Preparation of SIS-CA hydrogels

The submucosa of the small intestine (SIS) was obtained by me-
chanically removing the porcine jejunum and washing it in deionized
water 3 times [11]. The subsequent procedure involved degreasing (a
mixed solution of methanol and chloroform (1:1, v/v) for 12 h), enzyme
digestion (0.05% trypsin/0.05% ethylenediaminetetraacetic acid at 37
�C for 12 h), detergent treatment (0.5% sodium dodecyl sulfate (SDS) in
0.9% sodium chloride) and sterilization (0.1% peroxyacetic acid for 30
min). Then, the sample was lyophilized using freeze dryer (GAMMA2–16
LSC; Christ, Germany), lyophilized SIS was cut into flocculent pieces with
a freezer mill (MM400; Retsch, Germany), followed by digested in an
aqueous solution consisting of 3% acetic acid and 0.1% pepsin for 48 h to
obtain 10% w/v SIS pre-hydrogel. SIS-CA hydrogels were obtained by
mixing CA into SIS pre-hydrogel. Briefly, CA was dissolved in distilled
water at room temperature, the concentration of CA solution was 0.5 M.
Add the CA solution to the pre-hydrogel uniformly, then, adjusted the PH
of pre-hydrogel to 7.0 with 2.5 M of NaOH solution and let stand at 37 �C
for 30 min.
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2.5. Preparation of SIS-CA hydrogels with fusion peptides and BMSC-Exs

The above four fusion peptides were dissolved in deionized water at
room temperature to obtain fusion peptide solutions P1-4. Peptide so-
lutions were prepared at the concentration of 200 � 10�6 M. Mixed P1
with P2 and P3 with P4 (p1&2 and p3&4), respectively. 300 μL of 1 μg/μL
BMSC-Exs were added into the two solutions (Exs-p1&2 and Exs-p3&4).
Subsequently, SIS-CA hydrogels were immersed in Exs-p1&2 or Exs-p3&4
solution at 25 �C for 30 min. Finally, SIS-CA hydrogels with Exs-p1&2 and
Exs-p3&4 solution were constructed (p1&2SIS-CA/Exs and p3&4 SIS-CA/
Exs).

2.6. Characterization of SIS-CA hydrogels

The microscopy images of SIS and SIS-CA hydrogels were detected by
field emission-scanning electron microscopy (SEM, Gemini 300; Zeiss,
Germany). Hydrogels were lyophilized at �80 �C for 48 h. The lyophi-
lized samples were coated with a conductive layer of gold scanning
electrons. The pore size of hydrogels was analyzed by ImageJ v1.8.0
software. In addition, in order to determine the effects of SIS and SIS-CA
hydrogels on cell colonization and infiltration, 2 � 105 BMSCs were
uniformly inoculated on the surface of the two hydrogels, and the
morphology and distribution of BMSCs were observed by CLSM for 2 and
4 d of culture. Moreover, the chemical element composition of SIS and
SIS-CA hydrogels was determined by fourier transform infrared spec-
trometer (FTIR, Nicolet iS50; Thermo Fisher Scientific, USA) analysis
with the transmission mode in the wavenumber wavelength range of
4000–500 cm�1. The mechanical strength of the above two hydrogels
was measured under a general condition using a universal testing ma-
chine (Instron 5567, USA) equipped with a 0.1 N load cell.

The rheological measurements of hydrogels were carried out by
rheometer (AR-G2; TA Instrument, USA) with 20 mm cone plate. 1)
Under the constant temperature of 37 �C, the storage modulus (G’) of SIS
and SIS-CA hydrogels were monitored with a frequency of 1hz and a
stress-strain of 1% over time. 2) At a fixed angular frequency (10 rad s�1),
measured the G0 and loss modulus (G00) of the hydrogels under the strain
amplitude sweep (γ ¼ 0.1%–1000%).

The degradation of SIS and SIS-CA hydrogels were studied in degra-
dation solutions composed of PBS and 100 U/mL type III collagenase.
The 1 mL hydrogels equal weight, immersed in 10 mL of degradation
solution at 37 �C. The hydrogels were collected continuously within 10 d.
The weights of lyophilized hydrogels after degradation were defined as
Wt. The initial weights of lyophilized hydrogels were recorded as W0. The
degradation rates were calculated according to the following formula:

Degradation ð%Þ ¼ ðW0� WtÞ= W0� 100% (1)

