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A B S T R A C T   

Endochondral ossification (ECO) plays an integral part in bone augmentation, which undergoes sequential 
processes including mesenchymal stem cells (MSC) condensation, chondrocyte differentiation, chondrocyte 
hypertrophy, and mineralized bone formation. Thus, accelerating these steps will speed up the osteogenesis 
process through ECO. Herein, inspired by the marine mussels’ adhesive mechanism, a bioactive glass-dopamine 
(BG-Dopa) hydrogel was prepared by distributing the micro-nano BG to aldehyde modified hyaluronic acid with 
dopamine-modified gelatin. By in vitro and in vivo experiments, we confirm that after implanting in the bone 
augmentation position, the hydrogel can adhere to the cortical bone surface firmly without sliding. Moreover, the 
condensation and hypertrophy of stem cells were accelerated at the early stage of ECO. Whereafter, the osteo-
genic differentiation of the hypertrophic chondrocytes was promoted, which lead to accelerating the late stage of 
ECO process to achieve more bone augmentation. This experiment provides a new idea for the design of bone 
augmentation materials.   

1. Introduction 

Alveolar ridges undergo sustained atrophy after natural teeth loss 
[1–3]. The severely atrophic alveolar ridge could not provide enough 
bone for tooth implantation [1–4]. With the increasing demand of dental 
implant treatment, the reconstruction of atrophic alveolar ridge be-
comes very urgent [5]. Autologous bone transplantation is the gold 
standard for bone augmentation [6]. However, its application is limited 
because of the donor site morbidity, unpredictable resorption, limited 
available quantities, and need for another surgical sites, which may 
increase the risk of complications not limited to pain, trauma and 
infection [6,7].These deficiencies can be avoided by using biomaterials 
in place of autologous bone grafts [8]. Our previous studies have found 
that Bioactive Glass (BG) could promote osteogenesis at the bone 
augmentation position without destroying the cortical bone [9–11]. BG 
promotes osteogenesis by dissolving bioactive ions, which shows 

osteoinductivity and has become a research hotspot in recent years. 
However, using BG for bone augmentation alone requires a long time. 

By observing the bone tissue sections in our previous studies, we 
found that the osteogenesis process at bone augmentation position was 
endochondral ossification (ECO). ECO undergoes sequential processes 
including MSC condensation, chondrocyte differentiation, chondrocyte 
hypertrophy, and mineralized bone formation [12,13]. Among these 
steps, MSC condensation is the initiation step of chondrogenic differ-
entiation. And then, ECO undergoes chondrocyte hypertrophy, which is 
an important step because it means the ECO process switch from 
chondrogenesis to osteogenesis [14]. Thus, accelerating these steps will 
significantly speed up the osteogenesis process through ECO. BG has 
been widely reported to promote osteogenic differentiation [15–17], but 
its effect on the early stage of ECO remains unclear. This problem can be 
solved by adding components which promote the early process of ECO 
such as promoting cell condensation, chondrogenic differentiation and 
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hypertrophic in bone augmentation materials. Dopamine is widely used 
in cartilage repair. As a modified component of cartilage repair scaf-
folds, dopamine promotes the recruitment of stem cells [18] and cell 
cluster/condensation [19]. The cell recruitment leads to an increase in 
local cell density, which in turn increases cell-cell interaction and lead to 
condensation [20,21]. The high density of BMSC and promotion of 
cell-cell interaction [20,22]/condensation [22] are conducive to chon-
drogenic differentiation [23]. Since the recruitment of stem cells, the 
cell condensation and the formation of cartilage matrix are important 
steps of ECO, dopamine has the potential to accelerate the early process 
of ECO. Among the markers used to evaluate chondrocyte hypertrophy 
and ECO, RUNX2, OCN, OPN, and ALP have been confirmed to be 
upregulated by BG [24–28]. Thus, it is speculated that DOPA-promoted 
early process of ECO is likely to result in hypertrophy under the syner-
gistic effect of BG. Therefore, the combination of BG and dopamine to 
construct composite bone augmentation material is expected to 
sequentially accelerate the steps of ECO process in bone augmentation 
position. 

