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A B S T R A C T   

Injectable hydrogel is suitable for the repair of lacunar bone deficiency. This study fabricated an injectable, self- 
adaptive silk fibroin/mesoporous bioglass/sodium alginate (SMS) composite hydrogel system. With controllable 
and adjustable physical and chemical properties, the SMS hydrogel could be easily optimized adaptively to 
different clinical applications. The SMS hydrogel effectively showed great injectability and shapeability, allowing 
defect filling with no gap. Moreover, the SMS hydrogel displayed self-adaptability in mechanical reinforcement 
and degradation, responsive to the concentration of Ca2+ and inflammatory-like pH value in the microenvi
ronment of bone deficiency, respectively. In vitro biological studies indicated that SMS hydrogel could promote 
osteogenic differentiation of bone marrow mesenchymal stem cells by activation of the MAPK signaling pathway. 
The SMS hydrogel also could improve migration and tube formation of human umbilical vein endothelial cells. 
Investigations of the crosstalk between osteoblasts and macrophages confirmed that SMS hydrogel could regulate 
macrophage polarization from M1 to M2, which could create a specific favorable environment to induce new 
bone formation and angiogenesis. Meanwhile, SMS hydrogel was proved to be antibacterial, especially for gram- 
negative bacteria. Furthermore, in vivo study indicated that SMS could be easily applied for maxillary sinus 
elevation, inducing sufficient new bone formation. Thus, it is convincing that SMS hydrogel could be potent in a 
simple, minimally invasive and efficient treatment for the repair of lacunar bone deficiency.   

1. Introduction 

The oral and maxillofacial region with specific anatomical structures 
bears multiple critical physiological functions such as chewing, swal
lowing, speech et al. Bone deficiency in this region will affect the 
appearance and lead to oral dysfunction, interfering with the quality of 
life and psychological health of patients [1]. Bone defects or deficiency 
caused by tumors, trauma, or physiological factors in the oral and 
maxillofacial region, often present irregular and lacunar characteristics. 
For example, the maxillary sinus is a typical irregular lacunar structure 
in the oral and maxillofacial region. Maxillary sinus floor lifting is often 
required clinically to solve bone deficiency during dental implantation. 
Although bone powder and other granular materials are commonly 

employed in oral clinic for repairing bone deficiency, many problems 
still exist, such as complicated operations, shape matching difficulties, 
and enormous trauma caused. Therefore, developing injectable regen
erative repair materials suitable for minimally invasive surgery has 
become a hot spot in the oral clinic. 

Injectable hydrogel with similar porous structures to the extracel
lular matrix (ECM) is recognized to be superior in repairing lacunar bone 
deficiency. The internal-connected pores are mainly filled with water, 
which is beneficial for exchanging nutrients and transportation of drugs, 
so as to be conducive to cell survival and proliferation [2]. Silk fibroin 
(SF), known for its injectable property and excellent biocompatibility, 
has been widely adopted in tissue engineering [3–6]. However, ac
cording to our previous study, the preparation of SF hydrogel required 
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additional ultrasound treatment, which was not controllable and 
convenient in clinical applications [7]. In addition, the pure SF hydrogel 
has the limitations of relatively dense internal pores and poor degra
dation, which could not meet the needs of tissue regeneration. There
fore, it is necessary to integrate it with other ingredients to fulfill the 
clinical requirements [8]. Sodium alginate (SA), a natural poly
saccharide with good biocompatibility, has been reported as a regulator 
in SF hydrogel to improve its physical and chemical properties, such as 
porosity [9]. SA can immediately crosslink once encountered upon Ca2+

[10]. CaCl2 is commonly adopted as a crosslinking agent in traditional 
alginate-based gel systems. However, it is difficult to control the gelation 
rate and easy to result in gel inhomogeneity [11]. Therefore, regulation 
of the Ca2+ distribution in SA solution before gelation is a 
pending-solved problem in the application of SA hydrogels. 

Bioactive mesoporous glass (MBG) is a kind of inorganic non- 
metallic material with good biological activity and adjustable function 
[12], with advantages of large specific surface area, uniform pore size, 
and large pore volume. MBG also has good osteogenic activity and can 
be employed for bone repair [13–15]. Significantly, MBG can slowly 
release Ca2+, Si2+, and doped ions such as Zn2+ and Sr2+ [16,17], which 
possibly could be utilized to induce the gelation of SA hydrogel. More
over, it was reported that Ca2+ could accelerate the folding process of 
the hydrophilic chain in the SF molecule, thus speeding up the formation 
of SF hydrogel [18]. We assumed that if MBG could be evenly distributed 
in SF/SA mixture solution in advance, followed by the addition of nat
ural weak acid molecules such as vitamin C (ascorbic acid, VC) that 
could stimulate in situ dissolution of MBG and adjust the Ca2+ release, 
the uniform and controllable crosslinking of SF/SA composite hydrogel 
would be achieved. Meanwhile, as the local microenvironment of MBG 
degradation is alkaline, the introduced weak acid could also conducive 
to adjusting the pH value of the microenvironment. Furthermore, the 
degradation of MBG could form a porous structure inside the hydrogel. 
Therefore, MBG was chosen as the crosslinking and pore-forming agent 
to develop an interpenetrating network hydrogel (SF/MBG/SA, SMS) 
based on SF and SA hybrid system. 

The SMS hydrogel constructed in this study was hypothesized to 
have adaptively enhanced mechanical performances and environment- 
responsive degradation properties. Since there possesses a particular 
concentration of Ca2+ in the bone defect area [19], the SMS hydrogel is 
assumed to have enhancement potentiality in strength and stability 
derived from SA crosslinking by the Ca2+ physiological environment. 
When the inflammatory reaction/infection occurs in the implanted area, 
the surrounding environment becomes weakly acidic [20–23]. It would 
most likely stimulate the Ca2+ release from the remaining MBG in SMS 
hydrogel to trigger the continuous gelation. In this way, the SMS 
hydrogel could neutralize the acidity of the microenvironment in situ, 
which might inhibit the local bacterial growth. Moreover, cells would 
easily grow into the hydrogel to guarantee rapid tissue regeneration, as 
the pore size of the hydrogel increases with the degradation of MBG. 
Thus, MBG was selected as a Ca2+ source to prepare the injectable 
composite SMS hydrogel, which provided a practical approach to 
improve the homogeneity of gelation and met the requirements of shape 
matching in the repair of lacunar bone deficiency. 

Based on the optimization and construction of self-adaptive SMS 
hydrogel, we further employed the effects of hydrogel on cell viability 
and osteogenic/vascular differentiation of bone marrow mesenchymal 
stem cells (BMSCs). A rabbit model of maxillary sinus elevation was 
adopted to elaborate on the effect of biological hydrogel on repairing 
lacunar bone deficiency. The in-situ forming SMS hydrogel might 
perfectly fill the defect area at the initial implantation stage, providing 
an extracellular matrix for cell migration and proliferation. A specific 
supporting force is gathered in the defect area through the mechanical 
self-enhancement of hydrogels. In case of infection, it could also degrade 
responsively in the acidic microenvironment to inhibit infection prog
ress. During the degradation process, the release of Ca and Si ions from 
hydrogel promoted the osteogenesis and angiogenesis of cells so that 

they could repair lacunar bone deficiency in vivo (Fig. 1). This strategy is 
expected to provide a feasible, straightforward, minimally invasive 
treatment for lacunar bone deficiency. 

