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A B S T R A C T

The regeneration of irregular-shaped bone defects remains a perpetuating challenge. Scaffolds with osteogenesis 
and angiogenesis dual capabilities hold considerable promise for bone tissue repair. The objective of this study 
was to delineate the synergistic effect of calcium ions (Ca2+)-recruiting peptide (FVDVT, abbreviated as CP) and 
vascular endothelial growth factor (VEGF)-binding prominin-1-derived peptide (DRVQRQTTTVVA, abbreviated 
as BP) in gelatin methacrylate (GM)-based hydrogels (GM@BCP). BP-loaded hydrogels can recruit VEGF in situ to 
promote angiogenesis, as well as promote cell viability and growth as revealed by the whole transcriptome RNA 
sequencing of human umbilical vein endothelial cells (HUVECs). PLA/G@CP short fibers can induce bone matrix 
mineralization and regulate mechanical behavior of hydrogels. The GM@BCP hydrogels were found to be 
cytocompatible, non-toxic, and bioresorbable, as well as fill an irregular-shaped bone defect in vivo. Moreover, 
evaluation in a rat calverial defect model manifested significant promise of GM@BCP hydrogels to promote bone 
tissue repair by simultaneously inducing osteogenesis and angiogenesis 8 weeks post-operatively. Taken 
together, our approach of simultaneously harnessing in situ calcium ion (Ca2+) binding and VEGF recruitment 
may have broad implications for fracture repair and potentially other related disciplines.

1. Introduction

There is an ongoing demand for novel alternatives for bone regen
eration due to the high prevalence of bone diseases and traumatic bone 
fractures. While former can cause severe bone abnormalities and bone 

fragility, later may require the replacement of the fractured bone, which 
may lead to disability and may compromise the quality-of-life (QOL) of 
the patients [1]. Autograft are considered as gold standards for bone 
grafting albeit several risks, such as donor-site associated infection [2]. 
To address above-mentioned drawbacks, artificial tissue regeneration 
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scaffold (ATRS) have been developed, such as hydrogels, bioactive 
glasses, and aerogels [3].

Especially, hydrogels with three-dimensional (3D) hydrophilic 
polymer networks as well as biocompatibility, biodegradability, and 
adaptable mechanical properties similar to native tissue, hold great 
promise for bone tissue repair [4,5]. Injectable hydrogels could form in 
situ gelation and help fill irregular-shaped bone defects in a minimally 
invasive manner, and can additionally deliver living cells or bioactive 
factors to the desired tissue sites [6,7]. Gelatin methacrylate (GM) has 
been actively pursued for tissue engineering (TE) applications, thanks to 
its biocompatibility, biodegradability, and mechanically tunability to 
obtain hydrogels of a range of mechanical properties [8,9]. Neverthe
less, despite these advantages, GM hydrogels showed only marginal cell 
infiltration and they additionally lacked vasculogenic and mineralizing 
abilities, thereby necessitating alternative solutions to broaden the po
tential of GM hydrogels for bone regeneration [2,10].

Angiogenesis refers to the formation of capillary buds from pre- 

existing blood vessels to produce neo-vessels, which can promote the 
diffusion of oxygen as well as the transport of nutrients as needed to 
promote cell metabolism and remove the cell debris during tissue 
regeneration [11]. Vascular endothelial growth factor (VEGF) is a 
well-known pro-angiogenic cue, which can also promote the prolifera
tion, migration, and viability of endothelial cells (ECs). Nonetheles, 
VEGF exhibits short half-life and poor retention and higher concentra
tions of VEGF my also induce detrimental side effects [12]. Conse
quently, localized and sustained presentation VEGF at the injury site 
may hold great promise for tissue regeneration. Recently, 
prominin-1-derived peptide (PR1P, DRVQRQTTTVVA, herein abbrevi
ated as BP) has been shown to bind and stabilize VEGF in situ via 
interaction with VEGF receptor-2 (VEGFR-2) and neuropilin-1 (NRP-1), 
and promote angiogenesis (Fig. 1a) [13,14]. Consequently, the incor
poration of BP into tissue-engineered scaffolds may be advantageous to 
promote angiogenesis.

Since bone defects require multiple overlapping healing strategies, 

Fig. 1. An overview of the bone regeneration by the GM@BCP hydrogels. (a) The preparation of BP and CP. (b) The preparation of PLA/G@CP short fibers and 
GM@BCP hydrogels. (c) The healing process of GM@BCP hydrogels during bone repair.
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including vasculature formation and osteogenic induction, angiogenic 
cues alone may not meet the requirements of high-quality bone tissue 
regeneration [15,16]. A novel calcium-chelating peptide (FVDVT, 
abbreviated as CP) from wheat germ protein hydrolysates has been 
shown to promote calcium binding in situ (Fig. 1a) [17,18]. The 
CP-induced recruitment of calcium ions (Ca2+) may promote biomin
eralization and fracture healing. We anticipated that BP-mediated prior 
induction of vascular networks may help complement CP-mediated 
calcium ion (Ca2+) binding to simultaneously induce angiogenesis and 
osteogenesis for an effective bone tissue repair.