In addition, besides rapid osteogenesis and shortened osteogenesis 
cycle, the space creation and its maintenance during healing are 
essential. Also, the stabilization of the grafting material is the key to 
success [29]. Because the surface of atrophic alveolar ridge crest is 
mostly convex [1], it is difficult for the biomaterials to fix in place, and 
the displacement of bone graft material results in bone augmentation 

failure [29]. Therefore, it is necessary to add adhesion components to 
the bone augmentation material to stabilize it at the bone increment site. 
Coincidentally, dopamine is an analogue of L-3,4-dihydrox-
yphenylalanine (Dopa), which mediates underwater robust adhesion of 
mussels, and the adhesive application of dopamine has become a focus 
of research in recent years [30,31]. Therefore, the combination of 
dopamine is expected to bond the material to the bone augmentation site 
firmly. However, bone augmentation with dopamine has not been 
reported. 

Therefore, in this experiment, a BG-dopamine (BG-Dopa) hydrogel 
was prepared by distributing the BG to hyaluronic acid with dopamine- 
modified gelatin. The mechanical property, adhesion property and 
biocompatibility of the BG-Dopa hydrogel were tested. More impor-
tantly, the sequential progress of ECO by the dopamine and BG were 
verified and the chondrogenic hypertrophic mechanism was analyzed. 

2. Materials and methods 

2.1. Synthesis and characterization of BG-Dopa hydrogel 

The micro-nano BG, aldehyde modified hyaluronic acid and 
dopamine-modified gelatin was prepared according to our previous re-
ported [32,33] and the experimental procedures are showed in the 
supplementary data. To prepare the micro-nano BG distributed aldehyde 

Fig. 1. Schematic illustration. Inspired by marine mussels’ adhesive mechanism, a BG-Dopa hydrogel was fabricated, which was based on the Schiff-base reaction by 
micro-nano BG distributed aldehyde modified hyaluronic acid with dopamine-modified gelatin. After implanting into the bone augmentation area, the BG-Dopa 
hydrogel adhered to the bone firmly and promoted the process of ECO sequentially to achieve bone augmentation. 
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modified hyaluronic acid, 0.1 g BG powder was added into 2.5 mL 
deionized water for ultrasonic dispersion. Then, 0.5 g of aldehyde 
modified hyaluronic acid was added into the above BG dispersion liquid 
and stirred until completely dissolved. Meanwhile, 0.75 g 
dopamine-modified gelatin (or unmodified gelatin) was dissolved in 2.5 
mL deionized water and stirred at 60◦ centigrade until it was dissolved 
and heated to return to room temperature. 

At this point, the gelatin solution (with or without dopamine- 
modified) and the hyaluronic acid solution (with or without micro- 
nano BG distributed) were done. After that, gelatin solution was 
mixed with hyaluronic acid solution and stirred at room temperature for 
10 min. The evenly mixed precursor solution was injected into the mold 
and stood at 4◦ centigrade for 10 min so that the mold could be released 
smoothly. After that, the hydrogel was lyophilized to dehydrated. 

Through the above-mentioned approach, four tissue engineering 
scaffolds were done, which respectively were the Gel hydrogel (con-
taining hyaluronic acid with gelatin), the BG hydrogel (containing BG 
distributed hyaluronic acid with gelatin), the Dopa hydrogel (containing 
hyaluronic acid with dopamine-modified gelatin), and the BG-Dopa 
hydrogel (containing BG distributed hyaluronic acid with dopamine- 

modified gelatin). 
To detecting the surface morphology and composition, SEM and 

FTIR was used to evaluate the BG-freeze-drying Dopa hydrogel. And 
then, the mechanical properties were observed by testing the compres-
sive strength of BG-Dopa with cylindrical hydrogel (5 mm high × 10 mm 
diameter) on the universal mechanical tester (Instron, USA). After 
calibration and zeroing, the hydrogel was pressed at the rate of 1 mm/ 
min until the hydrogel sheet was broken. After that, the adhesion of the 
hydrogels to bone tissue and different materials were tested. To evaluate 
the adhesion of BG-Dopa hydrogel to bone, the hydrogel was placed 
between two cow bones for a few minutes, and the bonding strength of 
the hydrogel was tested using a universal testing machine (Instron, 
USA). 