2. Results and discussion 

2.1. Preparation and optimization of SMS composite hydrogel system 

In this study, an injectable in-situ forming SMS composite hydrogel 
with controllable physicochemical properties was prepared successfully. 
The prepared MBG was uniform with typical ordered mesoporous 
structures (Fig. S1). By changing the content of MBG and VC in SMS 
hydrogel, the gelation time (Fig. S2. A) of hydrogels and surrounding pH 
(Fig. S2. B) could be controlled to meet different clinical applications. As 
the MBG contained in the gel reacted with VC, the shape of the gel could 
be easily changed with the content of MBG and VC (Fig. 2. A). When VC 
content was 1.5% (w/v) and the MBG content was 2% (w/v), the sur
rounding pH of the hydrogel was about 7.6, which was slightly alkaline. 
With the increase of VC content, the compressive strength of the com
posite hydrogel first increased and then decreased (Fig. S2. C), which 
reached the peak value in the hybrid system with an MBG content of 2%. 
When the VC concentration was increased from 0.5% to 2.0%, the 
compressive strength of SMS hydrogels increased. It is because the low 
VC concentration induced a slow degradation of MBG as well as a 
gradually increased release of Ca ions. As a result, the crosslinking and 
the compressive strength of SMS hydrogels were strengthened. When the 
VC concentration exceeded 2.0%, the reaction rate of MBG with VC 
significantly accelerated, thereby the release of Ca ion increased sud
denly, which made the crosslinking of SA in the composite uneven and 
uncontrollable. Thus, the homogeneity of the structure was destroyed, 
resulting in the strength decrease of the SMS hydrogel. 

In the SMS system, MBG was employed as the crosslinking ion source 
of the hydrogel system. By introducing VC, the rate of Ca2+ released 
from MBG was organized to control the crosslinking speed. Meanwhile, 
the released Ca2+ could promote the β-sheet transformation of silk 
fibroin to enhance the stability of the hydrogel network. By adjusting the 
content of MBG and VC in the system, the gelation time, compressive 
strength and surrounding pH value of SMS composite hydrogels could be 
integrated to fulfill the demands of diverse clinical applications. 
Considering our purpose, the pH, gelation time and strength of the 
composite hydrogels, we have chosen SMS composite hydrogels with VC 
content of 1.5% and MBG content of 2% for the next spotlight. 

2.2. Characterization of SMS hydrogel 

Bone defect filling materials usually need good mechanical proper
ties to adapt to the compression of surrounding tissues [24,25]. The SMS 
hydrogel exhibited good injectable properties, forming homogeneous 
hydrogels in situ. The pre-gel solution could be easily extruded from a 
syringe with needle No. 23 to create different shapes (Fig. 2. B). The 
excellent injectable properties of the SMS hydrogels enable the material 
to be filled through tiny wounds and reduce surgical trauma. Mean
while, it had good shapeability so that hydrogels could be filled in the 
irregularly shaped lacuna and seamlessly connect with surrounding 
tissues with uniform structures (Fig. 2. C). 

Fig. 3. A presented the SEM images of SMS hydrogel. The cross- 
sections of SMS were sponge-like with perforated internal holes and 
MBG was evenly distributed. The distribution of MBG on the pore wall 
could increase the roughness of the pore wall, serving as the minerali
zation center to promote cell mineralization [26]. The internal pore size 
of SMS hydrogel was between 150–200 μm, which is suitable for 
wrapping cells, cell growth and exchange of nutrients, larger than the 
internal pore diameter of SF hydrogel (50–100 μm) (Fig. S3) [27]. The 
introduction of MBG and SA has increased the pore size of SF hydrogel. 
ICP results demonstrated that Ca and Si ions were released rapidly in the 
first 2 weeks in the SMS hydrogel group, while nearly no ions were 
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released from SF hydrogel. This result indicated that MBG in the SMS 
group could continuously release bioactive ions (Fig. S4). As reported, 
Ca and Si ions could induce osteogenic differentiation and 

mineralization [28,29]. 
As a potential practical application in clinic, SMS Hydrogel could 

meet the need for rapid in situ gelation and high strength. The 

Fig. 1. Schematic illustration of the injectable SMS hydrogel.  

Fig. 2. Preparation and characterization of injectable SMS hydrogel system. A) Digital photograph of the morphology of wet and freeze-dried composite SMS 
hydrogels with different amounts of VC and MBG. The composite hydrogel with 2% MBG and 1.5% VC (purple circle: SMS hydrogel) was chosen for further study. B) 
Digital photographs of the SMS hydrogel injected via a fine needle. C) Evaluation of the shapeability of SMS hydrogel in different modulus. 
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Fig. 3. A) SEM images of SMS hydrogel. B) Compression testing, C) Strain-Stress curve and D) Rheological behavior of SMS hydrogel and SMS hydrogel immersed in 
0.1 mM Ca2+ for 24 h. E) pH changes of SMS hydrogel soaked in HCl solution (pH = 6.5). F) In vitro swelling and G) degradation of SMS hydrogel in PBS (pH = 7.4) 
and HCl solution (pH = 6.5). H) SEM images of SMS hydrogel residuals after immersion in PBS (pH = 7.4) and HCl solution (pH = 6.5) for 14 days and 28 days, 
respectively. 
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compressive test results show that the compressive strength of SMS 
hydrogel is ~0.5 MPa (Fig. S5), while the compressive strength of the 
composite hydrogel significantly increased after being immersed in Ca2+

for 24 h. The SMS hydrogel immersed in Ca2+ for 24 h had a higher 
modulus of elasticity and compression deformation (Fig. 3. B and C). The 
G′ of SMS hydrogel in the frequency range is higher than G′′, indicating 

that the SMS hydrogel was viscoelastic and the storage modulus of SMS 
hydrogel immersed in Ca2+ for 24 h was elevated significantly (Fig. 3. 
D). As the concentration of Ca2+ in the human extracellular fluid is 
about 0.1–3.0 mM [30], once SMS hydrogel is implanted in vivo, the 
mechanical strength of SMS hydrogel will be enhanced adaptively and 
continuously. Meanwhile, mechanical properties could support the bone 

Fig. 4. Cell adhesion and viability assay. A) Fluorescence staining of BMSCs cultured on different samples for 12 h. The CCK-8 assay of B) BMSCs seeded on the 
samples and C) BMSCs cultured with hydrogels using transwell. D) Live/dead staining of BMSCs seeded on different samples. Live cells appeared green, whereas dead 
cells appeared red. (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001). 
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defect area and induce the osteogenic differentiation of BMSCs. 
We have investigated the effect of hydrogels on the surrounding pH 

value. It is known that the pH value of an infected or defected site is 
often 5.0–6.5 [22,31,32]. Hence, HCl solution (pH = 6.5) was selected in 
this study to mimic the microenvironment with infection or defect, 
while phosphate buffer saline (PBS, pH = 7.4) was used to simulate the 
condition in normal tissues. The results of SMS hydrogel immersed in 
HCl solution (pH = 6.5) showed that the pH value of the solution 
increased with the degradation of SMS hydrogel. After SMS was 
immersed in HCl solution for 24 h, the pH value reached 7.4 (Fig. 3. E). 
After soaking in PBS for 8 h, the swelling ratio of SMS composite 
hydrogel reached a peak of ~237% (Fig. 3. F). While soaked in HCl 
solution (pH = 6.5), the swelling ratio of SMS hydrogel reached ~130% 
and maintained in a relatively stable state after about 2 h. With the 
proper swelling rate, the shape and mechanical stability of the com
posite hydrogel could be maintained [33,34]. Thus, with a suitable 
swelling rate, the SMS could be bonded to the normal tissue around the 
defect without causing too much pressure. Fig. 3. G showed that SMS 
composite hydrogel degraded with the extension of immersion time in 
PBS solution (pH = 7.4) and HCl solution (pH = 6.5). The degradation of 
SMS composite hydrogel was faster in HCl solution (pH = 6.5) and 
reached about 50% at 28 days. The SMS composite hydrogel remained 
intact until 28 days, and the SEM results (Fig. 3. H) showed that the 
residuals got more porous than before. These results indicate that when 
the infection occurs in the defect, the SMS hydrogel was degraded faster 
to neutralize the microenvironment to relieve the inflammation, and 
thus induced the cells to grow in and accelerate the tissue regeneration 
simultaneously. 

2.3. Effect of SMS composite hydrogel on BMSCs activity and 
proliferation ability 

Early cell adhesion is essential for subsequent cell differentiation, 
directly affecting subsequent biological behavior [35]. After BMSCs 
were cultured on different hydrogels for 12 h, the cytoskeleton was 
stained and imaged. BMSCs adhered to the surface of the SMS hydrogel 
and spread well with polygonal structures (Fig. 4. A). 