2.7. Characterization of p1&2SIS-CA/Exs and p3&4 SIS-CA/Exs
hydrogels

The surface morphology of SIS-CA, SIS-CA/Exs, p1&2SIS-CA/Exs and
p3&4 SIS-CA/Exs hydrogels was evaluated using SEM. The samples were
lyophilized at �80 �C for 48 h. The samples were coated with a gold
scanning electron conductive layer. Moreover, to investigate exosomes
and fusion peptides were loaded on SIS-CA hydrogels, exosomes were
labeled with DiR. In a nutshell, mixed 1 μL of DiR dye solution with
DMSO as stock solution. The stock solution was diluted with PBS to 5 mM
working solution. the exosomes were mixed with 20 μL working solution.
Next, mixed the 200� 10�6 M p1&2 and p3&4 solutions with the exosomes
(DiR) solution, respectively. The SIS-CA hydrogels were divided into
three groups. Hydrogels immersed in exosomes (DiR) solusion after
lyophilized named SIS-CA/Exs were considered as control, while
immersed in Exs (DiR)-p1&2 or Exs(DiR)-p3&4 were named p1&2SIS-CA/
3

Exs or p3&4SIS-CA/Exs. The samples were washed three times with PBS.
Images were captured using a CLSM.

2.8. Turbidity test

The effect of CA and fusion peptides on thermo-sensitive properties of
hydrogels was investigated by turbidity test. The absorbance of different
hydrogels (SIS, SIS-CA, p1&2SIS-CA, p3&4SIS-CA) at different tempera-
tures was measured by UV–Vis spectrophotometer (U-3900, HITACHI,
Japan) at 350 nm wavelengths. The heating rate is 2 �C/3min, and the
heating range is 20 �C–45 �C.

2.9. Stability test of hydrogels

First, the stability of SIS-CA/Exs, p1&2SIS-CA/Exs and p3&4SIS-CA/Exs
hydrogels in collagenase solution was determined by detecting the
amounts of exosomes released. Exosome release was tested by Exo-
Quant™ Overall Exosome Capture and Quantification Assay Kit. Briefly,
300 μL of 1 μg/μL exosomes solution were used to prepare hydrogels.
Then, these hydrogels were placed in collagenase solution at 37 �C. The
supernatant was continuously collected for 8 d, and the cumulative
release of exosomes was calculated. Then, CLSM was used to further
verify the stability of p1&2SIS-CA/Exs and p3&4SIS-CA/Exs hydrogels
under inflammatory conditions. BMSCs were inoculated in 6-well plates,
TNF-α (10 ng/mL) and IFN-γ (10 ng/mL) were added to the medium to
simulate inflammation environment, and BMSC medium was collected.
The hydrogels containing fluorescently labeled exosomes and peptides
(p1&2SIS-CA/Exs and p3&4SIS-CA/Exs) were placed in the collected me-
dium, and the fluorescence intensity of exosomes and peptides in the
hydrogels was observed by CLSM after 1, 5, and 10 days.

2.10. Exosomes uptake assay

After the above hydrogels were dialyzed in distilled water for 3 d and
sterilized under 365 nm ultraviolet light for 30 min, they were injected
into 12-well plates, and then 2 � 104 BMSCs were seeded on each well.
The cells were fixed and stained with DAPI for 10 min. Exosomes were
labeled with DiI. The results were observed by the CLSM after incubated
1 d.

2.11. Cell viability, proliferation and adhesion

After incubated with hydrogel extracts (SIS-CA, SIS-CA/Exs, p1&2SIS-
CA/Exs, p3&4SIS-CA/Exs, Blank as the control group) for 1, 2and 3 d, the
cells were stained with Live/Dead kit for 5min to test cell viability. Im-
ages were obtained using a fluorescence microscope.

CCK-8 was used to evaluate the proliferation of the BMSCs in different
groups. During 6 d of culture, the cells were incubated with counting
reagents for 3 h every day. The relative cell number was determined by
measuring the absorbance (OD) at 450 nm with a microplate reader
(Multiskan FC, Thermo Fisher Scientific, USA).

To observe the cytoskeleton and adhesion of cells in different groups,
cells were fixed in 4% paraformaldehyde solution for 15 min and
permeated in 0.5% Triton X-100 for 10 min after incubated for 12 and 24
h. Actin was stained with Rhodamine B to show the cytoskeleton. DAPI
was used to stain the nucleus. Cell morphology was observed by CLSM.

2.12. Real-time quantitative polymerase chain Reaction(qRT-PCR)

To reveal the potential mechanism of hydrogels effect on the differ-
entiation of BMSCs, qRT-PCR analysis was carried out in each group.
After the cells were cultured in osteoinduction medium or basal medium
(without osteoinduction conditions) for 14 days, total RNA was extracted
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with TRIzol. Reverse transcription kit to synthesize cDNA. SYBR Green
Master Mix and LC480II system were used for analysis. The sequences of
primers are listed in Table S2(Supporting Information). Results were
normalized to GAPDH.

2.13. Western blot analysis

The proteins of BMSCs cultured for 14 d were separated by gel elec-
trophoresis and transferred to PVDF membranes. PVDF membranes were
submerged in the primary antibodies (1:1000 dilution for 12 h at 4 �C).
Membranes were then incubated with a secondary antibody (1:5000
dilution for 1 h at 25 �C). The antibody-bound proteins were detected
using a Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific,
USA). The quantitative analysis was quantified using ImageJ software
v1.53.