2.2. In vitro biocompatibility test of BG-Dopa hydrogel 

The hydrogel was placed in 75 % alcohol, irradiated by ultraviolet 
light overnight to remove bacteria, rinsed with Dulbecco’s Modified 
Eagle’s Medium (DMEM; Gibco, USA) containing 10 % fetal bovine 
serum (FBS; Gibco, USA) for 3 times (1 h each time) to replace the 

Fig. 2. Physical characteristics of Gel, BG, Dopa and BG-Dopa hydrogels. (a) The digital photograph of the hydrogels. (b) The compressive strength and compressive 
modulus of the hydrogels. (c) FTIR spectra of hydrogels. (d) Adhesion of the BG-Dopa hydrogel to bone tissue and different materials. (e) Adhesion strength to bone 
tissue of Dopa and BG-Dopa hydrogels. (f) SEM images of the hydrogels at different magnifications. 
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remaining alcohol, and the hydrogel was placed in a 48-well plate for 
use. The mouse bone marrow-derived mesenchymal stromal cells 
(mBMSCs) (Cyagen, China) that had grown to 80 % fusion were digested 
with trypsin (Gibco, USA). mBMSCs (1 × 106 cells per well) was seeded 
into hydrogels in the 48-well plate. After 72 h of culture, cytoskeletal 
staining and live/dead staining was performed. The fluorescence was 
visualized using a laser scanning confocal microscope (Leica STELLARIS 
5, Germany). 

2.3. In vitro cell condensation/hypertrophy and mechanism analysis 

To obtain the enzymatic hydrolysate of the hydrogel scaffold, type I 
collagenase (100 μg/mL) was added into the DMEM contains a hydrogel 
scaffold, which was degraded on a constant temperature shaking bed 
(37 ◦C, 120 rpm) for about 6 h until the hydrogel was completely 
dissociated. The bacteria were filtered by a 0.22 μm filter for later use. 
Subsequently, the enzymatic hydrolysate was used for the following in 
vitro experiments. The effects of the enzymatic hydrolysate for cell 
proliferation were studied by CCK-8. 

To investigate the cell condensation of the BG-Dopa hydrogel, high- 
density micromass culture for mBMSCs were used. The high-density 
micromass culture was an in vitro model of endochondral skeletal 
development, in which the chondrocytes from MSCs showed favorable 
ability for hypertrophic differentiation, and calcification occurred 
sequentially [34]. Previous research has shown that it is a convenient in 
vitro model to investigate the regulatory mechanisms of endochondral 
ossification [35,36]. In brief, the mBMSCs were seeded in 24-well plates 
at high density (1.5 × 107 cells/mL). Add chondrogenic medium which 
contained Gel, BG, Dopa and BG-Dopa enzymatic hydrolysate and 
incubate for 6 days. The medium was replaced every 48–72 h. At day 4 
and day 6, cells were visualized with inverted microscope (Observer7, 
Zeiss, Germany) and captured. At day 6, bioinformatic analysis and RNA 
sequencing (RNA-seq) were done to investigate the hypertrophic 
mechanism of BG-Dopa. After that, immunohistochemical staining was 
done to analyze the expression of collagen type X. The protein expres-
sions of N-cadherin and SOX9 were analyzed by western-blot. 

