
Citation: Yao, H.; Guo, J.; Zhu, W.;

Su, Y.; Tong, W.; Zheng, L.; Chang, L.;

Wang, X.; Lai, Y.; Qin, L.; et al.

Controlled Release of Bone

Morphogenetic Protein-2 Augments

the Coupling of Angiogenesis and

Osteogenesis for Accelerating

Mandibular Defect Repair.

Pharmaceutics 2022, 14, 2397. https://

doi.org/10.3390/pharmaceutics14112397

Academic Editors: Pavel Seredin and

Dmitry Goloshchapov

Received: 23 September 2022

Accepted: 3 November 2022

Published: 7 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceutics

Article

Controlled Release of Bone Morphogenetic Protein-2 Augments
the Coupling of Angiogenesis and Osteogenesis for
Accelerating Mandibular Defect Repair
Hao Yao 1,2,†, Jiaxin Guo 1,2,† , Wangyong Zhu 3, Yuxiong Su 3 , Wenxue Tong 1,2, Lizhen Zheng 1,2,
Liang Chang 1,2, Xinluan Wang 4, Yuxiao Lai 4, Ling Qin 1,2,4,5,* and Jiankun Xu 1,2,5,*

1 Musculoskeletal Research Laboratory and Centre of Musculoskeletal Aging and Regeneration, Department of
Orthopaedics and Traumatology, Faculty of Medicine, The Chinese University of Hong Kong,
Hong Kong SAR, China

2 Innovative Orthopaedic Biomaterial and Drug Translational Research Laboratory, Li Ka Shing Institute of
Health, The Chinese University of Hong Kong, Hong Kong SAR, China

3 Division of Oral and Maxillofacial Surgery, Faculty of Dentistry, The University of Hong Kong,
Hong Kong SAR, China

4 Translational Medicine R&D Center, Institute of Biomedical and Health Engineering, Shenzhen Institutes of
Advanced Technology, Chinese Academy of Sciences, Shenzhen 518057, China

5 Joint Laboratory of Chinese Academic of Science and Hong Kong for Biomaterials, The Chinese University of
Hong Kong, Hong Kong SAR, China

* Correspondence: lingqin@cuhk.edu.hk (L.Q.); jiankunxu@cuhk.edu.hk (J.X.); Tel.: +852-3505-3071 (L.Q.);
+852-3505-3308 (J.X.); Fax: +852-2637-7889 (L.Q.); +852-3505-4608 (J.X.)

† These authors contributed equally to this work.

Abstract: Reconstruction of a mandibular defect is challenging, with high expectations for both
functional and esthetic results. Bone morphogenetic protein-2 (BMP-2) is an essential growth factor
in osteogenesis, but the efficacy of the BMP-2-based strategy on the bone regeneration of mandibular
defects has not been well-investigated. In addition, the underlying mechanisms of BMP-2 that drives
the bone formation in mandibular defects remain to be clarified. Here, we utilized BMP-2-loaded
hydrogel to augment bone formation in a critical-size mandibular defect model in rats. We found that
implantation of BMP-2-loaded hydrogel significantly promoted intramembranous ossification within
the defect. The region with new bone triggered by BMP-2 harbored abundant CD31+ endomucin+
type H vessels and associated osterix (Osx)+ osteoprogenitor cells. Intriguingly, the new bone
comprised large numbers of skeletal stem cells (SSCs) (CD51+ CD200+) and their multi-potent
descendants (CD51+ CD105+), which were mainly distributed adjacent to the invaded blood vessels,
after implantation of the BMP-2-loaded hydrogel. Meanwhile, BMP-2 further elevated the fraction
of CD51+ CD105+ SSC descendants. Overall, the evidence indicates that BMP-2 may recapitulate a
close interaction between functional vessels and SSCs. We conclude that BMP-2 augmented coupling
of angiogenesis and osteogenesis in a novel and indispensable way to improve bone regeneration in
mandibular defects, and warrants clinical investigation and application.

Keywords: bone morphogenetic protein-2; hydrogel; mandibular defect; osteogenesis; angiogenesis

1. Introduction

Mandibular defects lead to facial deformities and dysfunctions, causing sociopsy-
chological impacts and severely affecting quality of life [1,2]. Tumor resections, trauma,
and inflammatory and infectious diseases can result in major mandibular defects [1,2].
Mandibular reconstruction is challenging, from both functional and esthetic points of view.
The current standardized strategy for mandibular defect reconstruction is osseous free flap
transplantation [1,3]. However, there have been concerns regarding donor-site morbidity
and limited amounts of available bone [4,5]. Thus, the development of novel therapeutic
alternatives is needed.
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During the embryonic developmental stage, the formation of mandibular bone mainly
undergoes intramembranous ossification [6,7]. Intriguingly, enhanced intramembranous
ossification contributes to gradual distraction-induced bone formations in the mandible [8].
Thus, intramembranous ossification plays an essential role in bone regeneration of the
mandible. Multiple cell types including endothelial and osteogenic cells are recruited to
initiate angiogenesis and osteogenesis, followed by intramembranous ossification. Previous
studies have demonstrated a type of functional blood vessel, called the type H vessel, that
shows high expression of both CD31 and endomucin (Emcn) and is crucial for bone devel-
opment and regeneration by supporting perivascular osteoprogenitor cells [9]. Meanwhile,
a recent study found that type H vessels were also distributed at the mandibular condyle
and strongly correlated with bone formation [10]. In addition, skeletal stem cells (SSCs)
have been isolated and their indispensable roles in skeletal tissues, including mandible
regeneration, are well-validated [8,11,12]. SSCs can differentiate into multi-potent descen-
dants, such as bone cartilage skeletal progenitors (BCSPs) and osteoprogenitors (Ops) that
mainly contribute to the massive bone regeneration induced by mandibular distraction [8].
Therefore, new strategies aimed at facilitating the growth of type H vessels and SSCs may
trigger more bone regeneration in mandibular defects.

The bone morphogenetic protein-2 (BMP-2) is a growth factor important for osteo-
genesis. Recombinant human BMP-2 is currently used in orthopaedics, such as spinal
fusion [13–16]. However, efficacy of a BMP-2-based strategy for bone regeneration of
mandibular defects has not been fully investigated. One previous study reported that BMP-
2 promoted a coupling growth of type H vessels and multipotent stromal cells, and induced
heterotopic ossification in the tendons of mice [17]. Moreover, recent evidence has shown
that BMP-2 can inspire periosteum-like tissue, which harbors abundant periosteum-derived
stromal cells coupled with type H vessels for bone regeneration of calvarial defects [17].
BMP-2 has been demonstrated as a critical growth factor that stimulates the expansion,
self-renewal, and differentiation of SSCs [11]. Based on these findings, we hypothesized
that BMP-2 could enhance the coupling of angiogenesis and osteogenesis to augment
mandibular regeneration. In addition, due to advantages in biocompatibility, controllable
degradability, and easy modification, a hydrogel was used as the delivery system for BMP-2
in mandibular reconstruction [18].