2.14. Immunofluorescence staining

Inoculated 1� 104 BMSCs in a 24-well plate and incubated with 1 mL
of SIS-CA, SIS-CA/Exs, p1&2SIS-CA/Exs, p3&4SIS-CA/Exs hydrogel ex-
tracts, with or without osteoinduction, Blank as control. Afterwards, the
BMSCs were fixed with 4% paraformaldehyde for 30 min, permeabilized
with 0.5% Triton X-100 for 10 min, and blocked with 5 mg/mL BSA
solution for 1 h. Then, incubate the cells with the primary antibody
(1:200 dilution for 12 h at 4 �C). Afterwards, they were incubated with
Cy3 conjugated secondary antibody (1:1000 dilution for 1 h at 25 �C),
and then stained with 1 mg/mL DAPI for 10 min. CLSM was used to
observe fluorescence images.

2.15. Animal experiment

All procedures were approved by the Animal Ethics Committee of
Tianjin Medical University of Science and Technology. SD Rats were
anesthetized by isofrane inhalation. Surgery was performed under
aseptic conditions. A circular 8 mm hole (made by a high-speed drill with
an 8 mm round hole opener) in the dorsal side of the skull was used to
observe the ability of hydrogels to promote bone regeneration in vivo.
Animals were randomly divided into five groups: 1) Blank (n¼ 6), 2) SIS-
CA (n ¼ 6), 3) SIS-CA/Exs (n ¼ 6), 4) p1&2SIS-CA/Exs (n ¼ 6) and 5)
p3&4SIS-CA/Exs (n ¼ 6). During the initial operation, hydrogels
immersed in different mixture were implanted into the defect sites.
Subsequently, hydrogels containing different components were injected
into the defects once a week. Specifically, 10% w/v SIS-CA pre-hydrogel
was mixed with NaOH solution to obtain neutral SIS-CA hydrogel solu-
tion and stored at 4 �C. Then, the hydrogel solution was blended with the
peptide-exosomal solution or pure exosomal solution according to the
above method, the mixture was loaded into a 5 mL syringe. The needle
penetrated the skin tissue at the top of the defect and injected the mixture
into the defect site.

2.16. Micro-CT analysis of bone defects

A micro-CT scanner (SkyScan 1276; Bruker, Germany) was applied to
evaluate the regeneration of the defect on the cranium. Rats were
euthanasia 12 weeks after operation, skulls were explanted and fixed in
4% paraformaldehyde. Three-dimensional construction of each specimen
was observed with CTvox v3.3 software. The CT-analyzer v1.17 software
was used to analyze bone volume/tissue volume (BV/TV) of each group.

2.17. Histological and immunohistochemical staining

Specimens were decalcified in EDTA at room temperature for 1mths.
The specimens were embedded in paraffin and cut into 5 mm thick
4

sections. Subsequently, the sections were stained with hematoxylin and
eosin (HE) and Masson's trichrome (Solarbio, China) for histological
analysis.

Immunohistochemical (IHC) staining for RUNX2 was conducted. The
primary antibodies with fluorescence-conjugated secondary antibody
IgG (1:200 dilution). The stained sections were photographed with
Vectra Polaris (PerkinElmer, USA). Subsequently, images were visualized
by NDP. view 2 Inc software.

2.18. Statistical analysis

All data were presented as the mean � standard deviation (SD).
Statistical analysis was performed using SPSS v22.0 software. Statistical
significance was tested by one- or two-way ANOVA to determine sig-
nificant statistical differences between data. P-value is less than 0.05(*p
< 0.05), 0.01(**p < 0.01), 0.001(***p < 0.001) were considered
indicative of statistical significance.

3. Results and discussion

3.1. Structure Prediction of fusion peptides

The predicted pseudo-3D architectures of the four fusion peptides are
shown in Fig. 1. The fusion peptides P1 and P2 were composed of 2 parts,
CP05 and collagen-binding peptide I/III, while P3 and P4 consisted of 3
parts, CP05, collagen-binding peptide I/III, and a peptide linker EAAAK.
In this study, EAAAK was selected as a linker to construct ideal fusion
peptides. EAAAK is a rigid linker containing a lot of hydrogen bonds,
which can maintain a reasonable distance between the functional do-
mains of fusion proteins, reduce mutual interference between the linked
parts, and make fusion peptides have higher structural stability [47]. In
the case of fusion peptides with EAAAK, the number of hydrogen bonds
(red line segments between helical frames) in P3 and P4 was much more
than P1 and P2, exhibiting compact skeleton structure. This may be
beneficial for CP05 to capture more exosomes and efficiently anchor the
exosomes to SIS hydrogels through CBDs.