Cytotoxicity of SMS composite hydrogel was detected by the CCK-8 
test (Fig. 4. B). From the results, it could be judged that the cell prolif
eration in the SMS composite hydrogel was faster than that in group SF 
and CON at each time point, while there was no significant difference 
between the SF group and CON group, and the cells in the three groups 
significantly increased as time went on. Transwell co-culture has been 
widely employed in detecting material biology to simplify the experi
mental operation in cell culture [36]. Cell proliferation of BMSCs 
co-cultured with hydrogel using transwell was also detected. It could be 
estimated from Fig. 4. C that the number of live cells in group SMS was 
significantly higher than in group CON at every time point, identical to 
those in cells seeded on the gel. By comparison of the cell viability of 
BMSCs seeded on SMS hydrogel to the co-culture in transwell, we could 
speculate SMS hydrogel surface is friendly for BMSCs to grow on. Studies 
have shown that Ca2+ ions in the solution could promote the prolifer
ation of BMSCs [37]. Thus, cell proliferation might be correlated with 
the ions released from the SMS composite hydrogel in the solution. 

Improving the survival rate of stem cells after implantation is closely 
related to tissue repair [38]. In the live/dead experiment, the green color 
represents living cells while the red represents dead cells in Fig. 4. D, we 
could estimate more green fluorescence spots, and almost no red fluo
rescence spots appear in the composite hydrogel group and the SF 
hydrogel group. After 7 days of culture in vitro, a prominent proliferation 
of live BMSCs inside the SMS hydrogel could be found. The experimental 
results showed that SMS composite hydrogel had good biocompatibility 
and could effectively promote the adhesion and proliferation of BMSCs. 
At the same time, the side view of hydrogel also showed that BMSCs 
seeded on the surface could grow into the SMS hydrogel and proliferate, 
which was beneficial for cell and tissue ingrowth after implantation in 

vivo. 

2.4. Effect of SMS hydrogel on osteogenesis in vitro 

As shown in Fig. 5. A, the ALP staining of SMS composite hydrogel 
was more profound than that of the SF group and the negative control 
group, which indicated the most vital expression of ALP among the three 
groups. As shown in Fig. 5. B, the SMS composite hydrogel group 
showed calcium deposition after 21 days of osteogenic induction, while 
the SF hydrogel group did not show this result. After induction pro
longed to 28 days, the SMS composite hydrogel group had a much darker 
and more extensive coverage area compared with other groups, indi
cating SMS composite hydrogel could promote BMSCs to undergo 
osteogenic differentiation faster and better, as well as participate in the 
mineralization process earlier possibly. The results of ALP and ARS semi- 
quantitative detection were consistent with the staining results (Fig. 5. C 
and D). Fig. 5. E showed the fluorescence staining results of ALP protein 
after 7 days of co-culture. The ALP expressed by BMSCs in the SMS group 
was the most and the brightest, consistent with the above ALP activity 
detection results. These results indicate that SMS hydrogel could pro
mote the ALP activity and osteogenic differentiation of BMSCs. 

In order to remove the effect of initial cell proliferation, the osteo
genic ability of each group was quantitatively analyzed. Real-time 
quantitative reverse transcriptase polymerase chain reaction (qRT- 
PCR) analysis was employed to study the osteogenesis-related gene ex
pressions of BMSCs co-cultured with hydrogel. After co-cultured with SF 
and SMS hydrogels for 7 and 14 days, the RUNX2, ALP, Col-1, OPN and 
OCN expressions of BMSCs in the SMS composite hydrogel group were 
significantly higher than that in the SF and CON group (p < 0.05) (Fig. 5. 
F–K). Meanwhile, after culture with hydrogels for 3 days, BMSCs had 
already displayed the up-regulated relative gene expression of RUNX2 
and ALP in the SMS group. This result indicated that SMS hydrogel could 
promote the early-stage osteogenic differentiation of BMSCs (Fig. S6). 
ALP is an important osteoblast activity marker in the process of early 
osteoblast differentiation, whose activity increases with the increase of 
bone activity [39]. RUNX2 is also an important bone transcription factor 
responsible for osteoblast differentiation, bone formation, and remod
eling [40]. Angiogenesis is closely related to bone regeneration. After 7 
and 14 days of co-culture, qRT-PCR results showed that the expression of 
angiogenesis-related gene VEGF of BMSCs in group SMS was highest 
(Fig. 5. J). We could conclude that the SMS hydrogel was capable of 
promoting osteogenic differentiation of BMSCs through up-regulating 
their expressions of osteogenesis-related genes. 

2.5. Relationship between immunity and osteogenesis in vitro 

As shown in Fig. 6. A and B, RAW 264.7 cells could grow on the 
surface of hydrogel, while the proliferation trend of cells is consistent 
with that of BMSCs. Our results (Fig. 6. C and D) showed that the pro- 
inflammatory gene expressions of IL-β and TNF-α in the SMS group on 
day 3 were higher than that in the other groups (p < 0.05). While on day 
7, IL-1β and TNF-α expressions decreased in the SMS hydrogel group. 
The pro-inflammatory activity of macrophages is mainly caused by TNF- 
α. This cytokine can actively regulate tissue repair and regeneration in 
some cases, but the excess will destroy the healing process [41]. The 
expression of TNF-α in the SMS group increased first on day 3 and then 
decreased on day 7, indicating the formation of a suitable regenerative 
microenvironment. 

From day 3 to day 7, the anti-inflammatory gene expressions of IL-10 
and TGF-β in the SMS group continually increased to the highest 
compared with other groups on day 7 (Fig. 6. E and F). Meanwhile, the 
anti-inflammatory cytokine IL-10 is also crucial for tissue repair and 
regeneration, which is involved in transforming M1 macrophages into 
M2 macrophages [42]. The increased expression of IL-10 in the SMS 
group indicated that these samples might promote M2 polarization and 
be conducive to long-term repair. 
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Fig. 5. Osteogenic differentiation assay. A) ALP staining of BMSCs co-cultured with samples for 3 and 7 days. B) ARS staining of BMSCs co-cultured with samples for 
21 and 28 days. C) ALP activity of BMSCs co-cultured with samples for 3 and 7 days. D) Relative activity of ARS of BMSCs co-cultured with samples for 21 and 28 
days. E) Immunofluorescence staining of ALP expression in BMSCs co-cultured with samples for 7 days. (Scale bar = 200 μm; red: ALP protein; blue: nuclei; green: 
actin cytoskeleton). Gene expressions of F) RUNX2, G) OCN, H) ALP, I) Col-1, J) VEGF, and K) OPN in BMSCs co-cultured with hydrogels for 7 and 14 days. (White 
column: Con group; black column: SF hydrogel; purple column: SMS hydrogel; *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001). 
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Macrophages are the primary infiltrating cells that actively react to 
the biomaterial implantation and regulate the inflammatory response 
[43]. The heterogeneity and shapeability of macrophages cultivate them 
as the main target of immune regulation [44,45]. Although macro
phages are essential for regeneration, increased inflammation produced 
by macrophages can inhibit the regeneration process. Thus, it is 
important to regulate the response of macrophages [46]. Once the bio
materials are implanted, the surrounding macrophages will be activated 
to trigger the inflammatory response immediately. Cytokines associated 
with the M1 phenotype are usually pro-inflammatory factors, such as 

TNF-α and IL-1β. They mediate the acute response of tissue injury after 
initial implantation, thus creating an inflammatory microenvironment 
initiating the bone healing cascade. On the other hand, cytokines related 
to the M2 phenotype are considered to promote regeneration, such as 
IL-10 and TGF-β, which help to create an osteogenic microenvironment 
conducive to tissue repair, including bone formation and remodeling 
[47]. It is reported that the sustained release of Ca2+ from the bio
materials could maintain the long-term induction of M2 macrophage 
polarization and promote the differentiation of mesenchymal stem cells 
into osteoblasts during osteogenesis. Furthermore, Ca2+ targeted the 

Fig. 6. The crosstalk between BMSCs and RAWs. A) Cell morphology observation. RAW 264.7 cells were cultured on different samples for 24 h. B) The CCK-8 assays 
of RAW 264.7 cells cultured with hydrogels using a transwell plate. Relative gene expressions of M1 phenotype markers in macrophages: C) TNF-α and D) IL-1β. 
Relative gene expressions of M2 phenotype markers in macrophages: E) TGF-β and F) IL-10. RAW 264.7 cells were co-cultured with hydrogels for 3 and 7 days. G) 
Schematic experimental design for investigating the effects of RAWs cultured with SMS hydrogel on the osteogenic differentiation of BMSCs. H–K) Osteogenesis- 
related gene expressions of ALP, RUNX2, VEGF, OPN, analyzed by qRT-PCR. L) Schematic experimental design for investigating the effects of BMSCs cultured 
with SMS hydrogel on the polarization of RAWs. M − P) Inflammation-related gene expressions of IL-1β, TNF-α, TGF-β, and IL-10, analyzed by qRT-PCR. (In the 
histograms C–F, H–K, and M − P, white column: Con group; black column: SF hydrogel; purple column: SMS hydrogel; *p < 0.05, **p < 0.01, ***p < 0.005, ****p 
< 0.001). 