Fig. 3. Cytocompatibility of mBMSCs on the hydrogels. (a) SEM images of mBMSCs on the hydrogels. (b) Cytoskeleton staining of mBMSCs on the hydrogels for 72 h. 
(c) Live/dead staining of mBMSCs on the hydrogels for 72 h. Green indicates the live cells, and red indicates the dead cells. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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2.4. In vitro osteogenic differentiation assessment 

After 6 days of chondrogenic induction, the mBMSCs were then 
switched to osteogenic induction medium which contained Gel, BG, 
Dopa and BG-Dopa enzymatic hydrolysate and incubated for another 14 
days. At day 1 and day 7 of osteogenic induction, cells were visualized 
with inverted microscope and captured. At day 14, the osteogenic dif-
ferentiation of cells was studied by Alizarin Red staining and ALP 
staining. Three control holes were selected from each group of samples, 
and semi-quantitative analysis of alizarin red staining was performed 
using image J software. The protein expressions of OPN were analyzed 
by western-blot. 

2.5. In vivo ECO and bone augmentation evaluation 

All the 32 rats were purchased from the animal experiment center of 
Guangzhou Pharmaceutical University. The experimental procedures 
were performed in accordance with the Institutional Animal Care of 
Guangdong Pharmaceutical University. To minimize pain and discom-
fort to the animals, measurements were taken such as adequate 
anesthesia. 

To evaluate the osteogenic properties, Gel, BG, Dopa and BG-Dopa 
hydrogels were transplanted into Sprague Dawley rats (SD rats, male, 
200–250 g) following the bone augmentation animal model previously 
described [37]. Briefly, 32 rats were randomly divided into four groups. 
After anesthesia by intraperitoneal injection of pentobarbital 
(Nembutal, 3.5 mg/100 g), a 15 mm incision was made on the scalp 
following by turning over the mucoperiosteal flap to form a pocket. Gel, 
BG, Dopa and BG-Dopa hydrogels with a thickness of 2 mm and diameter 
of 6 mm was inserted to the pocket under the periosteum on the surface 
of cortical bone without bone defect, which was then closed by suture. 
With unrestricted mobility and routine feeding for 3 and 6 weeks, an 
overdose of sodium pentobarbital was used to sacrifice the rats. The 
hydrogels together with the surrounding skull were cut off and soaked in 
4 % paraformaldehyde solution for 12 h. Micro-CT (XTV160H, X-TEK 
Co., UK) was taken to detect the bone augmentation area with 60 kV 
voltage and 67 mA current, and the minimum resolution was 25 × 25 ×
25 μm. Three-dimensional images were reconstructed based on the CT 
data to examine the new bone volume. 

Subsequently, the skulls were decalcified for 4 weeks, and then the 
bone tissue sections were prepared. Masson’s staining, Movat staining, 
safranin O-fast green staining and immumohistochemical staining of 

Fig. 4. Hypertrophy properties and mechanism. (a) Schematic illustration of chondrogenesis mechanism. (b) Images of live mBMSCs under light microscope with 
chondrogenic incubation at day 4 and day 6. (c) Western-blot analysis and relative protein expression of N-cadherin and SOX9 at day 6. (*p < 0.05, **p < 0.01) (d) 
Immumohistochemical staining of collagen type X at day 6. (e) Volcano plot of the differentially expressed genes between BG-Dopa and BG groups. (log2FC ≥ 1 & q 
< 0.05; red: upregulated genes; blue: downregulated genes). (f) The gene enrichment KEGG pathways analysis of BG-Dopa vs BG. (g) Heat map of Chondrogenic 
differentiation and hypertrophy related gene expression in BG-Dopa compared to BG. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Collagen X and OPN were performed. A digital pathological scanning 
system (Aperio ImageScope, Zeiss, Germany) was used to scanned and 
photographed the sections. 

2.6. Statistical analysis 

All quantitative experiments were performed in triplicate and the 
data were presented as means ± standard deviation. Student’s t-test or 
one-way analysis was conducted using Origin version 2021. p < 0.05 
was considered significant. 

3. Results 

3.1. Preparation and characteristics of BG-Dopa hydrogels 

In this experiment, a dopamine-modified gelatin-hyaluronic acid 
hydrogel containing micro-nano BG was fabricated (Figs. 1 and 2a). The 
two components of this reaction are dopamine-modified gelatin and the 
aldehyde modified hyaluronic acid solution [33]. After that, the –CHO 
on hyaluronic acid reacts with the amino group on the gelatin through 
Schiff base reaction to form a cross-linked network and preserved the 
activity of the dopamine group at the same time. 