In this study, we fabricated a BMP-2-loaded hydrogel and implanted it to enhance
bone regeneration in a critical-size mandibular defect model in rats. We found that the
released BMP-2 significantly promoted new bone formation in the mandibular defect
model via augmentation of intramembranous ossification invaded by abundant type H
vessels and SSCs. This BMP-2-based strategy warrants further clinical investigation before
bedside application.

2. Materials and Methods
2.1. Fabrication of BMP-2-Loaded Hydrogel

A BMP-2-loaded hydrogel was fabricated by encapsulating BMP-2 with a gelatin
methacryloyl (GelMA) hydrogel (Figure 1A). GelMA was synthesized as previously de-
scribed (Figure 1A) [19,20]. Briefly, gelatin (Type B, Sigma Aldrich, St. Louis, MO, USA) was
dissolved in a carbonate-bicarbonate (CB) buffer (0.25 M) at 10% w/v before heating to 55 ◦C.
Then, the pH of the gelatin solution was adjusted to 9.4. Methacrylic anhydride (Sigma
Aldrich, St. Louis, MO, USA, 94%) was added dropwise to the gelatin solution with continu-
ing stirring. The reaction proceeded for 1 h at 55 ◦C, and the final pH of the reaction solution
was adjusted to 7.4 to stop the reaction. The solution was dialyzed using a membrane with
a molecular weight cut-off (MWCO) of 12,000–14,000 Da against deionized water (ddH2O)
at 37 ◦C for 7 days, The solution was then filtered through a 0.22 µm membrane, and frozen
and lyophilized until dry. The resultant GelMA product was stored in the dark at −20 ◦C.
The GelMA solution was prepared at the indicated concentrations of 8% w/v by dissolving
it in phosphate buffered saline (PBS, pH 7.4). BMP-2 was dissolved at a concentration of
50 µg/mL in the GelMA solution. The hydrogel was synthesized by mixing the above
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solution with the photo-initiator, 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959, Ciba, Basel, Switzerland), at a final concentration of 0.05% w/v, followed by
exposure to ultraviolet light (UV, 95 mW/cm2) for 6 min. The final 40 µL BMP-2-loaded
hydrogels (net 2 µg of BMP-2 per implant) were prepared for implantation.
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Figure 1. Fabrication and characterization of BMP-2-loaded hydrogel. (A) Schematic chart showing
the synthesis of BMP-2-loaded GelMA hydrogel. (B,C) Quantitative analysis of the degradation rate
and swelling ratio of GelMA and BMP-2-loaded GelMA hydrogels. (D) Representative SEM image of
the microstructure of GelMA and BMP-2 loaded GelMA hydrogels. Scale bar 25 µm.

2.2. Scanning Electron Microscopy (SEM)

The microstructural characterization of different hydrogels was evaluated using scan-
ning electron microscopy (Quanta-400, FEI, Hillsboro, OR, USA) at an accelerating voltage
of 10 kV. Hydrogel samples were frozen, lyophilized until dry, and coated with gold powder
before observation. Cross-sectional images were obtained.

2.3. Degradation Test In Vitro

To investigate the degradation of the GelMA hydrogel and BMP-2-loaded hydrogel,
all samples were soaked in PBS solution at 37 ◦C in a shaker. The ratio of the PBS volume
to the hydrogel was set to 1 mL:100 mg. At days 1, 3, 7, 10, 14, and 21, the samples were
lyophilized for 24 h and weighed.

2.4. Swelling Test In Vitro

The swelling property of hydrogel samples was evaluated by the weighing method.
Briefly, all hydrogel samples were lyophilized to obtain their dry weight. Then, the hydro-
gels were immersed in 10 times their volume in PBS at 37 ◦C for 1, 3, 5, and 10 h. Thereafter,
the swelling weights (wet weight) were measured. The swelling ratio was calculated based
on the formula: (wet weight − dry weight)/dry weight.

2.5. Establishment of Critical-Size Mandibular Defect Model in Rats

The critical-size mandibular defect model in rats was established based on previous
descriptions with optimization [21,22], after obtaining ethical approval from the animal
experiment ethics committee of the Chinese University of Hong Kong. Female SD rats
(3 months old) were used. After deep anaesthesia by intra-peritoneal (i.p.) injection of
a mixture of xylazine, ketamine, and saline (ratio 2:3:3, at a dose of 0.2 mL/100 g body
weight). An incision overlying and parallel to the left mandible was made to expose the
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angle of the mandible. A circular defect was created using a 4 mm circular drill at the
mandible. Bone dusts were removed by saline irrigation. Thereafter, the wounds were
directly closed for rats in the control group (Ctrl, n = 3–4 per time points). A GelMA
hydrogel or BMP-2-loaded GelMA hydrogel was implanted into the defect for rats in the
hydrogel (Gel, n = 4 per time points) or BMP-2-loaded hydrogel (BMP-2 Gel, n = 4 per time
points) group, respectively. Lastly, the wound was closed. The rats were allowed to recover
on a heating pad. After surgery, i.p. injection of temgesic (0.05 mg/kg of body weight) were
conducted twice daily for 2 days to minimize pain for the rats. At weeks 2 and 8, the rats
were euthanized by a lethal dose of pentobarbital (25%) before samples were harvested.

2.6. Micro-CT (µCT) Scanning

The fixed mandible samples were scanned by µCT (µCT 40, SCANCO MEDICAL, Brt-
tisellen, Switzerland; voltage = 70 kV; current = 113 µA; voxel size = 15 µm; threshold = 200).
The microarchitecture of the newly generated bone (defined as a 5 × 5 × 1.5 mm3 vol-
ume) in the mandibular defect was evaluated. Bone volume/total tissue volume (BV/TV),
trabecular thickness (Tb.Th), bone mineral density (BMD), and trabecular number (Tb.N)
were calculated [23].

2.7. Histomorphometric Analysis

The mandibles were fixed in 4% PFA for 2 days, decalcified in 9% formic acid for 7 days
before paraffin embedding. Sections 5 µm thick were prepared. For H&E staining [24,25],
after deparaffinization and hydration, the sections were stained with hematoxylin for
10 min and eosin for 2 min. Then, the sections were mounted with DPX (Sigma, #44581).
Trichrome staining was performed using the Trichrome Staining Kit (abcam, Cambridge,
UK ab150686), according to the manufacturer’s instructions [26]. The interface of new bone
to old bone was identified, and the area of new bone and old bone were measured using
ImageJ, based on the H&E slides. The ratio of new bone to old bone was calculated.