A. Zheng et al.                                                                                                                                                                                                                                   



Bioactive Materials 21 (2023) 403–421

411

Wnt/β-catenin signaling pathway and activated IL-10 (M2 marker 
genes) transcription through the calcium-sensing receptor (CaSR) in 
macrophages [48]. Thus, we inferred that SMS hydrogel might trans
form the immune microenvironment from pro-inflammatory to 
anti-inflammatory by releasing ions to change the ionic microenviron
ment, which was beneficial for tissue repair and regeneration. 

BMSCs were stimulated by the immune microenvironment induced 
by RAWs seeded on the SMS hydrogel, whose osteogenic gene expres
sions were detected by qRT-PCR (Fig. 6. G). The gene expressions of 
ALP, VEGF, OPN, and RUNX2 in the SMS group were prominent among 
all the groups and significantly higher than that in the control group (p 
< 0.05) (Fig. 6. H–K). Under co-culture with RAWs seeded on the SMS 
hydrogel (Fig. 6. I), RUNX2 expression of BMSCs was respectively pro
moted by ~30% after 7 days and ~20% after 14 days, compared to that 
under co-culture only with the SMS hydrogel (Fig. 5. F). OPN expression 
of BMSCs regulated by SMS hydrogel (Fig. 5. K) was also found with an 
augmentation of ~20% after 14 days of crosstalk with RAWs seeded on 
the SMS hydrogel (Fig. 6. K). It was shown that MSC survival increased 
when cells were exposed to M2 macrophages compared with M1 mac
rophages [49]. Our results showed that the effect of SMS hydrogel to 
regulate the immune response could further promote the expression of 
osteogenic genes in BMSCs. 

Meanwhile, we also studied whether BMSCs reacted with hydrogels 
and then regulated macrophage polarization (Fig. 6 L). Compared with 
other groups, macrophages cultured in BMSCs conditioned medium up- 
regulated the expression of IL-10 and TGF-β while down-regulated the 
expression of TNF-α and IL-1β on day 7 (Fig. 6. M − P). The gene 
expression pattern is consistent with the transformation from the M1 
phenotype to the M2 phenotype. Under co-culture with BMSCs seeded 
on the SMS hydrogel (Fig. 6. O and P), TGF-β and IL-10 expression of 
RAWs was respectively promoted to ~124% and ~133% after 7 days, 
compared to that under co-culture only with the SMS hydrogel (Fig. 6. E 
and F). On this basis, we believed that the SMS hydrogel might further 
accelerate the M1-to-M2 transition of macrophages by regulating oste
ogenic gene expressions in BMSCs. We inferred that SMS hydrogel could 
promote the pro-inflammatory response of macrophages at the early 
stage of implantation, effectively reduce the pro-inflammatory response, 
and increase the anti-inflammatory response at the late stage. Regu
lating the transformation degree of macrophage inflammatory response 
might be conducive to promoting the immune microenvironment of 
bone repair and regeneration, and its microenvironment factors could 
create a specific favorable environment to induce new bone formation 
and angiogenesis. 

2.6. Effect of SMS hydrogel on angiogenesis in vitro 

Through the transwell experiment, we verified the migration 
induced by SMS hydrogel on human umbilical vein endothelial cells 
(HUVECs). As shown in Fig. 7. A, compared with the control and SF 
group, more cells were attached to the transwell chamber’s lower sur
face of the polycarbonate membrane in the SMS group. Under the 
stimulation of SMS hydrogel, more cells migrated from the upper surface 
to the lower surface compared with the control and SF groups. The 
number of attached cells in control and SF groups mainly came from the 
normal migration of cells. The results of the tube forming experiment 
showed that HUVECs formed well tubular structures after co-cultured 
with SMS hydrogel under a microscope (Ti–U, Nikon, Japan), indi
cating that SMS hydrogel had a positive effect on angiogenesis (Fig. 7. 
B). The quantitative analysis of the tube formation showed that 
compared with the control and SF groups, the SMS group significantly 
improved about 4 times in number of circles, number of nodes, and 
length of branches (Fig. 7. C). 

2.7. Antibacterial activity of hydrogels in vitro 

In addition to excellent osteogenic induction, the antibacterial 

ability of materials is crucial for successful bone repair, which prevents 
postoperative bacterial infection and helps wound healing [50]. Ac
cording to Fig. 7. D, the ability of SF hydrogel to inhibit bacterial growth 
was limited, while effective growth inhibition could be clearly observed 
in the SMS hydrogel group. This result might be attributed to the change 
in microenvironment pH. The bacterial count method was used to 
evaluate SMS hydrogel antibacterial activity. The colony count of 
gram-negative Escherichia coli (E. coli) or gram-positive Staphylococcus 
aureus (S. aureus) in the SMS hydrogel group was smaller than that in the 
control and SF groups, which was consistent with the result of growth 
inhibition. SEM results showed no apparent bacterial film-forming 
phenomenon in the SMS hydrogel group, and only a few bacteria grew 
(Fig. 7. E). From the different effects on E. coli and S. aureus, SMS 
hydrogel seems to have a more potent antibacterial effect on 
gram-negative bacteria than gram-positive bacteria due to the thicker 
cell wall of gram-positive bacteria. 

2.8. Activation of MAPK signaling pathway in vitro 

Osteogenic differentiation is the basis of bone formation and the key 
step of bone metabolism [51]. A variety of signaling pathways are 
associated with osteogenic differentiation, including FGF, Wnt/β-Cate
nin, notch, and MAPK. Multiple signal pathways interact to form a 
complex regulatory network [51,52]. MAPK pathway is mainly involved 
in the transduction of extracellular stimuli (growth factors, cytokines, 
ions et al.) to trigger cell growth, differentiation and apoptosis [52]. 
Since Erk and JNK pathways are two main MAPK signal transduction 
pathways [52], we preliminarily studied the phosphorylation of Erk and 
JNK to verify the activation of MAPK signaling pathway in BMSCs 
induced by the SMS hydrogel in this study. As shown in Fig. 8. A, the 
SMS composite hydrogel could facilitate the phosphorylation levels of 
Erk and JNK. As shown in Fig. 8. B and C, The SMS group significantly 
enhanced the relative expressions of p-Erk/Erk and p-JNK/JNK, 
compared with the control (CON) and SF group (****p < 0.001). These 
results indicated that the SMS composite hydrogel could facilitate the 
phosphorylation of MAPK signaling. Furthermore, by adding inhibitors 
of Erk1/2 and JNK signaling pathways (PD98059 and SP600125), the 
phosphorylation levels of Erk1/2 and JNK in BMSCs co-cultured with 
SMS hydrogel did not increase. The attenuated ALP staining could also 
be investigated after using the inhibitors (Fig. 8. D-G). Some studies 
have shown that MAPK signaling pathway can regulate the expression of 
osteogenic genes through RUNX2-specific serine residue phosphoryla
tion [53]. As mentioned above, the gene expression of RUNX2 in BMSCs 
co-cultured with SMS hydrogel was significantly higher than that in the 
CON group at both early (3 days, Fig. S6) and late stages (7 and 14 days, 
Fig. 5). Meanwhile, some research showed that the released ions such as 
Ca2+ and Si2+ could promote osteogenic differentiation through MAPK 
signaling pathway [54,55]. Therefore, we speculated that SMS hydrogel 
might regulate osteogenesis in BMSCs through bioactive ions release to 
activate MAPK signaling pathway. 