3.2. Preparation and characterization of SIS-CA hydrogels

SIS in pepsin-acetic acid mixed solution formed transparent acid pre-
hydrogel solution at a concentration of 10% (w/v). Take part of the so-
lution to add CA. After the pH was adjusted to 7.0 and incubated at 37 �C
for 1 h, SIS and SIS-CA hydrogels were observed (Fig. 2). CA grafted SIS
hydrogels to improve mechanical properties of the hydrogels as shown in
Fig. 2. SIS was firstly self-assembled into a 3D network at 37 �C in a
neutral environment by formation of amide bonds (–CO–NH-, N-terminal
in collagen molecules reacted with C-terminal). Subsequently, catechol
groups of CA were grafted on collagen molecules by reacting with -NH2.
When catechol groups were oxidized to quinone, they reacted with
unoxidized catechol to establish a linking bridge among collagens and
enhance crosslinking of hydrogels [48]. In particular, the UV–Vis spec-
trophotometer explored the effect of CA on thermo-sensitive properties
of hydrogels. Hydrogels were liquid at relatively low temperature, with
low refractive index and low turbidity. As the temperature rises, the
hydrogel network was integrated, and water was drained from it,
resulting in a change in absorbance. The temperature at which the
absorbance changes suddenly was the gelation temperature (Tt) of
hydrogels. The results (Fig. S2a) show that the Tt of SIS hydrogels was
about 37 �C, and that of SIS-CA hydrogels was 27.5 �C, because the
crosslinking degree of hydrogels was increased and the dehydration
speed was accelerated and the gelation time became shorter after CA
addition [49].

The morphologies and chemical compositions of SIS-CA hydrogels



Fig. 1. Pseudo-3D views of molecular architectures. The structures of fusion peptides P1, P2, P3 and P4 were predicted by Raptor X. The N- and C-termini
were labeled.
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were characterized by scanning electron microscope (SEM) and fourier
transform infrared spectroscopy (FTIR). The interconnected 3D porous
microstructure of the two hydrogels was illustrated in Fig. 3a. Pristine SIS
hydrogels contained large pores. On the contrary, hydrogels became
more compact as CA added, which the tertiary structure was integrated.
Pore size analysis results show that the pore size of the SIS hydrogel was
118.40� 38.41 μm, while that of SIS-CA was 70.52� 16.10 μm (Fig. 3b).
In order to explore whether the reduction of the pore size of hydrogels
has an effect on BMSCs colonization and infiltration, this study used
confocal laser scanning microscope (CLSM) to observe the distribution of
cells in the two hydrogels for 2 and 4 days. The 3D image (Fig. S1)
showed that the morphology of BMSCs was not significantly different.
Depth analysis showed that the infiltration degree of the cells in the two
hydrogels was both 12 μm for 2 d, and 20 μm for 4 d. Obviously, there
was no significant difference in the infiltration rate. This result demon-
strated that after adding CA, although the pore size of hydrogels was
reduced, it had no obvious positive or negative effect on the colonization
and infiltration of BMSCs. Next, FTIR spectra (Fig. 3c) shows that the
adsorption bands at 1636 cm�1 and 1542 cm�1 were associated with
vibration of amide I (C––O) and stretching vibration of amide II (C–O)
from collagens, these are characteristic peaks of SIS hydrogels [50]. The
5

changes of characteristic peak position represent the change of substance
molecular configuration [51]. After CA modification, amide I band just
shifted 1 cm�1 to higher wavenumber while amide II had no shift, sug-
gesting that collagen structure was not altered. In addition, decreased
transmittance of amide I and II implied that their content increased in SIS
hydrogels, indicating CA was effectively grafted into SIS hydrogels.

Favorable mechanical properties are indispensable for bone tissue
engineering scaffold materials, to investigate the influence of CA on the
tensile property of SIS hydrogels, load-displacement curves were
measured. The results show improved mechanical properties of SIS
hydrogels, with the maximum load of 2.8 � 0.12 N. Specifically, the
maximum load of SIS-CA hydrogels was almost 3-fold higher than that of
SIS hydrogels (Fig. 3d). This mechanical reinforcement may be attributed
to quinone, which is oxidized from catechol bases, cross-links with col-
lagens to form tough hydrogels. In order to gain insight into the me-
chanical properties of SIS hydrogels, the rheological characteristics of SIS
and SIS-CA hydrogels were determined using a cone plate rheometer. It
was found that the mechanical strength of SIS-CA hydrogels was higher
than SIS hydrogels. The maximum storage modulus(G0) of SIS hydrogels
was 21.36 � 0.25 Pa, while it increased 1.4-fold with CA (Fig. 3e).
Moreover, the G0 and the loss modulus(G00) intersecting curves of SIS and



Fig. 2. Schematic illustration of the construction process of SIS hydrogels and SIS-CA hydrogels.
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SIS-CA hydrogels representing the critical point of hydrogels collapse
appeared at approximately 205% and 275% strain, respectively (Fig. 3f
and g). In addition, the degradation studies of two hydrogels were carried
out in type III collagenase solution (100 U/mL) at 37 �C within 10 d. The
results in Fig. 3h show that the degradation rate of SIS-CA hydrogels is
lower than the other one (the final degradation rates are 70.9% and
92.4%, respectively). The conclusion that CA is useful for improving the
mechanical properties of hydrogels is confirmed.