2.8. Immunofluorescent (IF) Staining

IF staining was performed according to our previous protocols [24,26,27]. After
deparaffinization and hydration, the sections were subjected to a heat-induced antigen
retrieval using 10 mM citrate buffer for 20 min. Thereafter, the sections were blocked in
1*PBST, supplemented with 0.3% Triton X-100, 1% BSA, and 2% FBS for 30 min at room
temperature, followed by incubation with the appropriate dilution of primary antibodies
(Supplementary Table S1), including anti-CD31, anti-Emcn, anti-Osx, anti-CD51, anti-
CD200, and anti-CD105, in 1*PBST supplemented with 0.05% Triton X-100, 1% BSA, and
2% FBS, overnight, at 4 ◦C. The sections were washed three times and incubated with the
appropriate dilution of secondary antibodies (Supplementary Table S1), including Alexa
Fluor 488, 546, or 647 conjugated anti-rat, anti-mouse, anti-rabbit, or anti-goat antibodies
for 1 h at room temperature. The sections were washed three times before being mounted
by DAPI (ThermoFisher Scientific, P36934, Waltham, MA, USA). Three to four images were
captured from each section. The fraction of CD31+ Emcn+ to the fields, as well as the
percentage of either CD51+, Osx+, and CD51+ CD200 or CD51+ CD105 to total cells in the
fields were calculated and averaged.

2.9. Statistical Analysis

Sample size was estimated by power calculations based on our pilot study. Four rats
per group were sufficient to detect a 30% difference in the ratio of new bone to old bone
between the hydrogel and BMP-2-loaded hydrogel group at week 2 post-implantation.
The histological semi-quantitative analysis was performed on three sections, with an
interval of 100 µm. The average was used for subsequent statistical analysis. Histological
semi-quantitative analysis and µCT data evaluation were performed by two colleagues
in a blinded fashion. In cases of discrepancies, opinions from a third co-investigator
were sought. Differences among the groups were analyzed using one-way ANOVA and
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Dunn’s multiple comparisons test using GraphPad Prism software (Version 8.2). Statistical
significance was defined as p < 0.05.

3. Results
3.1. Characterization of BMP-2-Loaded Hydrogel

The in vitro degradation pattern of the GelMA hydrogel and BMP-2-loaded GelMA
hydrogel were evaluated by soaking the samples in PBS. The results showed no difference
in the degradation rate between groups (Figure 1B). The weight loss of the GelMA hydrogel
and BMP-2-loaded GelMA hydrogel reached 74.1 ± 4.6 and 76.6 ± 4.0% within 21 days
(Figure 1B), respectively. Both hydrogels were fully swelled in PBS at 37 ◦C for 10 h. The
final mass swelling ratios of the GelMA hydrogels and BMP-2-loaded GelMA hydrogels
were 734.6 ± 5.5 and 731.3 ± 11.4%, respectively (Figure 1C). They all exhibited good
hydrophilicity and water absorption, and could recover its initial shape in a short time.
The internal porous structure and morphology of hydrogels were evaluated by SEM.
The hydrogels had a randomly oriented porous structure with a diameter of 30–100 µm
(Figure 1D). BMP-2 uniformly attached to the hydrogel networks in a filamentous-like
structure (Figure 1D). Although the inner wall of the hydrogel shrank and collapsed after
loading BMP-2, BMP-2-loaded hydrogels still possessed a porous structure (Figure 1D). As
reported, such structures of hydrogels provided advantages for protein adsorption, cell
adhesion, and infiltration [28].

3.2. Implantation of BMP-2-Loaded Hydrogel Promotes Bone Regeneration of Mandibular Defect

To evaluate the regenerative efficacy of the BMP-2-loaded hydrogel in the mandible,
we established a critical-size mandibular defect model in rats (Figure 2A). Histological
analysis showed that only a small amount of new bone formed surrounding the old bone
at the defect sides in the blank control group at week 2, indicating weak intramembranous
ossification (Figure 2B). Similar results were found in the group treated by hydrogel
without BMP-2 (Figure 2B). In contrast, the BMP-2-loaded hydrogel significantly enhanced
intramembranous ossification and enlarged the formation of new bone. The ratio of new
bone to old bone (NB/OB) also dramatically increased compared with either the control
or hydrogel group (Figure 2B,C). At week 8, there was no evident increase in new bone
formation at the defect sides in both control and hydrogel groups (Figure 2B). In the
BMP-2-loaded hydrogel group, new bone was continuously formed toward the center of
the defect site. We further observed that previously formed bony tissue was gradually
flattened, and the thickness of trabecular bone within the new bone was increased in all the
groups (Figure 2B). The NB/OB ratio in the BMP-2-loaded hydrogel group was slightly
decreased at week 8, relative to that of week 2, which may have resulted from remodeling;
the BMP-2-loaded hydrogel group still showed the highest NB/OB ratio among all the
groups at week 8 post-operation (Figure 2B,C).

µCT scanning showed that the BV/TV ratio in the BMP-2-loaded hydrogel group
was significantly higher than that of the control group at both week 2 and 8 (Figure 2D,E).
Implantation of the hydrogel alone only slightly increased the BV/TV ratio (Figure 2D,E).
The Tb.N was markedly increased in the BMP-2-loaded hydrogel group at week 2, whereas
the difference in Tb.N among the groups was not significant at week 8, which may have
been due to the gradually increased Tb.Th at this time point (Figure 2D,E). In addition, the
BMD showed no significant difference among the groups (Figure 2D,E).

3.3. BMP-2 Induces Angiogenesis and Growth of Functional Vessels

Functional vessels and associated stem or progenitor cells are responsible for initiation
of intramembranous ossification [29–31]. Type H vessels expressing high levels of CD31
and Emcn serve as one of the key functional vessel subtypes that drive the coupling of
angiogenesis and osteogenesis [9,10]. In this study, we performed immunofluorescence (IF)
to determine the distribution of type H vessels in the mandibular defect model. We found
that type H vessels were mainly distributed at the interface of new bone to defect and
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the surface of trabecular bone of the newly regenerated bone (Figure 3A, Supplementary
Figure S1). At week 2, there was limited growth of type H vessels in the new bone of the
control group; implantation of the hydrogel alone did not promote the growth of type H
vessels in the new bone relative to the control (Figure 3A, Supplementary Figure S1). We
found that the BMP-2-loaded hydrogel dramatically induced the invasion of type H vessels,
especially at the interface of new bone to defect (Figure 3A, Supplementary Figure S1). The
area fraction of CD31+ Emcn+ to new bone significantly increased in the BMP-2-loaded
hydrogel group relative to the control and hydrogel only groups (Figure 3B). At week 8,
the growth of type H vessels in the new bone was markedly reduced among all the groups,
with a decreased area fraction of CD31+ Emcn+ to new bone (Figure 3A,B, Supplementary
Figure S1). There was only scattered CD31+ Emcn+ vessels in the new bone of the control
and hydrogel only groups (Figure 3A, Supplementary Figure S1). Although the invasion
of type H vessels was reduced, the area fraction of CD31+ Emcn+ to new bone in the
BMP-2-loaded hydrogel group was still significantly higher than those in other groups
(Figure 3A,B, Supplementary Figure S1).
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Figure 2. Implantation of BMP-2-loaded hydrogel promoted bone regeneration in mandibular defects
of rats. (A) Schematic chart of the study design. (B) Trichrome staining of mandibular bone. Scale bar,
250 µm. The black dashed line indicates the border of the new bone and old bone. NB: new bone, OB:
old bone. (C) Quantitative analysis of the ratio of new bone to old bone (NB/OB). (D) Reconstructed
3D images of the defect in mandibular bone. Scale bar, 750 µm. (E) Quantitative analysis of bone
volume/total tissue volume (BV/TV), trabecular number (Tb.N), bone mineral density (BMD), and
trabecular thickness (Tb.Th). The p value was calculated by one-way ANOVA and Dunn’s multiple
comparisons test.
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mandibular bone. Scale bar, 50 µm. The white arrow indicates the type H vessels. (B) Quantitative
analysis of the area fraction of type H vessels in the new bone. The p value was calculated by one-way
ANOVA and Dunn’s multiple comparisons test.