In addition, MAPK signaling pathway is also involved in immune 
responses caused by macrophages [51]. Cai et al. [56] reported that the 
Ti-nanotube (TNT110) could effectively aggravate early inflammatory 
responses of RAW264.7 cells by up-regulating ITG-mediated MAPK, 
which further increased the expressions of osteogenesis and chemokine 
genes. TNT110 could cause the crosstalk between MSCs and RAW264.7 
cells, which played a key role in increasing the M1-to-M2 transition of 
macrophages and promoting early osteogenic induction. In our study, 
Fig. 6 showed similar results above that SMS hydrogel also caused 
crosstalk between RAWs and BMSCs, which significantly promoted 
anti-inflammatory polarization (M2 phenotype) of RAWs and osteogenic 
differentiation of BMSCs. This regulation was possibly related to the 
change of the ionic microenvironment between hydrogel and cell by the 
bioactive ions (Ca2+, Si2+) released from SMS hydrogel [51]. 
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Fig. 7. In vitro angiogenesis and antibacterial activity. A) Cell migration assay of HUVECs. B–C) Tube formation of HUVECs cultured on different samples for 24 h and 
the related quantitative analysis (**p < 0.01, ****p < 0.001). D) Representative images of colony-forming assays against E. coli (upper row) and S. aureus (following 
row). Bacteria were incubated with deionized water (CON), SF hydrogel, and SMS hydrogel. E) SEM observation of biofilm formation on the surface of SF and SMS 
hydrogels after 10 h of incubation. 
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2.9. The bone regeneration ability of SMS hydrogel in vivo 

The rabbit maxillary sinus elevation model was selected to evaluate 
the in vivo bone formation induced by SMS hydrogel (Fig. S7). After 12 
weeks post-operation, the microCT results were shown in Fig. 9. A-C. 
There were scattered mineralized nodules in the center of the maxillary 
sinus elevation region in the SF hydrogel group without new bone for
mation in most areas. Compared with the SF group, the SMS group had 
more new bone formation. The number of new bone trabeculae in the 
SMS group was more prominent than in other groups, as well as the 
osteogenic ability. The results showed significant statistical differences 
between the SF and the SMS groups (p < 0.05) (Fig. 9. D-F). The volume 
of new bone in the SMS group was the largest, with significant differ
ences among the groups (p < 0.01). The results of VG staining on hard 
tissue sections showed that the results were consistent with that of 
microCT. No apparent bone formation in the SF hydrogel group and a 
large amount of residual silk fibroin hydrogels could be detected. New 
bone formation was seen in the SMS group, which indicated that the 
SMS group could also promote bone regeneration in vivo. The hydrogel 
materials of group SMS had mostly degraded, and the defect area was 
mainly occupied by new bone tissue. On the whole, SMS hydrogel is 
faster and better than SF hydrogel in promoting bone regeneration in 
maxillary sinus elevation. 

At 4 weeks, tissue sections of the implanted bone interface were 
treated with Hematoxylin and eosin (HE) staining and Masson’s tri
chrome staining (Fig. 10. A). HE staining showed that there were scat
tered macrophages around the two groups of hydrogels. Masson’s 
trichrome staining presented the arrangement of collagen fibers around 

the hydrogels (blue). The collagen fibers around the SF hydrogel were 
relatively messy. There are many gaps between the fibers, indicating 
delayed bone regeneration. On the contrary, the collagen fibers around 
the SMS hydrogel were dense and highly ordered. The distance between 
them was small, indicating that the mineralized bone was larger than SF 
hydrogels. Immunohistochemical staining of iNOS (M1) and Arg (M2) 
was performed on sample sections to characterize the polarization di
rection of in vivo macrophages under the influence of different sample 
groups (Fig. 10. B). The numbers of iNOS and Arg-positive macrophages 
in all groups were quantified (Fig. 10. C-E). The SMS group showed a 
significantly higher ratio of Arg/iNOS than the SF group. In conclusion, 
in vivo inflammatory response analysis at 4 weeks illustrated that SF and 
SMS had bone immunomodulatory effects on surrounding tissues, while 
SMS-induced M2 polarization was relatively higher. 

HE staining indicated that SF hydrogel still had some residual, while 
SMS hydrogel basically degraded (Fig. 11. A). The histological image of 
Masson’s trichrome staining showed that SMS was completely sur
rounded by dense collagen fibers (blue), indicating that the density and 
quantity of newly formed bone were much higher than those in the SF 
group (Fig. 11. A). As shown in Fig. 11. B, the VEGF-positive expression 
in the SMS group was significantly higher than in the SF group, and a 
dense microvascular network with a tubular structure could be 
observed. VEGF-positive endothelial cells were reported to enhance the 
osteogenic differentiation of perivascular bone progenitor cells [55]. 
Meanwhile, the OCN-positive area was more prominent in the SMS 
group than in the SF group. This case indicated that SMS helps form 
more new bones in vivo. At 3, 6 and 9 weeks, the newly formed bone was 
labeled in sequential fluorescence with tetracycline (TE, labeled 

Fig. 8. Investigation of the osteoinductive mecha
nisms of SMS hydrogel. A-C) Western blot assays 
show the phosphorylation of MAPK pathway com
ponents in BMSCs (****p < 0.001). D) Western blot 
assays show the inhibitory effects of PD98059, a 
specific Erk1/2 inhibitor, on activating Erk1/2 (60 
min) induced by SMS hydrogel. E) ALP staining of 
BMSCs treated with or without PD98059. F) Western 
blot assays show the inhibitory effects of SP600125, a 
specific JNK inhibitor, on activating JNK (60 min) 
induced by SMS hydrogel. G) ALP staining of BMSCs 
treated with or without SP600125.   
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yellow), calcein (CA, labeled green) and alizarin red (AL, labeled red), 
respectively (Fig. 11. C). The fluorescence-labeled areas of the SMS 
group were remarkably larger than those in the SF group at each time 
point. In quantitative analysis (Fig. 11 D-F), the area of the remnant 
materials yielded 50% in the SF group, which was significantly more 
than that in the SMS group (p < 0.005). Oppositely, more than 60% of 
new bone formation was shown in the SMS group, while only less than 
10% of new bone could be found in the SF group. The area of bone 
stained with TE, CA and AL was measured to understand the new bone 
formation rate further. The SMS hydrogel showed significant new bone 
formation at each time point, while the new bone formation rate was 
significantly faster than the SF group. These data showed that the 
introduction of SMS could effectively reduce the formation of fibrous 
tissue. Meanwhile, it promoted vascularised new bone formation. In the 
immunohistochemical staining of macrophage polarization at 12 weeks 

(Fig. S8), more positive staining areas of Arg than iNOS could be found 
in the SMS group, while the positive staining areas of Arg were just 
similar to iNOS in the SF group. 

Rapid bone regeneration will promote the early implantation and 
weight-bearing of implants, which helps achieve early masticatory 
function reconstruction and reduce patients’ waiting time. High-quality, 
bone regeneration will also be conducive to the long-term and stable 
masticatory function of implants. These results jointly demonstrate that 
SMS achieves the best bone lift effect, thereby confirming the potential 
of SMS hydrogel for the minimally invasive repair of lacunar bone 
deficiency. Our results suggest that SMS might be beneficial in regu
lating bone immune response by promoting M2 polarization of macro
phages and achieving vascular bone regeneration. 