3.3. Synthesis and characterization of SIS-CA hydrogels with fusion
peptides and BMSC-Exs

BMSCs-Exs were extracted by differential centrifugation. Trans-
mission electron microscopy (TEM), Nano Sight and Western blot were
performed to identify BMSCs-Exs. The results show a classical cup-shaped
morphology (Fig. 4a) of BMSCs-Exs, with a diameter of 122 nm (Fig. 4b),
which is in line with the general diameter range [52,53]. Western blot
analysis revealed that Alix, CD9 and CD63, which are specific surface
markers of exosomes, were present in exosomes, while Cytochrome C, a
6

specific marker of cytosolic, was only present in cells (Fig. 4c) [54].
Subsequently, BMSCs-Exs was incorporated into SIS-CA pre-hydrogel
solution directly or via fusion peptides, thereby obtaining SIS-CA/Exs,
p1&2SIS-CA/Exs and p3&4SIS-CA/Exs hydrogels.

The microstructure of SIS-CA hydrogels was altered by fusion pep-
tides. As shown in Fig. 4d, f and g, pristine SIS-CA hydrogels displayed
fiber cross-linked pores, and the 3D pores of p1&2SIS-CA/Exs and
p3&4SIS-CA/Exs hydrogels were filled with tiny fusion peptide crystalline
particles (white arrows). However, no exosomes were observed in the
SEM images (Fig. 4e). In order to further demonstrate whether the
BMSCs-Exs and fusion peptides were modified on SIS-CA hydrogels,
CLSM verified the loading of exosomes and fusion peptides (Fig. 4h).
After rinsing three times with PBS, only faint purple fluorescence of
BMSCs-Exs (DiR labeled) was present in SIS-CA/Exs hydrogels without
any fusion peptides. In contrast, high density purple fluorescence, green
fluorescence (Fluorescein isothiocyanate, FITC-labeled type I collagen
fusion peptides), and red fluorescence (Rhodamine B, RB-labeled type III
collagen fusion peptides) appeared in the images of p1&2SIS-CA/Exs and
p3&4SIS-CA/Exs hydrogels, indicating exosomes were efficiently



Fig. 3. Characterization of hydrogels. (a) SEM images of SIS and SIS-CA hydrogels. (b) Pore size of SIS and SIS-CA hydrogels (c) FTIR spectra of the SIS and SIS-CA
hydrogels. (d) Tensile load-displacement curves of SIS and SIS-CA hydrogels. Rheological behavior of SIS and SIS-CA hydrogels. (e) Representative curves of the
gelation kinetics of the SIS and SIS-CA hydrogels were determined by monitoring changes in the storage modulus(G0) after inducing gelation. The G0 and loss
modulus(G00) of the (f) SIS, (g) SIS-CA hydrogels from strain amplitude sweep (γ ¼ 0.1%–1000%) at a fixed angular frequency (10 rad s�1). (h) Degradation rate of SIS
and SIS-CA hydrogels in type III collagenase solution within 10 d *p < 0.05.
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Fig. 4. Identification of exosomes and characterization of exosomes and fusion peptides loaded on hydrogels. (a) Morphology of BMSCs-Exs observed by TEM. (b)
Particle size distribution of BMSCs-Exs detected by NanoSight. (c) Western blot analysis of exosomal and the cell nuclei surface markers, Alix, CD63, CD9 and Cy-
tochrome C. SEM images of (d) SIS-CA, (e) SIS-CA/Exs, (f) p1&2SIS-CA/Exs, (g) p3&4SIS-CA/Exs hydrogels. (h) Observation of the load of BMSCs-Exs and fusion
peptides on SIS-CA, SIS-CA/Exs, p1&2SIS-CA/Exs, p3&4SIS-CA/Exs hydrogels with CLSM. White arrows: fusion peptides, Co–B PI: collagen-binding peptide I, Co–B PIII:
collagen-binding peptide III.
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anchored to hydrogels by fusion peptides. Particularly, compared with
p1&2SIS-CA/Exs hydrogels, the fluorescence of BMSCs-Exs and fusion
peptides on p3&4SIS-CA/Exs hydrogels were slightly stronger and more
uniform distribution, which may be related to the contribution of
EAAAK. The existence of EAAAK could make CP05 and CBDs of fusion
proteins have a fixed distance in space, so that they do not interfere with
each other, more fusion peptides with a large number of exosomes bound
to hydrogels. Furthermore, turbidity analysis showed that there was
almost no change in Tt after mixing the fusion peptides into hydrogels,
that is, the thermo-sensitive properties of hydrogels did not change
(Fig. S2b).
3.4. SIS-CA/Exs hydrogels with fusion peptides stimulating the
proliferation and adhesion of BMSCs in vitro