3.4. BMP-2 Enhances the Coupling of Angiogenesis and Osteogenesis

To further confirm the functional vessels invaded in the new bone and investigate
the coupling of angiogenesis and osteogenesis with or without implantation of the BMP-
2-loaded hydrogel, we co-stained Emcn and osterix (Osx) in the newly formed bone
using IF staining. We identified that the Osx+ osteoprogenitor cells were mainly dis-
tributed adjacent to the Emcn+ vessels (Figure 4A, Supplementary Figure S2). At week 2
post-operation, there was no difference between control and hydrogel groups in terms
of Osx+ osteoprogenitor cell infiltration in the new bone (Figure 4A, Supplementary
Figure S2). In the BMP-2-loaded hydrogel group, the regenerated bone harbored more
abundant Emcn+ vessels and associated Osx+ osteoprogenitor cells than those in the
control and hydrogel groups (Figure 4A, Supplementary Figure S2). Quantitative data
based on the IF staining further showed that the percentage of Osx+ cells to total cells in
the new bone was significantly elevated in the BMP-2-loaded hydrogel group compared
with the control and hydrogel group, which indicated an enhanced coupling of angio-
genesis and osteogenesis induced by BMP-2 (Figure 4A,B, Supplementary Figure S2).
At week 8, with the declining vascularization, the number of Osx+ osteoprogenitor
cells in the newly generated bone decreased among all the groups; however, the BMP-
2-loaded hydrogel group had relatively higher numbers of Osx+ osteoprogenitor cells
(Figure 4A,B, Supplementary Figure S2).
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3.5. BMP-2 Recruits Abundant Skeletal Stem Cells

CD51 has been identified as a relative specific marker expressed in both SSCs
and their multi-potent progeny [8,11,12]. In this study, we measured the distribution
and frequency of CD51+ cells in the newly regenerated surface of the trabecular bone
and interface of bone to defect where abundant vasculature (region of Emcn+) was
observed (Figure 5A, Supplementary Figure S3). At week 2, we found limited numbers
of CD51+ cells in the newly generated bone in both the control and hydrogel groups
(Figure 5A, Supplementary Figure S3). After implantation of the BMP-2-loaded hydrogel,
the regenerated bone harbored larger numbers of CD51+ cells (Figure 5A, Supplementary
Figure S3). Quantitative data further showed that the percentage of CD51+ cells to
total cells was significantly increased in the BMP-2-loaded hydrogel group compared
with the other groups (Figure 5A,B, Supplementary Figure S3). Moreover, we found
that multiple CD51+ cells always adhered together and formed cell clusters at week 2
after implantation of the BMP-2-loaded hydrogel, indicating enhanced cell expansion
(Figure 5A, Supplementary Figure S3). At week 8, the number of CD51+ cells declined
in all groups, indicating weak anabolism of bone at the late healing stage (Figure 5A,B,
Supplementary Figure S3).
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the CD51+ SSCs and descendants. The hollow arrow indicates the vessels. (B) Quantitative analysis
of the number of CD51+ cells in the new bone. The p value was calculated by one-way ANOVA and
Dunn’s multiple comparisons test.

Previous studies reported that SSCs (CD51+ CD200+) could further differentiate
into their multi-potent descendants, BCSPs (CD51+ CD105+), chondroprogenitors (OPs)
(CD51+ CD90+ CD105+ CD200+), and OPs (CD51+ CD90+ CD105+), which subsequently
participated in tissue regeneration [8,11]. In this study, we determined the fraction of CD51+
CD200+ SSCs and their CD51+ CD105+ descendants in total CD51+ cells using IF staining.
The results showed that the percentage of CD51+ CD200+ SSCs to CD 51+ cells reached
around 30% in the control and hydrogel groups at week 2 post-operation; the percentage of
CD51+ CD200 SSCs slightly increased up to around 40% in the BMP-2-loaded hydrogel
group (Figure 6A,C, Supplementary Figure S4). At week 8, the proportion of CD51+ CD200+
SSCs in CD51+ cells remained around 30% among the groups (Figure 6A,C, Supplementary
Figure S4). At week 2 post-operation, the percentages of CD51+ CD105+ descendants
in total CD51 cells were around 30% in both control and hydrogel groups (Figure 6B,D,
Supplementary Figure S5). Intriguingly, the number of CD51+ CD105+ descendants was
significantly increased after implantation of the BMP-2-loaded hydrogel compared with
the control and hydrogel groups (Figure 6B,D, Supplementary Figure S5). Quantitative
data showed that the fraction of CD51+ CD105+ cells in total CD51+ cells increased to
around 50% in the BMP-2-loaded hydrogel group (Figure 6B,D, Supplementary Figure S5).
At week 8 after implantation, the fractions of CD51+ CD105+ cells were increased to
around 40% (around 30% at week 2) in both the control and hydrogel groups (Figure 6B,D,
Supplementary Figure S5). The BMP-2-loaded hydrogel group had a proportion of CD51+
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CD105+ descendants of around 50% (Figure 6B,D, Supplementary Figure S5). The above
results indicate that the implanted BMP-2 facilitated the differentiation of SSCs into their
multi-potent progenies.
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4. Discussion

In this study, we developed a BMP-2-loaded hydrogel and investigated its efficacy
in promoting bone regeneration after implantation in critical-size mandibular defect. We
found that implantation of BMP-2-loaded hydrogel facilitated bone regeneration. BMP-2-
induced new bone comprised abundant type H vessels and associated Osx+ osteoprogenitor
cells. Furthermore, we observed that BMP-2 recruited more CD51+ SSCs, adjacent to the
invaded vessels in the newly regenerated bone. The enhanced coupling of angiogenesis
and osteogenesis mediated by BMP-2 contributes to mandibular regeneration.