Fig. 9. The effect of SMS hydrogel on bone formation in vivo after 12 weeks post-implantation. A) Construction of rabbit maxillary sinus elevation model. B) Van 
Geison staining and reconstructed 3D images from microCT analysis of hydrogels implanted in rabbit maxillary sinus for 12 weeks. D-F) Quantitative analysis of new 
bone area, trabecular number (Tb.N) and bone volume (BV). (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001). 
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3. Conclusion 

An injectable adaptive hydrogel was successfully prepared in this 
study using SF, MBG and SA. The composite SMS hydrogel had a great 
injectable ability, and attractively SMS hydrogel could be degraded 
responsibly according to the changes in the microenvironment and 
could also be enhanced adaptively under the physiological ion concen
tration. In vitro, CCK-8 assay and Live/Dead staining demonstrated that 
SMS hydrogel presented no obvious cytotoxicity and could promote the 
proliferation of BMSCs. The expressions of osteogenic genes of BMSCs 
co-cultured with SMS hydrogel, combined with the ALP activity and the 
alizarin red staining, outlined that the developed SMS hydrogel could 
promote osteogenic differentiation of BMSCs in vitro. The crosstalk be
tween osteoblasts and macrophages encapsulated that osteoblast dif
ferentiation might be related to immune regulation. SMS hydrogel might 
achieve anti-inflammatory and pro-regenerative effects through MAPK 
signaling pathway. Three months after the implantation of SMS hydro
gel, microCT, and Van Gieson staining envisaged a large new bone area, 

indicating that SMS obtained good bone regeneration in vivo. Thus, SMS 
hydrogel could be expected to provide a simple, minimally invasive and 
efficient treatment for the repair of lacunar bone deficiency. In conclu
sion, the prepared SMS hydrogel is expected to become a new strategy 
for clinical minimally invasive treatment of lacunar bone deficiency. 

4. Experimental section 

4.1. Materials 

Bombyx mori cocoons were purchased from Jiangsu province, China. 
CaCl2, sodium alginate and HClwere collected from Aladdin (China). 
CCK-8, alkaline phosphatase (ALP), and BCA assay kits were ordered 
from Beyotime Biotechnology Co., Ltd. (Jiangsu, China). FITC- 
phalloidin and DAPI were purchased from Invitrogen (Carlsbad, CA, 
USA). Fetal bovine serum (FBS) was obtained from Gibco (USA). DMEM 
and 100 U/mL penicillin and streptomycin were purchased from 
Hyclone (South Logan, USA). 

Fig. 10. The histological analysis of the repairment of the defect with different hydrogels after 4-week implantation. A) Hematoxylin and eosin (HE) and Masson’s 
trichrome staining of SF and SMS were injected in a rabbit maxillary sinus for 4 weeks to evaluate inflammatory response. B) Immunohistochemical staining for iNOS 
and Arg. C-E) Quantitative staining analysis. (*p < 0.05, **p < 0.01). 
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Fig. 11. The histological analysis of the repairment of the defect with different hydrogels after 12-week implantation. A) Hematoxylin and eosin (HE) and Masson’s 
trichrome staining of SF and SMS were injected in a rabbit maxillary sinus for 12 weeks to evaluate bone regeneration. B) Immunohistochemical staining for VEGF 
and OCN. C) Representative images of sequential fluorescent labeling of the new bone formation by Tetracycline Hydrochloride (TE), Calcein (CA) and Alizarin Red S 
(AL). (White circle in dotted line: ROI in maxillary sinus). Quantitative analysis of D) remnant gel area in HE staining, E) new bone area in Masson’s trichrome 
staining, and F) new bone formation rate: the proportion of fluorescence area in ROI to the total area of ROI, respectively. (***p < 0.005, ****p < 0.001). 
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4.2. Synthesis and characterization of mesoporous bioglass (MBG) 

MBG was synthesized as previously described [57]. Briefly, a mixture 
of TEOS (6.7 g), P123 (4.0 g), TEP (0.36 g), 0.5 M HCl (1.0 g), and Ca 
(NO3)2⋅4H2O (1.4 g) were prepared in 60 mL ethanol with stirring at 
25 ◦C for 24 h. The resulting sol was treated with an 
evaporation-induced self-assembly process, followed by drying under a 
vacuum for 24 h. Then, the obtained materials were calcined at 600 ◦C in 
the air for 6 h at a heating rate of 1 ◦C/min to remove the 
structure-directing template of P123. The morphologies of MBG samples 
were observed by SEM and transmission electron microscopy (TEM). 

4.3. Preparation of silk fibroin (SF) 

Bombyx mori cocoon was washed in 0.5 wt% Na2CO3 solutions three 
times in a 100 ◦C water bath and then dried at 60 ◦C for 6 h. The dried 
silk was dissolved in a ternary solution (molar ratio of CaCl2: water: 
ethanol = 1:8:2) at 100 ◦C. The obtained solution was put into a dialysis 
bag under distilled water for 3 days and then dried and stored after 
freeze-drying. 

4.4. Synthesis of SMS composite hydrogel system 

Two premixed solutions were first prepared. Solution I was prepared 
by dissolving SF (6 wt%) and VC (1 or 1.5 wt%) in deionized water. 
Solution II was collected by dissolving sodium alginate (SA) (2 wt%) in 
deionized water and MBG particles were dispersed into the solution at 
0.5%, 1%, 1.5% or 2% (w/v). Solution I and Solution II were slowly 
mixed with stirring. Then the mixture was injected into the mold and 
stored at 37 ◦C until gelation. 

Pure SF hydrogel was prepared as a control group. 3 wt% SF aqueous 
solution was treated by ultrasonic for 3 min in an ice water bath, at a 
rated power of 130 W, amplitude 50%, and rated frequency of 20 kHz. 
And then, it was poured into the mold at 37 ◦C until gelation. 

4.5. Optimization of SMS composite hydrogel system 

4.5.1. Gelation time determination 
At 37 ◦C, the gel solution was poured into the mold and turned every 

30 s. The time was recorded once the solution no longer flowed. 

4.5.2. Surrounding pH change 
The sample was respectively placed in PBS (pH = 7.4) and HCl so

lution (pH = 6.5) at 0.1 g/mL (w/v) at 37 ◦C with a shaking speed of 80 
rpm. At the pre-determined time point, the pH value of the immersion 
solution was detected with an acidimeter (S470-USP/EP). 

4.5.3. Compressive strength 
In order to quantify the compressive strength of SMS composite 

hydrogels, the hydrogels were prepared into cylindrical (10 mm high ×
8 mm diameter) and testified at room temperature on a universal me
chanical tester (HY-0230, China). The compression speed was set to 2 
mm/min. And then, SMS composite hydrogels with VC content of 1.5% 
and MBG content of 2% were chosen for future study. For cell culture, 
antibacterial testing, and in vivo studies, hydrogels were prepared in a 
sterile environment, while each ingredient used to prepare the hydrogel 
was sterilized by filtration (0.22 μm filter membrane). 

4.6. Physical and chemical properties of SMS hydrogel 

4.6.1. Injectability and shapeability study of SMS hydrogel 
The hydrogel was loaded into a syringe with needle No. 23 and 

directly squeezed by a needle to the plate or various irregular shapes. 
Photographs were taken to record the injection process and the 
appearance of the hydrogel. 

4.6.2. Morphology of SMS composite hydrogel 
The surface microstructures and cross-sectional morphology of the 

SMS hydrogel were observed by scanning electron microscope (SEM) 
(Phenom LE, Phenom-China). The samples were cold-dried in a vacuum 
for 24 h, sprayed with gold and observed with SEM under an accelera
tion voltage at 10 kV. 

4.6.3. In vitro swelling and degradation properties of the SMS hydrogel 
First, the hydrogel sample was weighed and the weight was recorded 

as W0. Then, the sample was respectively placed in PBS (pH = 7.4) and 
HCl solution (pH = 6.5) at 0.1 g/mL (w/v) at 37 ◦C with a shaking speed 
of 80 rpm. At the pre-determined time point, the sample was taken out 
and the excess liquid was removed with filter paper, followed by a 
weight record as Wt. Within 24 h, the swelling rate was calculated at 
each time point by the formula: S%=(Wt-W0)/W0 × 100%. From 1 to 28 
days, the degradation rate was calculated by the formula: D%=(W0- 
Wt)/W0 × 100%. The morphology of SMS samples degraded after 14 
days and 28 days was detected by SEM (Phenom LE, Phenom-China). 