Electrospun fibers with appropriate mechanical strength, flexibility, 
and eco-friendly nature may provide an amenable platform for an 
effective encapsulation of different types of therapeutics and biologics as 
needed for tissue repair [12,19]. Moreover, electrospun fibers can 
recapitulate the morphological features of extracellular matrix (ECM) 
and therefore they can leverage a conduicive environment for cell-cell 
and cell-material interaction [20]. Nevertheless, electrospun fibers still 
require further optimization, especially, for bone TE applications in 
terms of the required mechanical strength, porosity, pore size, and 
poor-interconnectiveity [21,22]. Poly(lactic acid)/gelatin (PLA/G) short 
fibers have been successfully used to strengthen hydrogels, which may 
also be exploited for the sustained and controlled release of bioactive 
cues for functional tissue repair [23,24]. Consequently, 
fiber-hydrogel-based three-dimensional (3D) tissue-engineered bone 
scaffolds can be engineered to sequentially release BP and CP to promote 
in situ bone tissue repair (Fig. 1b).

The objective of this study was to achieve sustained and controlled 
release of BP and CP to promote bone tissue repair. The BP can bind 
VEGF in situ and stabilize its concentration at the bone defect site for 
angiogenic induction and neo-vessel formation. On the other hand, the 
CP can increase the recruitment of calcium ions (Ca2+), which can 
enhance osteogenic induction and biomineralization at injury site. To 
achieve different release profile of BP and CP preferential vasculariza
tion and subsequent osteogenic induction, we directly loaded BP into 
GM hydrogels containing CP-loaded PLA/G short fibers (PLA/G@CP) 
into GM hydrogels to obatin. These fiber-hydrogel scaffolds can help 
realize sequential recruitment of VEGF and binding of calcium ions 
(Ca2+) in situ. GM@BCP hydrogels exhibited good biocompatibility, 
angiogenic ability, and in situ mineralization (Fig. 1c).

2. Experimental

2.1. Materials

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and 
GelMA (GM, EFL-GM-90, DS: 90 %) were obtained from Yongqinquan 
Intelligent Equipment Co., Ltd., Suzhou, China. PLA (DG-L150) was 
purchased from Jinan Daigang Biomaterial Co., Ltd., Jinan, China. 
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was acquired from Shanghai 
Darui Fine Chemical Co., Ltd., Shanghai, China. Prominin-1-derived 
peptide (PR1P, abbreviated as BP, amino acid sequence, 
DRVQRQTTTVVA) and CP (amino acid sequence, FVDVT) were custom- 
synthesized by China Peptides Co., Ltd., Shanghai, China. Human um
bilical vein endothelial cells (HUVECs) and MC-3T3-E1 (ATCC) were 
supplied by the Institute of Biochemistry and Cell Biology of Chinese 
Academy of Sciences, Shanghai, China. Rat bone-marrow mesenchymal 
stem cells (rBMSCs) was isolated from Sprague-Dawley (SD) rats (2- 
week-old) [8].

2.2. Preparation of hydrogels

2.2.1. Preparation of PLA/G@CP short fibers
To prepare PLA/G@CP short fibers, PLA and Gel (7:3, w/w) and CP 

(20 wt%) were dissolved in HFIP to obtain 10 % (w/v) PLA/G@CP so
lution. PLA/G@CP fibers were prepared using electrospinning (Yong
kang Leye Technology Development Co., Ltd., Beijing, China, model # 

SS-3556H) and the fabrication conditions were as follows: needle size, 
21 G, applied voltage, 10 kV, flow rate, 1.5 mL/h. PLA/G@CP fibers 
were dispersed in tert-butyl alcohol to prepare short fibers dispersions 
using a homogenizer followed by freeze-drying for 48 h. Since Gel can 
degrade rapidly, PLA and PLA@CP short fibers were additionally pre
pared using similar method to avoid an interference of Gel on the sub
sequent mineralization assay (Fig. S1, Supporting Information). The PLA 
and PLA @CP fiber were also prepared by the same method.