During embryonic development, the neural crest drives the formation of the
mandible [6,8]. The process of mandibular development mainly undergoes intramem-
branous ossification [6,7]. We confirm that the healing of mandibular defects also depends
on periosteum-mediated intramembranous ossification in the animal model of our present
study, indicating that the healing of mandibular defects may mimic the process of mandibu-
lar development. The BMP-2 signaling pathway is essential in regulating bone formation
during mandibular development [32]. In this study, we observed that implantation of a
BMP-2-loaded hydrogel stimulated enhanced intramembranous ossification.

Enhanced angiogenesis is indispensable to intramembranous ossification [33]. Type
H vessels with high co-expression of CD31 and Emcn was involved in bone regeneration
by supporting the perivascular Osx+ osteoprogenitor cells [9]. A recent study confirmed
the existence of type H vessels in the mandibular condyle [10]. However, the roles of
type H vessels in mandibular defect healing has yet not been determined. In the present
study, we found that CD31+ Emcn+ type H vessel invaded into the newly generated
bone associated with Osx+ osteoprogenitor cells, indicating that type H vessels indeed
participate in the bone regeneration of mandibular defects. In addition, our histological
analysis showed that the bone regeneration of mandibular defects was mainly contributed
to by intramembranous ossification, which is regulated by the periosteum. As extensive
vascularization is a representative feature of the periosteum [31,34–36], we speculate that
the type H vessels that drive bone regeneration in mandibular defects may originate from
the periosteum. The exact distribution and function of type H vessels in the periosteum
of the mandible require further investigation. BMP-2 has been demonstrated as a pivotal
growth factor for angiogenesis in bone regeneration [37,38]. Previous studies also show
that BMP-2 can induce the growth of type H vessels [17,31]. In this study, we found that
BMP-2-induced newly formed bone harbored abundant CD31+ Emcn+ type H vessels
coupled with a large number of Osx+ osteoprogenitor cells. Our findings demonstrate
that implantation of a BMP-2-loaded hydrogel can facilitate type H vessel invasion and
associated osteoprogenitor cell infiltration in mandibular defect healing, which is consistent
with previous reports [17,31].

A previous study demonstrated that mandibular distraction activated SSCs that con-
tribute to new bone formation, indicating the essential role of SSCs in mandibular regenera-
tion [8]. In the current study, we measured the occurrence of SSCs in a mandibular defect
model. We found that SSCs and their descendants were mainly distributed at the surface of
trabecular bone and the interface of bone and defect. We also observed that the SSCs were
adjacent to blood vessels, indicating that the SSCs may also be maintained by the blood
vessels. After implantation of the BMP-2-loaded hydrogel, the SSCs and their descendants
significantly increased. Moreover, multiple CD51+ cells adhered together and formed
cell clusters, indicating that the released BMP-2 promotes the expansion of SSCs [11,39].
BMP-2 also has the capacity of determining the cell fate of SSCs [11]. Here, we further
evaluated the fractions of either CD51+ CD200+ SSC or CD51+ CD105+ SSC descendants.
Our results showed that the percentage of CD51+ CD105+ SSC descendants markedly
increased after implantation of the BMP-2-loaded hydrogel. These results indicated that
the released BMP-2 may promote SSC differentiation into their multi-potent descendants
and participate in subsequent bone regeneration. On the other hand, histological analyses
showed no cartilage tissue at the defect side, indicating that SSCs may ultimately commit to
the OP lineage. Vascular endothelial growth factor (VEGF) is another crucial growth factor
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that is involved in osteogenesis and manipulating the fate of SSCs [11,12,40–42]. VEGF
or its antagonist can work together with BMP-2 to promote BCSP differentiation to OPs
(BMP-2 + VEGF or VEGF agonist) or CPs (BMP-2 + VEGF antagonist or inhibitor) [11,12].
As we found that the SSCs were mainly distributed adjacent to blood vessels, we speculate
that VEGF secreted from these vessels may participate in driving BCSP differentiation to
the OP lineage. After implantation of the BMP-2-loaded hydrogel, the released BMP-2
could also stimulate the invasion of blood vessels, which may further support the cell
fate determination of associated SSCs. Therefore, hydrogel-released BMP-2 and vessel-
secreted VEGF appear to be important mechanisms affecting SSC lineage commitment.
However, the exact relationship between functional blood vessels and SSCs during the bone
regeneration of mandibular defects requires further clarification in future investigations.

Previous studies have demonstrated that a BMP-2 (50 µg/mL)-loaded hydrogel can
offer rapid release of around 60% BMP-2 after the first 24 h, followed by a slower and
sustainable release with 0.3–0.5% of the loaded BMP-2 every 2–3 days [43,44]. Our present
study found that implantation of a BMP-2-loaded hydrogel dramatically elevated bone
formation in the mandibular defect model. However, the mandibular defect in our study
was still not completely healed in BMP-2-loaded hydrogel group. Thus, the doses of BMP-2
and release pattern of hydrogel require further modifications for massive bone regeneration
of critical-size mandibular defects.

5. Conclusions

Our current work provides evidence that implantation of a BMP-2-loaded hydrogel
augments the bone regeneration of critical-size mandibular defects in rats. Enhanced
coupling of angiogenesis and osteogenesis appears to the key mechanisms underlying the
effect of BMP-2 on mandibular regeneration. BMP-2 and hydrogel have been approved for
clinical use, and their combined application may favor bioactivity and biocompatibility, two
essential elements in regenerative medicine. Herewith, the strategy of the BMP-2-loaded
hydrogel may be promising for bone regeneration of mandibular defects, and warrants
further clinical investigation before wide clinical application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14112397/s1, Figure S1: Immunofluorescent stain-
ing of type H vessels (CD31+ Emcn+) in the mandibular bone. Scale bar, 250 µm; Figure S2: Im-
munofluorescent staining of Osx+ osteoprogenitor cells and Emcn+ vessels in the mandibular bone.
Scale bar, 250 µm; Figure S3: Immunofluorescent staining of CD51+ cells and Emcn+ vessels in the
mandibular bone. Scale bar, 250 µm; Figure S4: Immunofluorescent staining of CD51+ CD200+ SSCs
and Emcn+ vessels in the new bone. Scale bar, 250 µm; Figure S5: Immunofluorescent staining of
CD51+ CD105+ SSCs and Emcn+ vessels in the new bone. Scale bar, 250 µm; Table S1: Information of
antibodies used in this study.