4.6.4. Mechanical properties of SMS hydrogel 
The samples were prepared into a cylinder (10 mm high × 8 mm 

diameter) and verified at room temperature on a universal mechanical 
tester (Shimadzu, Japan). The compression speed was set to 2 mm/min. 
Rheological properties of hydrogels were studied in terms of a DHR-3 
Instruments (DE, USA). All experiments were carried out at 25.0 ◦C 
using 35.0 mm parallel plates with a plate gap of 1.0 mm. Frequency 
scanning was performed at an oscillation frequency of 0.1–100.0 rad s− 1 

at the 1.0% strain level. The storage modulus (G′) and loss modulus (G′′) 
were measured. For adaptability determination in vitro, 1 mM CaCl2 
solution was selected to mimic the physiological Ca2+ concentration in 
the bone microenvironment [30], in which SMS hydrogel samples were 
immersed for 24 h, followed by compressive strength detection, 
respectively. 

4.6.5. In vitro release 
0.5 g hydrogel was immersed in 20 mL deionized water at 37 ◦C with 

stirring at a speed of 100 rpm. At a pre-determined time-point, the 
concentrations of the released ions were measured by inductively 
coupled plasma mass spectrometry (ICP, Agilent 710, California, USA). 
Each sample was tested in triplicate. 

4.7. Effect of SMS hydrogel on osteogenic differentiation in vitro 

4.7.1. Isolation and culture of rat bone marrow mesenchymal stem cells 
(BMSCs) 

All experimental protocols regarding the use of animals in this study 
were approved by the Institutional Animal Care and Use Committee and 
followed the procedure for Animal Experimental Ethical Inspection of 
the Ninth People’s Hospital, affiliated with Shanghai Jiao Tong Uni
versity School of Medicine. Animal license No. is SCXK (Shanghai) 
2012–0007. 8 male SD rats, aged 4 weeks and weighing 200 ± 20 g. 
Briefly, the bone marrow cavity was washed with DMEM medium from 
the femur and cultured in the incubator at 37 ◦C and 5% CO2. The 
medium was changed every 3 days. BMSCs of passages 2 to 4 were 
selected for this study. 

4.7.2. Morphological observation of BMSC on the surface of SMS hydrogel 
SMS hydrogels or SF hydrogels were prepared under sterile condi

tions with diameters of 10 mm and 1 mm discs. 1.0 × 105 BMSCs were 
seeded on hydrogel samples for 12 h. All samples were removed and 
fixed with 4% glutaraldehyde at room temperature for 15 min. Cellular 
F-actin was stained with FITC-phalloidin for 1 h at 37 ◦C for cytoskeleton 
observation. Subsequently, nuclei were stained with DAPI for 10 min. 
Cell morphology was observed using a confocal laser scanning micro
scope (CLSM, Leica, Wetzlar, Germany). 

A. Zheng et al.                                                                                                                                                                                                                                   



Bioactive Materials 21 (2023) 403–421

418

4.7.3Detection of cell viability of SMS hydrogel 
5 × 103 BMSCs were seeded on 100 μL gel in 96-well plates and 

cultured in a 5% CO2-conditioned incubator. The medium containing 
CCK-8 working solution was added after 1, 3 and 7 days. After incuba
tion at 37 ◦C for 2 h, the absorbance was measured at 450 nm (Safire, 
TECAN). To investigate the effect of the released ingredients from 
hydrogels on BMSCs viability and exclude the influence of surface 
morphology, we used a transwell co-culture system and studied in vitro 
biological properties of SMS hydrogel. BMSCs were incubated in 24-well 
plates with a density of 2 × 105 cells/well. 200 μL hydrogel was pre
pared in a transwell chamber (membrane pore size: 0.4 mm) and 
employed to co-culture with the cells. The medium containing CCK-8 
working solution was added after 1, 3 and 7 days. After incubation at 
37 ◦C for 2 h, the absorbance was measured at 450 nm. A live/dead 
staining approach was employed to evaluate the activity of cells seeded 
on the SMS hydrogel system. 1 × 104 BMSCs were seeded on 200 μL 
hydrogel and cultured for 1 and 7 days. The red cells were dead, while 
the green ones were living cells. The live/dead staining was operated 
according to the instructions. The stained cells were observed using 
CLSM (Leica, Wetzlar, Germany). 

4.8. Effect of SMS composite hydrogel on BMSCs differentiation and 
mineralization 

4.8.1. Effect of composite hydrogel on alkaline phosphatase (ALP) activity 
of BMSCs 

The BMSCs suspension with a density of 5 × 104 cells/mL was seeded 
onto 150 μL composite hydrogel in a cell culture dish with a 10 mm 
diameter glass bottom, mainly to analyze the osteogenic effect of the 
composites. ALP immunofluorescence staining was investigated at 7 
days. BMSCs were incubated in 24 well plates with a density of 1 × 105 

cells/well. 200 μL hydrogel was prepared in a transwell chamber 
(membrane pore size: 0.4 mm) and employed to co-culture with the 
cells. After 3 days and 7 days of co-culture, the ALP staining and the 
semi-quantity of ALP activity in BMSCs were carried out. The semi- 
quantitative value of ALP was measured by a BCA kit (Biyuntian, 
China) according to the company’s experimental procedures. Besides, 
405 nm wavelength was employed to detect the absorbance value on the 
microplate. The expression of ALP was stained with a BCIP/NBT alkaline 
phosphatase staining kit (Biyuntian, China) according to the manufac
turer’s instructions and then observed under an inverted fluorescence 
microscope (Ti–U, Nikon, Japan). 

4.8.2. Alizarin red staining in vitro mineralization experiment 
In the 24-well plate, 1 × 105 cells were incubated in each well. Be

sides, 200 μL hydrogel was prepared in a cell culture chamber (pore size 
0.4 μm). The transwell plate was employed to co-culture the materials 
with cells. After 21 days and 28 days of culture, the hydrogel and culture 
medium were removed with the cells fixed at room temperature for 10 
min at 4% paraformaldehyde and stained with 1% alizarin red dye. 
Finally, the cells were washed to remove the unconjugated dyes on the 
surface. The cells were observed and photographed under an inverted 
microscope (Ti–U, Nikon, Japan). Cetylpyridinium chloride was added 
to the culture plate stained with alizarin red. We concluded that cetyl
pyridinium chloride could dissolve alizarin red combined with a calcium 
salt. The supernatant was collected and the absorbance was detected at a 
590 nm wavelength. In the meantime, the total protein content was 
determined as above. 

4.8.3. The expression of osteogenic-related genes detected by qRT-PCR 
BMSCs were seeded in 6-well plates with a density of 5 × 105 cells/ 

well. In the transwell chamber (0.4 mm), 400 μL hydrogels were pre
pared. The materials were co-cultured with cells by using the transwell 
system. LightCycle480 (Roche, Switzerland) was used for qRT-PCR 
detection after culture for 7 and 14 days. The cells cultured in a blank 
medium without a gel chamber were employed as the blank control 

group (CON). GAPDH was selected as the internal reference. The relative 
gene expression of the target gene corresponding to each group of 
samples was taken as the reference value (set as 1). On top of that, the 
multiple changes based on it were recorded as mean ± standard devi
ation (SD). The primer sequences of marker genes are shown in Table S1. 

4.9. Immune response of macrophages 

4.9.1Macrophage cell culture 
RAW 264.7 cells (murine-derived macrophage) were cultured on the 

surface of hydrogels or cell culture plate (control group) at 37 ◦C and 5% 
CO2 in DMEM medium with 10% FBS and 1% penicillin/streptomycin. 
After 24 h of culture, cellular F-actin was stained with FITC-phalloidin, 
while nuclei were stained with DAPI. The macrophage morphology was 
observed using a CLSM (Leica, Wetzlar, Germany). 

For the cell proliferation test, 500 μL hydrogel was prepared in the 
lower chamber of the 6-well plate, with a 2 mL addition of the culture 
medium. After insert of the upper chamber with RAW 264.7 cells at a 
seeding density of 9 × 104/well, 1 mL culture medium was added. For 1, 
3, and 7 days, cell proliferation of RAWs in the upper chamber was 
detected by CCK8 assay according to the manufacturer’s instructions. 

4.9.2. Inflammation-related gene expression 
After co-cultured with hydrogels for 3 and 7 days, the expression 

levels of inflammation-related genes of RAW 264.7 cells, including TNF- 
α, IL-1β, TGF-β and IL-10, were detected using qRT-PCR following the 
same procedures as described above. Primer sequences are listed in 
Table S1. 