Hydrogen bonds can be formed between the –OH of catechol on GA- 
Dopa, and between the GA-Dopa and the –OH of Si on the surface of BG, 
which further enhances the stability of the composite hydrogel. Then, 
the chemical bond of composite hydrogels was identified by FTIR. In the 
BG-Dopa group, with the addition of BG, change of the spectrum in at 
~1082 cm− 1 was detected attributed to the asymmetric stretching 

vibration peak of Si–O–Si. The FTIR (Fig. 2c) results combined with the 
SEM image (Fig. 2f) showed that BG was evenly distributed to the sur-
face and interior of the hydrogel. The compressive strength in the BG- 
Dopa group was higher within 30–40 % because of the addition of BG, 
and the difference between the compressive modulus of each group was 
not obvious (Fig. 2b). Through the modification of dopamine, the 
hydrogel in this experiment can be bonded to the bone, glass, metal, and 
polytetrafluoroethylene (Fig. 2d). In addition, the adhesive strength of 
the BG-Dopa hydrogel (22.2 ± 2.4 kPa) was not affected by the doping 
of BG by detecting the adhesive strength as quantitative analysis has no 
significant difference compared to Dopa hydrogels (Fig. 2e). All these 
results confirmed that BG-Dopa exhibits excellent adhesive properties 
and compressive resistance to meet the requirements of bone augmen-
tation materials. 

To test the biocompatibility of BG-Dopa hydrogel, mBMSCs were 
seeded into hydrogels in the 48-well plate and co-culture for 72 h. SEM 
images revealed differing mBMSCs morphologies and attachment on the 
surface of all the hydrogels. mBMSCs seeded into the BG and BG-Dopa 
hydrogels exhibited multiple tentacles morphology, intense growth 
and spreading (Fig. 3a). Furthermore, the cytoskeleton and live/dead 
staining and CCK-8 was done to detect the biocompatibility of the BG- 
Dopa hydrogel. The hydrogels allowed the adhesion and spreading of 
mBMSCs and only a few dead cells were observed after 72 h of co-culture 
(Fig. 3 b-c). Quantification of the cell number in cytoskeleton staining 
showed that there was no statistical difference among the four groups 
(Fig. S2 a). Fig. S2b showed that in the BG-Dopa group, the number of 
living cells was 31.8 ± 5.0 times that of dead cells and there was no 
statistical difference among the four groups. In addition, the CCK-8 

Fig. 5. Osteogenesis properties. (a) Images of live mBMSCs with osteogenic induced incubation at day 1 and day 7. (b) Alizarin red staining at day 14. (c) ALP 
staining at day 14. (d) Western-blot analysis of OPN expression at day 14. (*p < 0.05). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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assay was employed and showed that there was no adverse effect on 
mBMSCs’ proliferation incubated with the enzymatic hydrolysate of the 
BG-Dopa hydrogel (Fig. S2 c). 

3.2. In vitro cell condensation and hypertrophic properties and 
mechanism of BG-Dopa hydrogels 

The result of this section indicated that mBMSCs in the BG-Dopa 
group showed condensation, chondrogenic differentiation and hyper-
trophic trend. Chondrocytes derive in embryogenesis from multipotent 
skeletal progenitor cells, as do osteoblasts. When RUNX2 and OSX is 
highly expressed, the multipotent skeletal progenitor cells differentiated 
into osteoblasts. When SOX9 in highly expressed, the multipotent skel-
etal progenitor cells differentiated into pre-chondrocytes, early chon-
drocytes, and terminal chondrocytes sequentially. After differentiating 
into terminal chondrocytes, the cells become hypertrophic and the 
expression of SOX9 becomes decline [38]. With high density seeding, 
the cell-cell junctions of mBMSCs enhanced, which resulted in high 
expression of N-cadherin. When the hypertrophy occurred in the late 
stage of MSCs chondrogenesis, the N-cadherin expression decreased 
[39] and the collagen type X expression increased [40]. The expression 
of type X collagen is restricted to hypertrophic chondrocytes in regions 
undergoing endochondral ossification [41]. After 4 days of treatment of 
mBMSCs with chondrogenic induction medium prepared by hydrogel 
enzymatic hydrolysate, cell recruitment differences began to appear in 
each group (Fig. 4b). In the BG-Dopa group, there were obvious cell 
high-density clumps at day 4, and cells were further recruited to 
string-of-beads at day 6 to show condensation. Western-blot showed that 
the expression of SOX9 protein enhanced in the BG-dopa group, while 
the relative mRNA expression was not statistically significant (Fig. S1). 
The expression of N-cadherin protein was not statistically significant 
(Fig. 4c). In addition, collagen type X was significantly increased in the 
BG-Dopa group by immunohistochemical staining (Fig. 4d). The above 
results indicated that mBMSCs in the BG-Dopa group showed conden-
sation, chondrogenic differentiation and hypertrophic trend. 