Author Contributions: Conceptualization, J.X., L.Q., H.Y. and J.G.; methodology, H.Y., W.T., L.Z.,
L.C. and J.G.; software, H.Y. and J.G.; validation, W.Z., W.T., L.Z., H.Y. and J.G.; formal analysis, H.Y.
and J.G.; investigation, L.C., W.Z., H.Y. and J.G.; resources, X.W., Y.L., L.Q. and J.X.; data curation,
L.Q., J.X., H.Y. and J.G.; writing—original draft preparation, H.Y.; writing—review and editing, X.W.,
Y.L., Y.S., L.Q. and J.X.; visualization, J.X., L.Q., H.Y. and J.G.; supervision, L.Q. and J.X.; project
administration, L.Q. and J.X.; funding acquisition, L.Q. and J.X. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by Areas of Excellence Scheme (AoE/M402/20) under the
Research Grant Council of Hong Kong, Mainland Hong Kong Joint Funding Scheme (MHP/030/20),
and National Natural Science Foundation of China (81802152 and 32171332).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Experimentation Ethics Committee of the Chinese University of Hong Kong. (Ref No. 21-059-CMF,
date of approval 3 May 2021).

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/pharmaceutics14112397/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14112397/s1


Pharmaceutics 2022, 14, 2397 13 of 14

Data Availability Statement: The data presented in this study are available upon contacting with
the corresponding authors.

Acknowledgments: We acknowledge the Li Ka-Shing Institute of Health Sciences (LiHS) for provid-
ing a harmonious working environment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pare, A.; Bossard, A.; Laure, B.; Weiss, P.; Gauthier, O.; Corre, P. Reconstruction of segmental mandibular defects: Current

procedures and perspectives. Laryngoscope Investig. Otolaryngol. 2019, 4, 587–596. [CrossRef] [PubMed]
2. Ferreira, J.J.; Zagalo, C.M.; Oliveira, M.L.; Correia, A.M.; Reis, A.R. Mandible reconstruction: History, state of the art and persistent

problems. Prosthet Orthot. Int. 2015, 39, 182–189. [CrossRef] [PubMed]
3. Kim, R.Y.; Sokoya, M.; Ducic, Y.; Williams, F. Free-Flap Reconstruction of the Mandible. Semin. Plast Surg. 2019, 33, 46–53.

[CrossRef] [PubMed]
4. Ling, X.F.; Peng, X. What is the price to pay for a free fibula flap? A systematic review of donor-site morbidity following free

fibula flap surgery. Plast. Reconstr. Surg. 2012, 129, 657–674. [CrossRef] [PubMed]
5. Momoh, A.O.; Yu, P.; Skoracki, R.J.; Liu, S.; Feng, L.; Hanasono, M.M. A prospective cohort study of fibula free flap donor-site

morbidity in 157 consecutive patients. Plast. Reconstr. Surg. 2011, 128, 714–720. [CrossRef] [PubMed]
6. Ye, X.; He, J.; Wang, S.; Han, Q.; You, D.; Feng, B.; Zhao, F.; Yin, J.; Yu, M.; Wang, H.; et al. A hierarchical vascularized engineered

bone inspired by intramembranous ossification for mandibular regeneration. Int. J. Oral Sci. 2022, 14, 31. [CrossRef]
7. Parada, C.; Chai, Y. Mandible and Tongue Development. Curr. Top. Dev. Biol. 2015, 115, 31–58. [CrossRef]
8. Ransom, R.C.; Carter, A.C.; Salhotra, A.; Leavitt, T.; Marecic, O.; Murphy, M.P.; Lopez, M.L.; Wei, Y.; Marshall, C.D.;

Shen, E.Z.; et al. Mechanoresponsive stem cells acquire neural crest fate in jaw regeneration. Nature 2018, 563, 514–521. [CrossRef]
9. Kusumbe, A.P.; Ramasamy, S.K.; Adams, R.H. Coupling of angiogenesis and osteogenesis by a specific vessel subtype in bone.

Nature 2014, 507, 323–328. [CrossRef]
10. Li, H.; Liao, L.; Hu, Y.; Xu, Y.; Zhang, Y.; Huo, F.; Tian, W.; Guo, W. Identification of Type H Vessels in Mice Mandibular Condyle.

J. Dent. Res. 2021, 100, 983–992. [CrossRef]
11. Chan, C.K.; Seo, E.Y.; Chen, J.Y.; Lo, D.; McArdle, A.; Sinha, R.; Tevlin, R.; Seita, J.; Vincent-Tompkins, J.; Wearda, T.; et al.

Identification and specification of the mouse skeletal stem cell. Cell 2015, 160, 285–298. [CrossRef] [PubMed]
12. Murphy, M.P.; Koepke, L.S.; Lopez, M.T.; Tong, X.; Ambrosi, T.H.; Gulati, G.S.; Marecic, O.; Wang, Y.; Ransom, R.C.;

Hoover, M.Y.; et al. Articular cartilage regeneration by activated skeletal stem cells. Nat. Med. 2020, 26, 1583–1592. [CrossRef]
[PubMed]

13. Burkus, J.K.; Gornet, M.F.; Schuler, T.C.; Kleeman, T.J.; Zdeblick, T.A. Six-year outcomes of anterior lumbar interbody arthrodesis
with use of interbody fusion cages and recombinant human bone morphogenetic protein-2. J. Bone Jt. Surg. Am. 2009, 91,
1181–1189. [CrossRef]

14. Subach, B.R.; Haid, R.W.; Rodts, G.E.; Kaiser, M.G. Bone morphogenetic protein in spinal fusion: Overview and clinical update.
Neurosurg. Focus 2001, 10, E3. [CrossRef] [PubMed]

15. Wen, Y.D.; Jiang, W.M.; Yang, H.L.; Shi, J.H. Exploratory meta-analysis on dose-related efficacy and complications of rhBMP-2 in
anterior cervical discectomy and fusion: 1,539,021 cases from 2003 to 2017 studies. J. Orthop. Transl. 2020, 24, 166–174. [CrossRef]
[PubMed]

16. Zhang, Y.; Jiang, Y.; Zou, D.; Yuan, B.; Ke, H.Z.; Li, W. Therapeutics for enhancement of spinal fusion: A mini review. J. Orthop.
Transl. 2021, 31, 73–79. [CrossRef] [PubMed]

17. Wang, X.; Li, F.; Xie, L.; Crane, J.; Zhen, G.; Mishina, Y.; Deng, R.; Gao, B.; Chen, H.; Liu, S.; et al. Inhibition of overactive TGF-beta
attenuates progression of heterotopic ossification in mice. Nat. Commun. 2018, 9, 551. [CrossRef]

18. Guo, J.X.; Yao, H.; Li, X.; Chang, L.; Wang, Z.X.; Zhu, W.Y.; Su, Y.X.; Qin, L.; Xu, J.K. Advanced Hydrogel systems for mandibular
reconstruction. Bioact. Mater. 2023, 21, 175–193. [CrossRef]

19. Zhu, M.; Wang, Y.; Ferracci, G.; Zheng, J.; Cho, N.J.; Lee, B.H. Gelatin methacryloyl and its hydrogels with an exceptional degree
of controllability and batch-to-batch consistency. Sci. Rep. 2019, 9, 6863. [CrossRef]