4.9.3. Osteogenesis-immune crosstalk between macrophages and BMSCs 
In order to investigate the effect of the co-culture of RAWs and 

hydrogel on the osteogenic differentiation of BMSCs, 500 μL hydrogel 
was prepared in the lower chamber of the 6-well plate, with seeding of 
RAWs on the gel surface at a density of 2 × 105/well. Then, 2 mL of the 
culture medium was added. After insert of the upper chamber with 
BMSCs seeding at a density of 5 × 104/well, 1 mL culture medium was 
added. For 7 and 14 days, the expressions of osteogenic related genes of 
BMSCs in the upper chamber were detected by qRT-PCR. In order to 
investigate the effect of the co-culture of BMSCs and hydrogel on the 
polarization of RAWs, 500 μL hydrogel was prepared in the lower 
chamber of the 6-well plate, with seeding of BMSCs on the gel surface at 
a density of 1.5 × 105 per well. Then, 2 mL of the culture medium was 
added. After insert of the upper chamber with RAWs seeding at a density 
of 9 × 104/well, 1 mL culture medium was added. For 3 and 7 days, the 
expressions of inflammation-related genes of RAWs in the upper 
chamber were detected by qRT-PCR. 

4.10. Effect of SMS hydrogel on angiogenesis in vitro 

4.10.1. Cell culture 
HUVECs were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM, Hyclone, USA), which was supplemented with 10% fetal bovine 
serum (FBS, GIBCO, USA), 100 U/mL penicillin (Hyclone, USA) and 100 
μg/mL streptomycin, in 37 ◦C, 5%CO2. 

4.10.2. Cell migration 
200 μL hydrogel was put in each 24-well transwell lower chamber 

with 400 μL DMEM. 5 × 103 cells in 100 μL cell suspension were added 
to each transwell upper chamber. After 12 h of culture, the Transwell 
chamber was taken out, washed with PBS, and gently wiped off the 
upper layer of non-migrated cells with a cotton swab. The cells were 
fixed with 4% paraformaldehyde, stained with 1% crystal violet solution 
for 20 min, observed, and photographed under a microscope (Ti–U, 
Nikon, Japan). 
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4.10.3. Tube forming experiment 
50 μL matrigel (BD Biosciences, USA) was transferred to each well of 

a 96-well plate and then cultured in a 37 ◦C incubator for 30 min to form 
a gel. Then HUVECs co-cultured with different hydrogels in advance at a 
density of 1 × 105 cells/well were added and incubated on the surface of 
the matrigel. After incubation at 37 ◦C for 6 h, the cells were fixed with 
4% paraformaldehyde and photographed under a microscope (Ti–U, 
Nikon, Japan). Image J was used to calculate the number of circular 
structures, the number of nodes, and the length of tubular branches. 

4.11. Antibacterial activity of SMS hydrogels 

In this study, gram-negative E. coli and gram-positive S. aureus were 
selected to evaluate the antibacterial activity of different hydrogels. 
Briefly, 0.5 g hydrogel was incubated with 2 mL bacterial suspension 
(106 CFU/mL) at 37 ◦C for 10 h, followed by three times of gentle 
washing with PBS and observation under SEM. In addition, the sample 
was also washed in an ultrasonic bath (50 Hz, 10 min) to release bacteria 
firmly adhering to the surface. The suspension was continuously diluted 
and incubated on trypsin soybean agar (TSA). After incubation at 37 ◦C 
for 10 h, digital photos of the plate were taken, and the colonies on TSA 
were counted. 

4.12. Analysis of the possible regulation mechanism related to SMS 
hydrogels 

BMSCs were incubated in 6-well plates with a seeding density of 5 ×
105 cells/well. The materials were co-cultured with cells by using the 
transwell system. In the culture chamber (membrane pore size: 0.4 μm), 
400 μL hydrogel was placed. After 5 min of culture with different 
hydrogels, the cells were collected for Western blot assay. Furthermore, 
BMSCs were co-cultured with SMS hydrogel and 20 × 10− 6 M PD98059 
(Selleck, China) or 20 × 10− 6 M SP600125 (Selleck, China). As a control 
group, BMSCs were co-cultured with SMS hydrogel only. Phosphoryla
tion of Erk1/2 and JNK was detected by Western blot. Osteogenic dif
ferentiation was evaluated based on ALP staining. 

Total protein was extracted with RIPA Lysis and Extraction Buffer 
(Thermo Fisher Scientific). According to the manufacturer’s in
structions, the BCA Protein Assay Kit was employed to determine the 
protein concentration. Then the protein extracts were separated by SDS- 
PAGE and transferred onto a PVDF membrane (Millipore, Billerica, MA, 
USA). Membranes were blocked with 5% BSA and incubated with pri
mary antibodies against p-JNK (Abcam, 1/10000), JNK (Abcam, 1/ 
10000), p-Erk1/2 (Abcam, 1/10000), Erk1/2 (Abcam, 1/10000), 
GAPDH (CST, 1/1000), for 4 ◦C overnight. Then, the membranes were 
hatched with horseradish peroxidase-labeled secondary antibodies for 2 
h at room temperature. The membrane was then washed with Tris- 
buffered saline and developed using an enhanced chemiluminescence 
detection system with exposure to FluorChem™ HD2 (Cell Biosciences, 
Inc., Santa Clara, CA, USA). 

4.13. Effect of SMS hydrogel on bone regeneration in vivo 

4.13.1. The operation of rabbit maxillary sinus elevation 
12 male New Zealand white rabbits with 2.5 kg weight were 

employed in this study (Animal license No. SCXK (Shanghai) 
2012–0007). After anesthetization, a 2.5-cm long vertical incision was 
made on the nasal face along the midline. A bone window with a 
diameter of 5 mm was prepared on both sides with a grinding head, 2 cm 
before the nasal frontal suture and 0.5 cm outside the midline. The 
maxillary sinus membrane was gently pushed out with a space of 8 mm 
× 3 mm × 5 mm, in which 200 μL of different groups of hydrogels were 
filled. Finally, the periosteum was closed and sutured, and the incision 
was sutured. 

4.13.2. Sequential fluorescent labeling 
Polychromatic sequential fluorescence labeling was performed on 

rabbits to evaluate the new bone formation and mineralization rate 
induced by different hydrogels in vivo. 25 mg/kg tetracycline hydro
chloride (TE, sigma, USA), 20 mg/kg calcein (CA, sigma, USA), and 30 
mg/kg Alizarin Red S (AL, sigma, USA) were injected intraperitoneally 
at 3-, 6- and 9-week post-operation, respectively. 

4.13.3. MicroCT detection of new bone formation in the maxillary sinus 
elevation area 

At pre-determined time points, the rabbits were sacrificed. The 
maxilla with the material was removed and fixed in 10% neutral 
formalin. MicroCT (μCT50, SCANCO) scanning was employed to observe 
the new bone in the maxillary sinus region. The volume of new bone and 
the number of new bone trabeculae were also quantitively analyzed. 

4.13.4. Histological and histomorphometric observation 
The samples were taken at 4- and 12-week post-operation, respec

tively. Half of the samples were decalcified, embedded in paraffin, and 
cut into 4 μm slices, followed by HE and Masson’s trichrome staining. 
The other half samples were dehydrated, embedded in poly
methylmethacrylate (PMMA), and cut into sections using a slicer (Leica, 
Germany). These non-decalcified sections were observed by CLSM for 
fluorescence labeling and further treated with Von Gieson staining for 
bone formation observation. Furthermore, decalcified sections of 4 and 
12-week samples were treated with iNOS (Abcam, USA) and Arg 
(Abcam, USA) immunohistochemical staining, while OCN (Abcam, 
USA) and VEGF (Abcam, USA) immunohistochemical staining for 12- 
week samples. All images were photographed under a microscope 
(Ti–U, Nikon, Japan) and analyzed by Image J software. 

4.14. Statistical analysis 

All quantitative data are the average of three independent experi
ments and are presented as the mean ± SD. All data were analyzed by 
Origin 9.0. p < 0.05 was considered a significant difference. After testing 
the normality, statistical analysis was performed using a one-way 
analysis of variance followed by the least significant difference test. 
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