To further investigate the mechanism of BG-Dopa promoting hy-
pertrophy of mBMSCs, RNA-seq was done. Compared with the BG group, 
eighty genes were down regulated, and eighteen genes were up regu-
lated in the BG-Dopa group (Fig. 4e). KEGG enrichment scatter plot 
showed that several signal pathways are associated with cartilage for-
mation, among which NF-κB signal pathway is related to cartilage hy-
pertrophy (Fig. 4f). The up-regulated Ptgs2 (also known as Cox-2) in 
Heat map is related to cartilage hypertrophy (Fig. 4g). All the above 
results showed that dopamine promoted the condensation and chon-
drogenic differentiation of mBMSCs, and the mBMSCs went through 
hypertrophy under the synergistic effect of BG (Fig. 4a). 

3.3. In vitro osteogenesis properties of BG-Dopa hydrogels 

After 1 day of osteogenic induction, mineralized crystals could be 
observed at a 20-fold microscope in BG-Dopa group, and the cells still 
showed high-density clumps (Fig. 5a). At the 7th day of osteogenic in-
duction, the number and size of mineralized crystals in BG-Dopa group 
were further increased, significantly more than those in the other 3 
groups, and the black high-density clumps were no longer obvious 
(Fig. 5a). After 14 days of osteogenic induction, the alizarin red and ALP 
staining was significantly darker in the BG-Dopa group (Fig. 5b and c). 
Statistical analysis of alizarin red staining results showed that BG-Dopa 
group had significant statistical difference with the other three groups 
(p < 0.001) (Fig. S3). The osteopontin (OPN) protein expression was 
higher in the BG-Dopa group (Fig. 5d), indicating that the BG-Dopa 
group had the best mineralization effect. 

In summary, the BG-Dopa hydrogel could sequentially promote ECO 
by promoting chondrogenic induction differentiation in the early stage, 
and promote osteogenic induction differentiation in the late stage. 

3.4. In vivo ECO and bone augmentation of BG-dopa hydrogels 

New bone formation of Gel, BG, Dopa and BG-Dopa hydrogel was 
conducted in vivo for 3 and 6 weeks. By taking the skull samples, it was 

Fig. 6. In vivo new bone formation evaluation at 3 and 6 weeks. (a) Surgical incision and sutures. (b) Skull samples at 3 and 6 weeks. (c) 3D reconstruction images of 
hydrogels and surrounding tissue by Micro-CT including side view and section view. The green color refers to the new immature bone tissue. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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found that the Dopa group and the BG-Dopa group were adhered firmly 
to the cortical bone surface at 3 weeks (Video. S1). At 6 weeks, all four 
groups were tightly bound to bone tissue. However, obvious tissue 
collapse occurred in Gel group and Dopa group. The longitudinal section 
of skull sample showed that the bone graft area in the Gel and Dopa 
group was collapsed due to premature degradation. Subsequently, 
micro-CT scanning was performed. It was found that at 6 weeks, the 
osteogenic effect was more obvious than that of at 3 weeks. At 6 weeks, 
bone formation in the BG-Dopa group was better than that in the BG 
group (Fig. 6c). 