20. Daniele, M.A.; Adams, A.A.; Naciri, J.; North, S.H.; Ligler, F.S. Interpenetrating networks based on gelatin methacrylamide and
PEG formed using concurrent thiol click chemistries for hydrogel tissue engineering scaffolds. Biomaterials 2014, 35, 1845–1856.
[CrossRef]

21. Miller, M.Q.; McColl, L.F.; Arul, M.R.; Nip, J.; Madhu, V.; Beck, G.; Mathur, K.; Sahadeo, V.; Kerrigan, J.R.; Park, S.S.; et al.
Assessment of Hedgehog Signaling Pathway Activation for Craniofacial Bone Regeneration in a Critical-Sized Rat Mandibular
Defect. JAMA Facial Plast. Surg. 2019, 21, 110–117. [CrossRef] [PubMed]

22. DeConde, A.S.; Lee, M.K.; Sidell, D.; Aghaloo, T.; Lee, M.; Tetradis, S.; Low, K.; Elashoff, D.; Grogan, T.; Sepahdari, A.R.; et al.
Defining the critical-sized defect in a rat segmental mandibulectomy model. JAMA Otolaryngol. Head Neck Surg. 2014, 140, 58–65.
[CrossRef] [PubMed]

23. Zhu, W.Y.; Guo, J.; Yang, W.F.; Tao, Z.Y.; Lan, X.; Wang, L.; Xu, J.; Qin, L.; Su, Y.X. Biodegradable magnesium implant enhances
angiogenesis and alleviates medication-related osteonecrosis of the jaw in rats. J. Orthop. Transl. 2022, 33, 153–161. [CrossRef]

http://doi.org/10.1002/lio2.325
http://www.ncbi.nlm.nih.gov/pubmed/31890875
http://doi.org/10.1177/0309364613520032
http://www.ncbi.nlm.nih.gov/pubmed/24570020
http://doi.org/10.1055/s-0039-1677791
http://www.ncbi.nlm.nih.gov/pubmed/30863212
http://doi.org/10.1097/PRS.0b013e3182402d9a
http://www.ncbi.nlm.nih.gov/pubmed/22090247
http://doi.org/10.1097/PRS.0b013e318221dc2a
http://www.ncbi.nlm.nih.gov/pubmed/21572380
http://doi.org/10.1038/s41368-022-00179-z
http://doi.org/10.1016/bs.ctdb.2015.07.023
http://doi.org/10.1038/s41586-018-0650-9
http://doi.org/10.1038/nature13145
http://doi.org/10.1177/00220345211002120
http://doi.org/10.1016/j.cell.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25594184
http://doi.org/10.1038/s41591-020-1013-2
http://www.ncbi.nlm.nih.gov/pubmed/32807933
http://doi.org/10.2106/JBJS.G.01485
http://doi.org/10.3171/foc.2001.10.4.4
http://www.ncbi.nlm.nih.gov/pubmed/16732630
http://doi.org/10.1016/j.jot.2020.01.002
http://www.ncbi.nlm.nih.gov/pubmed/33101967
http://doi.org/10.1016/j.jot.2021.11.001
http://www.ncbi.nlm.nih.gov/pubmed/34934624
http://doi.org/10.1038/s41467-018-02988-5
http://doi.org/10.1016/j.bioactmat.2022.08.001
http://doi.org/10.1038/s41598-019-42186-x
http://doi.org/10.1016/j.biomaterials.2013.11.009
http://doi.org/10.1001/jamafacial.2018.1508
http://www.ncbi.nlm.nih.gov/pubmed/30520953
http://doi.org/10.1001/jamaoto.2013.5669
http://www.ncbi.nlm.nih.gov/pubmed/24232293
http://doi.org/10.1016/j.jot.2022.03.004


Pharmaceutics 2022, 14, 2397 14 of 14

24. Yao, H.; Xu, J.; Wang, J.; Zhang, Y.; Zheng, N.; Yue, J.; Mi, J.; Zheng, L.; Dai, B.; Huang, W.; et al. Combination of magnesium ions
and vitamin C alleviates synovitis and osteophyte formation in osteoarthritis of mice. Bioact. Mater. 2021, 6, 1341–1352. [CrossRef]
[PubMed]

25. Yao, H.; Xu, J.K.; Zheng, N.Y.; Wang, J.L.; Mok, S.W.; Lee, Y.W.; Shi, L.; Wang, J.Y.; Yue, J.; Yung, S.H.; et al. Intra-articular injection
of magnesium chloride attenuates osteoarthritis progression in rats. Osteoarthr. Cartil. 2019, 27, 1811–1821. [CrossRef]

26. Yao, Z.; Yuan, W.; Xu, J.; Tong, W.; Mi, J.; Ho, P.C.; Chow, D.H.K.; Li, Y.; Yao, H.; Li, X.; et al. Magnesium-Encapsulated Injectable
Hydrogel and 3D-Engineered Polycaprolactone Conduit Facilitate Peripheral Nerve Regeneration. Adv. Sci. 2022, 9, e2202102.
[CrossRef] [PubMed]

27. Mi, J.; Xu, J.K.; Yao, Z.; Yao, H.; Li, Y.; He, X.; Dai, B.Y.; Zou, L.; Tong, W.X.; Zhang, X.T.; et al. Implantable Electrical Stimulation at
Dorsal Root Ganglions Accelerates Osteoporotic Fracture Healing via Calcitonin Gene-Related Peptide. Adv. Sci. 2022, 9, e2103005.
[CrossRef]

28. Li, Q.; Xu, S.; Feng, Q.; Dai, Q.; Yao, L.; Zhang, Y.; Gao, H.; Dong, H.; Chen, D.; Cao, X. 3D printed silk-gelatin hydrogel scaffold
with different porous structure and cell seeding strategy for cartilage regeneration. Bioact. Mater. 2021, 6, 3396–3410. [CrossRef]

29. Orwoll, E.S. Toward an expanded understanding of the role of the periosteum in skeletal health. J. Bone Min. Res. 2003, 18,
949–954. [CrossRef]

30. Chang, H.; Knothe Tate, M.L. Concise review: The periosteum: Tapping into a reservoir of clinically useful progenitor cells. Stem
Cells Transl. Med. 2012, 1, 480–491. [CrossRef]

31. Dai, K.; Deng, S.; Yu, Y.; Zhu, F.; Wang, J.; Liu, C. Construction of developmentally inspired periosteum-like tissue for bone
regeneration. Bone Res. 2022, 10, 1. [CrossRef] [PubMed]

32. desJardins-Park, H.E.; Mascharak, S.; Longaker, M.T.; Wan, D.C. Endogenous Mechanisms of Craniomaxillofacial Repair: Toward
Novel Regenerative Therapies. Front. Oral Health 2021, 2, 676258. [CrossRef] [PubMed]