Stable and sustained release of exosomes is essential to promote
proliferation and osteogenic differentiation of cells. Fig. 5a shows the
release curves of different hydrogels in the collagenase solution. The
p3&4SIS-CA/Exs hydrogels had relatively low release rate compared with
8

the other two hydrogels. After continuous measurement for 8 d, the final
concentration of exosomes detected in the p3&4SIS-CA/Exs hydrogel
extract was 54.11 � 2.03%, while it in the p1&2SIS-CA/Exs hydrogels
extract was 50.41 � 1.23%. On the contrary, the release of exosomes
from SIS-CA hydrogels stopped on the 6th d, and the cumulative release
of exosomes was the least. This is not only because the hydrogels initially
captured the least of exosomes, but also the hydrogels lacked the fusion
peptides and did not have the effect of sustained release of exosomes. In
order to further explore the stability of the materials, p1&2SIS-CA/Exs
p3&4SIS-CA/Exs hydrogels were placed under inflammatory conditions to
observe the degradation of exosomes and fusion peptides at 1, 5 and 10 d.
Images show that even under the stimulation of inflammatory factors
(TNF-α and IFN-γ), BMSCs-Exs and fusion peptides could still be
degraded steadily and continuously from hydrogels (Fig. S3), which
confirms the stability of SIS-CA hydrogels from another point of view.
Moreover, to prove that exosomes can be taken up by cells and have an
effect on cell number, BMSCs was incubated on different hydrogel sur-
faces. Upright fluorescence microscope analysis of BMSCs-Exs uptake
after 1 d culture. As shown in Fig. 5b, BMSCs-Exs (red color, DiI-labeled)



Fig. 5. Effects of exosomes and fusion peptides on BMSCs proliferation and adhesion behavior. (a) exosomes release from SIS-CA/Exs, p1&2SIS-CA/Exs and p3&4SIS-
CA/Exs hydrogels in collagenase solution. (b) The diagram of BMSCs-Exs uptaked by BMSCs on SIS-CA/Exs, p1&2SIS-CA/Exs and p3&4SIS-CA/Exs hydrogels for 1 d in
vitro. The nuclei of BMSCs were stained with DAPI (blue). (c) Cell Live/Dead staining at 1, 2 and 3 d of culture in pure plastic plates, SIS-CA, SIS-CA/Exs, p1&2SIS-CA/
Exs and p3&4SIS-CA/Exs hydrogel extracts, viable cells(green) and dead cells(red). (d) CCK-8 analyzed the effects of SIS-CA, SIS-CA/Exs, p1&2SIS-CA/Exs and p3&4SIS-
CA/Exs hydrogels on the proliferation of BMSCs within 6 d (n ¼ 6). (e) Observation of cell adhesion during 12 and 24 h incubation with different hydrogel extracts.
DAPI(Blue) labeled nucleus. *p < 0.05, **p < 0.01 and ***p < 0.001.
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could be taken by BMSCs and distributed around the nucleus. The results
of cells on p3&4SIS-CA/Exs hydrogels absorbed the most exosomes
highlight the role of fusion peptides with EAAAK.

Live/Dead assay was employed to characterize the biocompatibility
of hydrogels to BMSCs. The image (Fig. 5c) shows that almost no dead
cells existed (green cytoplasm without red nuclei) in all groups, and the
green fluorescence increased gradually with incubation time prolonging.
Moreover, the cells number of p3&4SIS-CA/Exs hydrogels was always
larger than that of other hydrogels, indicating p3&4SIS-CA/Exs hydrogels
have a stronger effect on promoting cell survival and proliferation. This is
probably because hydrogels contained P3 and P4 fusion peptides pro-
vided more BMSCs-Exs where miRNA is a key factor stimulating the
proliferation and activity of BMSCs. Additionally, CCK-8 assay was per-
formed to further evaluate cell proliferation over 6 d. The graph (Fig. 5d)
shows that in all groups, the number of cells showed an upward trend. On
the 6th d, the number of cells of the SIS-CA hydrogels was more than that
in the Blank groups. p3&4SIS-CA/Exs hydrogels were more effective in
promoting cell proliferation than SIS-CA/Exs hydrogels. Nevertheless,
there was no statistical difference between the p1&2SIS-CA/Exs and
p3&4SIS-CA/Exs hydrogels.