The skull samples were made into histologic sections and stained. At 
3 weeks, Masson’s staining, Movat staining and immumohistochemical 
staining of Collagen X were performed (Fig. 7). Hydrogel in each group 
had been partially degraded at 3 weeks in Masson staining. Compared 
with the other three groups, the tissues around the BG-Dopa hydrogel 
showed "invasive" growth, and there was no obvious smooth boundary 
between the tissues and the hydrogel. Hypertrophic chondrocytes were 
scattered in Movat stained sections in both BG group and BG-Dopa 
group, and more in the BG-Dopa group (Fig. 7a). Immumohistochem-
ical staining showed that Collagen type X expressed higher in the BG- 
Dopa group (Fig. 7b and c) and the Collagen type II expressed higher 
in the Dopa and BG-Dopa groups (Fig. S4). The result is consistent with 
the early biological process of ECO. 

At 6 weeks, Masson’s staining, safranin O-fast green staining and 
immumohistochemical staining of OPN were performed (Fig. 8). The BG 
group and the BG-DOPA group showed better support. The Gel group 
and Dopa group showed obvious gap and collapse between the new 

tissues and hydrogels. The degradation of the BG group occurred mainly 
in the periphery of the hydrogel, while the BG-Dopa group showed 
uniform degradation around and in the center of the hydrogel. The 
“bony” tissue was more mature in the BG-Dopa group then in the other 
three groups in the safranin O and fast green staining (Fig. 8a). Immu-
mohistochemical staining showed that OPN expressed higher in the BG- 
Dopa group (Fig. 8b and c). This is consistent with the late biological 
process of ECO. 

4. Discussions 

In this experiment, a dopamine-modified gelatin-hyaluronic acid 
hydrogel containing micro-nano BG was fabricated. Our research 
confirmed that BG-Dopa hydrogel can promote the process of ECO at the 
bone augmentation area. 

Firstly, the in vitro experiment confirmed that the BG-Dopa hydrogel 
can promote recruitment, condensation and hypertrophy of mBMSCs. 
We performed a high-density micromass culture experiments with 
mBMSCs in vitro. After 4 days of chondrogenic induction, earlier of cell 
aggregation was observed under the microscope in BG-Dopa group, 
which confirmed that BG-Dopa could promote the recruitment of 
mBMSCs. The protein expression of N-cadherin was not statistically 
significant, which showed that the cell hypertrophy was not inhibited 
[39]. The expression of SOX9 protein enhanced in the BG-dopa group, 
while the mRNA expression was not statistically significant. SOX9 is 
highly expressed when the skeletal progenitors cells differentiate into 
chondrocytes, and it was inhibited when differentiate into terminal 

Fig. 7. Histologic sections and staining at 3 weeks. (a) Masson and Movat staining. (b) Immumohistochemical staining of Collagen X at 20×. (c) The area rate of 
Collagen X positive cells in total cells by immumohistochemical staining. (***p < 0.001). 

S. Tan et al.                                                                                                                                                                                                                                      



Materials Today Bio 23 (2023) 100843

9

chondrocyte and osteoblasts [38]. It indicated that the cells in the 
BG-Dopa were differentiated from the early chondrocytes to terminal 
chondrocytes (hypertrophic). Ptgs2, a cytokine in NF-κB signaling 
pathway [42], is associated with the hypertrophy of chondrocytes [43, 
44], which is an important process of ECO. Meanwhile, high expression 
of collagen type X is essential for successful cartilage formation medi-
ated by mesenchymal stem cell and subsequent endochondral ossifica-
tion [45], and it could be up-regulated by activating the NF-κB signaling 
pathway [43,46]. Thus, it can be speculated that in the BG-Dopa group, 
the activation of NF-κB signaling pathway increased the expression of 
Ptgs2 and collagen type X. Therefore, increased of cell recruitment, 
secretion of cartilage-related collagen X, and hypertrophy of mBMSCs in 
the BG-Dopa group, confirmed that BG-Dopa hydrogel can promote the 
recruitment and hypertrophy process of ECO. 