33. Cao, H.; Li, L.; Li, L.; Meng, X.; Liu, Y.; Cheng, W.; Zhang, P.; Gao, Y.; Qin, L.; Wang, X. New use for old drug: Local delivery of
puerarin facilitates critical-size defect repair in rats by promoting angiogenesis and osteogenesis. J. Orthop. Transl. 2022, 36, 52–63.
[CrossRef] [PubMed]

34. Gao, B.; Deng, R.; Chai, Y.; Chen, H.; Hu, B.; Wang, X.; Zhu, S.; Cao, Y.; Ni, S.; Wan, M.; et al. Macrophage-lineage TRAP+ cells
recruit periosteum-derived cells for periosteal osteogenesis and regeneration. J. Clin. Investig. 2019, 129, 2578–2594. [CrossRef]
[PubMed]

35. Zhang, X.; Awad, H.A.; O’Keefe, R.J.; Guldberg, R.E.; Schwarz, E.M. A perspective: Engineering periosteum for structural bone
graft healing. Clin. Orthop. Relat. Res. 2008, 466, 1777–1787. [CrossRef] [PubMed]

36. Allen, M.R.; Hock, J.M.; Burr, D.B. Periosteum: Biology, regulation, and response to osteoporosis therapies. Bone 2004, 35,
1003–1012. [CrossRef]

37. Chen, J.; Zhou, X.; Sun, W.; Zhang, Z.; Teng, W.; Wang, F.; Sun, H.; Zhang, W.; Wang, J.; Yu, X.; et al. Vascular Derived ECM
Improves Therapeutic Index of BMP-2 and Drives Vascularized Bone Regeneration. Small 2022, 18, e2107991. [CrossRef]

38. Kim, D.S.; Lee, J.K.; Kim, J.H.; Lee, J.; Kim, D.S.; An, S.; Park, S.B.; Kim, T.H.; Rim, J.S.; Lee, S.; et al. Advanced PLGA hybrid
scaffold with a bioactive PDRN/BMP2 nanocomplex for angiogenesis and bone regeneration using human fetal MSCs. Sci. Adv.
2021, 7, eabj1083. [CrossRef]

39. Papageorgiou, P.; Vallmajo-Martin, Q.; Kisielow, M.; Sancho-Puchades, A.; Kleiner, E.; Ehrbar, M. Expanded skeletal stem and
progenitor cells promote and participate in induced bone regeneration at subcritical BMP-2 dose. Biomaterials 2019, 217, 119278.
[CrossRef]

40. Ye, L.; Xu, J.; Mi, J.; He, X.; Pan, Q.; Zheng, L.; Zu, H.; Chen, Z.; Dai, B.; Li, X.; et al. Biodegradable magnesium combined with
distraction osteogenesis synergistically stimulates bone tissue regeneration via CGRP-FAK-VEGF signaling axis. Biomaterials
2021, 275, 120984. [CrossRef]

41. Li, Y.; Pan, Q.; Xu, J.; He, X.; Li, H.A.; Oldridge, D.A.; Li, G.; Qin, L. Overview of methods for enhancing bone regeneration in
distraction osteogenesis: Potential roles of biometals. J. Orthop. Transl. 2021, 27, 110–118. [CrossRef] [PubMed]

42. Xu, J.; Wang, J.; Chen, X.; Li, Y.; Mi, J.; Qin, L. The Effects of Calcitonin Gene-Related Peptide on Bone Homeostasis and
Regeneration. Curr. Osteoporos Rep. 2020, 18, 621–632. [CrossRef] [PubMed]

43. Samorezov, J.E.; Headley, E.B.; Everett, C.R.; Alsberg, E. Sustained presentation of BMP-2 enhances osteogenic differentiation of
human adipose-derived stem cells in gelatin hydrogels. J. Biomed. Mater. Res. A 2016, 104, 1387–1397. [CrossRef] [PubMed]

44. Patel, Z.S.; Yamamoto, M.; Ueda, H.; Tabata, Y.; Mikos, A.G. Biodegradable gelatin microparticles as delivery systems for the
controlled release of bone morphogenetic protein-2. Acta Biomater. 2008, 4, 1126–1138. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bioactmat.2020.10.016
http://www.ncbi.nlm.nih.gov/pubmed/33210027
http://doi.org/10.1016/j.joca.2019.08.007
http://doi.org/10.1002/advs.202202102
http://www.ncbi.nlm.nih.gov/pubmed/35652188
http://doi.org/10.1002/advs.202103005
http://doi.org/10.1016/j.bioactmat.2021.03.013
http://doi.org/10.1359/jbmr.2003.18.6.949
http://doi.org/10.5966/sctm.2011-0056
http://doi.org/10.1038/s41413-021-00166-w
http://www.ncbi.nlm.nih.gov/pubmed/34975148
http://doi.org/10.3389/froh.2021.676258
http://www.ncbi.nlm.nih.gov/pubmed/35048022
http://doi.org/10.1016/j.jot.2022.05.003
http://www.ncbi.nlm.nih.gov/pubmed/35979175
http://doi.org/10.1172/JCI98857
http://www.ncbi.nlm.nih.gov/pubmed/30946695
http://doi.org/10.1007/s11999-008-0312-6
http://www.ncbi.nlm.nih.gov/pubmed/18509709
http://doi.org/10.1016/j.bone.2004.07.014
http://doi.org/10.1002/smll.202107991
http://doi.org/10.1126/sciadv.abj1083
http://doi.org/10.1016/j.biomaterials.2019.119278
http://doi.org/10.1016/j.biomaterials.2021.120984
http://doi.org/10.1016/j.jot.2020.11.008
http://www.ncbi.nlm.nih.gov/pubmed/33575164
http://doi.org/10.1007/s11914-020-00624-0
http://www.ncbi.nlm.nih.gov/pubmed/33030684
http://doi.org/10.1002/jbm.a.35668
http://www.ncbi.nlm.nih.gov/pubmed/26822338
http://doi.org/10.1016/j.actbio.2008.04.002
http://www.ncbi.nlm.nih.gov/pubmed/18474452

	Introduction 
	Materials and Methods 
	Fabrication of BMP-2-Loaded Hydrogel 
	Scanning Electron Microscopy (SEM) 
	Degradation Test In Vitro 
	Swelling Test In Vitro 
	Establishment of Critical-Size Mandibular Defect Model in Rats 
	Micro-CT (CT) Scanning 
	Histomorphometric Analysis 
	Immunofluorescent (IF) Staining 
	Statistical Analysis 

	Results 
	Characterization of BMP-2-Loaded Hydrogel 
	Implantation of BMP-2-Loaded Hydrogel Promotes Bone Regeneration of Mandibular Defect 
	BMP-2 Induces Angiogenesis and Growth of Functional Vessels 
	BMP-2 Enhances the Coupling of Angiogenesis and Osteogenesis 
	BMP-2 Recruits Abundant Skeletal Stem Cells 

	Discussion 
	Conclusions 
	References