The cell adhesion behavior differences of different surfaces were
investigated by cell images at time intervals of 12 and 24 h (Fig. 5e).
From the morphology of the cells cultured for 12 h, SIS-CA/Exs hydrogels
could significantly promote cell growth. Cells on SIS-CA/Exs hydrogels
had been spread, while they were still in a spherical state and with a
disordered cytoskeleton on plastic plates. This demonstrate that SIS-CA
hydrogels, as ECM materials, simulate the growth environment of cells
in the body. Furthermore, the pseudopodia of cells extended along the 3D
network of hydrogels after 24 h of culturing. Spindle shape cells with
clear lines of actin filaments (red color, Rhodamine phalloidin-labeled)
could clearly be seen in p3&4SIS-CA/Exs hydrogels, and the density of
cells increased. These results indicate that p3&4SIS-CA/Exs hydrogels are
favorable scaffolds to permit growth and expansion of BMSCs.
3.5. SIS-CA/Exs hydrogels with fusion peptides promoting the
differentiation of BMSCs

Designing scaffolds with osteogenic microenvironment that can
induce osteogenic differentiation of BMSCs is of great significance to
bone regenerative medicine. In order to evaluate whether BMSCs can be
induced to differentiate toward osteoblastic lineages, the expression of
osteogenesis-related genes (Runx2, Alp and Opn), as well as corre-
sponding protein expression were assessed after 14 d of incubation in the
osteogenic differentiation medium or basal medium. Among them,
Runx2 is the main transcription factor that initiates osteogenic differen-
tiation [55], whereas Alp and Opn may contribute to the capture of cal-
cium in bones and the growth of hydroxyapatite [56,57]. Real-time
quantitative polymerase chain reaction (qRT-PCR) (Fig. 6a and Fig. S4a)
data shows that the expression of Runx2, Alp and Opn significantly
increased in hydrogels with BMSC-Exs compared with those in Blank
groups and SIS-CA hydrogels. It is suggested that the differential
expression of miRNA in exosomes such as miRNA-151–5p upregulate and
miR-4532 downregulate, triggered the phosphatidylinositol 3-kinases/-
serine/three-onlinekinase (PI3K/AKT) signaling pathway [26,58–60],
thereby promoting the osteogenic differentiation of cells. Under osteo-
genic induction conditions, the expression level of Runx2, Alp and Opn in
p3&4SIS-CA/Exs was higher than that of SIS-CA/Exs and p1&2SIS-CA/Exs.
However, there was no significant difference in the expression level of
Opn in 3&4SIS-CA/Exs and p1&2SIS-CA/Exs in the basal medium. Overall,
the fusion peptides with EAAAK have a positive effect on exosomes in
promoting osteogenic differentiation of cells in vitro. To further
corroborate the results from the qRT-PCR analysis, the expression of
osteogenesis-related proteins was also probed. The quantified results
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(Fig. 6b and c) from western blot bands shows similar trends as qRT-PCR
results. Fig. 6d and Fig. S4b visually shows the expression levels of
relative proteins RUNX2, ALP and OPN in BMSCs. Among the three sets
of fluorescence images, the cells of p3&4SIS-CA/Exs hydrogels emitted the
strongest red fluorescence. The above results prove that fusion peptides
are able to prolong the action time of exosomes. p3&4SIS-CA/Exs
hydrogels significantly promote the osteogenic potential of the BMSCs.
3.6. SIS-CA/Exs hydrogels with fusion peptides promoting the bone
regeneration in vivo

We prepared critical skull defects in rats with a diameter of 8 mm,
which clearly reflects the role of hydrogels in bone regeneration, as the
body cannot heal itself [61]. The regeneration effect of SIS-CA, SIS--
CA/Exs, p1&2SIS-CA/Exs and p3&4SIS-CA/Exs hydrogels on skull bone
defect are shown in Fig. 7a, Blank as control.12 weeks after surgery,
restored connective tissue were filled in the whole defect areas in control
groups, whereas other groups were more or less covered with bone-like
tissue. The osteogenesis was further analyzed by micro-CT. The image
shows that new bones were formed from edges to centers of the defect
areas in all hydrogel groups. Notably, although some bone fragments
were found in SIS-CA and SIS-CA/Exs hydrogel groups, the boundary
between skull defects and surrounding host bone was still clearly visible,
indicating the defect sites were still undergoing bone remodeling. The
defects of p1&2SIS-CA/Exs and p3&4SIS-CA/Exs hydrogel groups were
almost completely covered by regenerated bone. In particular, the sur-
face morphology of healed defects closely resembled surrounding normal
bone. The quantitative analyses of the bone volume fraction (BV/TV �
100%) of defect areas are shown in Fig. 7b. Compared with the lower
values in control, SIS-CA and SIS-CA/Exs groups, BV fractions of
calvarium in p1&2SIS-CA/Exs and p3&4SIS-CA/Exs groups were obviously
increased. The values were not statistically different between
p1&2SIS-CA/Exs and p3&4SIS-CA/Exs groups. The representative
micro-CT images and quantitative data suggested that SIS-CA/Exs
hydrogels with fusion peptides effectively activated bone repair process.