Secondly, we further confirmed that BG-Dopa hydrogel can promote 
the mineralization process of ECO in vitro. After 6 days of chondrogenic 
induction, the culture medium was then switched to osteogenic induc-
tion medium which contained Gel, BG, Dopa and BG-Dopa enzymatic 
hydrolysate and incubated for another 14 days. Meantime, significantly 
enhanced mineralization was observed in the BG-Dopa group. BG has 
been widely reported to promote osteogenic differentiation [15–17], 
which was mutually verified with our experimental results. It is worth 
noting that some mineralized crystals have been generated in the 
BG-Dopa group compared with the other three groups after osteogenic 
induction for 1 day. We speculated that BG played a role as the miner-
alization induction factor before the addition of osteogenic induction 

solution. Subsequently, with earlier cell recruitment, faster mineraliza-
tion occurred in the effect of BG once switching into osteogenic induc-
tion solution. These results indicated that the ECO process was dynamic, 
during which the cells present sequential differentiation. Cells recruited 
earlier would undergo differentiation, hypertrophy and mineralization 
faster. These results also indicated in the bone tissue sections, in which 
the formation of bone tissue is also asynchronous. 

Thirdly, we found that the BG-Dopa hydrogel had a better osteogenic 
effect after 6 weeks of implantation in vivo. Our previous studies have 
found that BG forms new bone without destroying cortical bone at the 
bone increment site [37]. In this study, we used this innovative exper-
imental model for bone augmentation. Our study showed that the 
BG-Dopa hydrogel attached to the skull firmly and had sufficient support 
for the bone graft area. This is important for the successful clinical 
application of scaffolds for bone tissue engineering [29,47]. In addition, 
the bone formation in the BG-Dopa group was better than that in the 
other three groups. We found that compared with the other three 
groups, the tissues around the BG-Dopa hydrogel showed "invasive" 
growth, and there was no obvious boundary between the tissues and the 
hydrogel. This confirms that the BG-Dopa hydrogel has osteo-
conductivity [48]. At 3 weeks’ histologic sections, hypertrophic chon-
drocytes were scattered in Movat stained sections, and Collagen type X 
expressed higher in the BG-Dopa group. At 6 weeks’ histologic sections, 
the “bony” tissue was more mature and the OPN expressed higher in the 
BG-Dopa group. This confirms that the BG-Dopa hydrogel has osteoin-
ductivity [48,49]. The results in vivo are consistent with the in vitro 

Fig. 8. Histologic sections and staining at 6 weeks. (a) Masson and safranin O-fast green staining. (b) Immumohistochemical staining of OPN. (c) The area rate of 
OPN positive cells in total cells by immumohistochemical staining. (***p < 0.001). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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findings in this study. 
From the above mentions, we indicated that once the BG-Dopa 

hydrogel was implanted in the bone augmentation area, the scaffold 
can be stably fixed to the surface of the cortical bone. And then, with the 
synergistic effect of Dopa and BG, the mBMSCs went through conden-
sation, chondrogenic differentiation and hypertrophy. In this process, 
the expressions of SOX9 and N-cadherin were up-regulated first and then 
down-regulated. Meanwhile, the hypertrophic markers including Ptgs2 
and collagen type X were up-regulated, which may be resulted from the 
activation of NF-κB signaling pathway. Then, the BG could enhance the 
process of ossification, which may finally lead to promoting the ECO. 

5. Conclusion 

Inspired by the key steps of ECO, a dopamine-modified gelatin-hy-
aluronic acid hydrogel containing BG was successfully prepared. After 
implanting in the bone augmentation position, the hydrogel can adhere 
to the cortical bone surface firmly without sliding. And then, the 
condensation and hypertrophy of stem cells at the early stage of ECO 
were accelerated. Whereafter, the osteogenic differentiation of the hy-
pertrophic chondrocytes was promoted, which lead to accelerating the 
late stage of ECO process to achieve more bone augmentation. This 
experiment provides a new idea for the design of bone augmentation 
materials. 
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