Hematoxylin and eosin (HE) staining, Masson's staining and immu-
nohistochemical (IHC) staining provided more complementary details of
the regenerated bone tissues. HE staining results (Fig. 8a) show no
obvious inflammatory tissues in each group. In the control group, the
defect area filled with fibrous tissue. Calcified bone tissue was observed
in the SIS-CA groups. In p1&2SIS-CA/Exs and p3&4SIS-CA/Exs groups,
newly formed bone was evenly distributed. The p3&4SIS-CA/Exs groups
showed the best structural integrity in all groups. Masson's staining
(Fig. 8b) was used to identity the collagen in bone matrix to observe the
activity of osteogenesis [62]. The blue staining area (collagen) was larger
in p1&2SIS-CA/Exs and p3&4SIS-CA/Exs groups than that in SIS-CA and
SIS-CA/Exs groups, indicating that there is a lot of new bone.

IHC staining revealed osteogenic progression of all hydrogel groups
for 12 weeks. RUNX2 positive area was described in Fig. 8c. In detail, the
graphics revealed that SIS-CA hydrogels with BMSCs-Exs formed more
new bone than control and SIS-CA groups. Obvious RUNX2 staining was
detected in p1&2SIS-CA/Exs and p3&4SIS-CA/Exs groups than other
groups. The highest expression level in p3&4SIS-CA/Exs groups suggested
that p3&4SIS-CA/Exs hydrogels had the strongest effect on bone regen-
eration. Briefly, in the defect models treated with p3&4SIS-CA/Exs
hydrogels, regenerated bone tissue formed in the hollow area of the
defect model due to a large number of exosomes were captured by fusion
peptides. In this case, hydrogels filled in the defect space not only pro-
vided mechanical support, but also prolonged the action time of the
exosomes as the degradation of the hydrogels and fusion peptides
occurred. Consequently, the mechanical strength and biomimetic
microenvironment of p3&4SIS-CA/Exs hydrogels lead to the great effect
of bone regeneration.



Fig. 6. Osteogenic differentiation of BMSCs. (a) The expression levels of osteogenesis-related genes Runx2, Alp and Opn on the 14th d osteogenic induction,
normalizing to GAPDH (n ¼ 3). (b) The expression levels of osteogenesis-related proteins RUNX2, ALP and OPN on the 14th d osteogenic induction, normalizing to
GAPDH. (c) Quantitative expression of osteogenesis-related proteins on the 14th d of osteogenic induction (n ¼ 3). (d) Immunofluorescence analysis of osteogenesis-
related proteins RUNX2, ALP and OPN expressed in BMSCs. DAPI(Blue) labeled nucleus. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 7. Micro-CT images of new bone formation in the defect at 12 weeks after injection of SIS-CA, SIS-CA/Exs, p1&2SIS-CA/Exs, p3&4SIS-CA/Exs hydrogels, Blank as
control. (a) 3D reconstruction and sagittal images of bone defects. (b) Quantitative analysis of BV/TV of the skull defects (n ¼ 6). *p < 0.05, **p < 0.01 and ***p
< 0.001.

Fig. 8. Histological evaluations and IHC staining for bone regeneration. Representative (a) H&E and (b) Masson's staining histological images of bone regeneration at
12 weeks post-surgery, Blank as control. (c) IHC staining of skull defect sections for RUNX2 expression at 12 weeks post-implantation. The brown color represents
positive staining. NB: new bone.
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4. Conclusion

In summary, excellent injectable thermo-sensitive p3&4SIS-CA/Exs
hydrogels were developed. The incorporation of CA significantly
improved the mechanical properties of hydrogels and supported hydro-
gels to maintain shape for a long time. BMSCs-Exs provided a bionic
microenvironment to enhance the proliferation and osteogenic differ-
entiation of BMSCs, showing superior performance for bone repair.
Moreover, BMSC-Exs were successfully introduced into hydrogels
through fusion peptides. The fusion peptides containing EAAAK
12
exhibited stronger biological activity, promoted the positive effect of
exosomes on osteogenic differentiation of BMSCs. The preparation
method of the material is simple and economical, while it has the ad-
vantages of reducing the risk of immunogenic reaction and superior
stability. It is expected to become a promising material in bone regen-
erative medicine. Apprises objectively, future research needs to clarify
the proportion of each component in hydrogels, further optimize the
mechanical properties and osteogenic ability of hydrogels. In addition, a
variety of bone defect models should be constructed for research, in order
to realize the transition from basic research to clinical application.
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