2.2.2. Preparation of GM@BCP hydrogels
To prepare hydrogels, GM and LAP was dissolved using phosphate- 

buffered saline (PBS) (GM, 8 %, w/v and LAP, 0.05 %, w/v) and steril
ized with a 0.22 μm filter paper. The GM does not contain BP and PLA/ 
G@CP short fibers. For GM@BP and GM@CP hydrogels, 1 mg of BP and 
10 mg PLA/G@CP short fibers were added into a total 10 mL of the GM 
solution, respectively. On the other hand, for GM@BCP hydrogels, 1 mg 
of BP and 10 mg of PLA/G@CP short fibers were added into GM/LAP 
solution. For crosslinking, hydrogel solutions were poured into respec
tive molds and cross-linked by blue light (wavelength, 405 nm).

2.3. Physicochemical analysis

To elucidate the ability of the CP to induce mineralization as well as 
discern physical and chemical properties of hydrogels, Alizarin Red S 
(ARS) staining was performed. Moreover, the recruitment of calciukm 
ions (Ca2+) as well as mechanical properties, and degradation of 
hydrogels were studied. The detailed methods are provided in Supple
mentary Information.

2.4. Biocompatibility and biological functions of scaffolds in vitro

The biocompatibility and biological functions of hydrogels were 
studied with different types of assays, including live/dead staining, cell 
proliferation assay, Transwell migration assay, scratch wound healing 
assay, tube formation, alkaline phosphatase assay (ALP) activity, ARS 
staining, expression of bone morphogenetic protein-2 (BMP-2) and 
collagen type I (Col-I) in bone marrow mesenchymal stem cells (BMSCs) 
were carried out in vitro. We additionally performed transcriptome 
analysis of untreated as well as BP-treated HUVECs. The detailed 
methods are provided in Supplementary Information.

2.5. Animal experiments

All in vivo experiments were approved by the Institutional Animal 
Care and Use Committee (IACUC) of the Army Military Medical Uni
versity (AMUWEC20235045).

2.5.1. Biocompatibility in vivo
To elucidate the biocompatibility of hydrogels in vivo, hydrogel so

lution was prepared into a slice shape (φ = 10 mm; thickness = 2 mm). 
4-week-old Sprague-Dawley (SD) rats were anesthetized with an intra
peritoneal injection of pentobarbital sodium (60 mg/mL). The skin was 
shaved and subcutaneous pocket was created. Hydrogels were subcu
taneously transplanted in animals for up to 4 weeks (n = 3). At 2, 3, 4 
weeks post-operatively, hydrogels alongside adjacent tissues were 
explanted, fixed, paraffin-embedded, sectioned, and subjected to he
matoxylin and eosin (H&E) staining and Masson’s trichrome (MT) 
staining.

The chronic toxicity assay was carried out to discern the long-term 
cytotoxicity and immunological response of the degradation byprod
ucts of hydrogel in vivo. The 20 ICR rat (6-week-old; male) were 
randomly divided into 4 groups, including GM, GM@BP, GM@CP, and 
GM@BCP. Approximately, 200 μL of hydrogel solution was subcutane
ously injected into rats for up to 30 days (n = 5). At day 0, 3, 5, 9, 15, 20, 
30, the weight of rats was measured. Main organs, including heart, liver, 
spleen, lung, and kidney were retrieved and subjected to H&E staining. 
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On the other hand, the blood was collected from the eyeball for routine 
blood analysis (e.g., white blood cell, WBC; neutrophils, Neu; lympho
cytes, Lym; monocytes, Mon; red blood cells, RBC; hemoglobin, HGB; 
platelets, PLT, etc.) and serum biochemical analysis (e.g., alanine 
aminotransferase, ALT; Aspartate transaminase, AST; Blood urea nitro
gen, BUN; Creatinine, CREA; Urea, UA, etc.) at day 30.

2.5.2. Bone regeneration in vivo
SD rats (male, 6 weeks-old, n = 12) were anesthetized by intraperi

toneal injection of pentobarbital sodium (60 mg/kg). Calverial defects 

(thickness, 5 mm) were established. Bone debris was cleaned, and 
different types of hydrogel solutions, such as GM, GM@BP, GM@CP, 
and GM@BCP were injected into the bone defect site followed by light 
irradiation (wavelength, 405 nm) for 40 s (n = 3). Defects without 
hydrogel were used as a control group. SD rats were euthanized and 
calvarial were harvested 8 weeks post-operatively. For bone regenera
tion, harvested calvaria was fixed with paraformaldehyde (PFA) and 
analyzed with microcomputed tomography (micro-CT). Thereafter, 
harvested tissues were decalcified, paraffin-embedded, sectioned, and 
subjected to H&E and MT staining as well as immunofluorescent (IF) 

Fig. 2. Characterization of PLA/G@CP fiber. (a) Structural formula of CP. (b) Schematic illustration of the chelation of calcium ions (Ca2+) with CP. (c) ARS staining 
and SEM micrographs to elucidate mineralization of fibers incubated along with the SBF for up to different time points in vitro. The colour intensity of the ARS as well 
as deposition of inorganic minerals was distinct in PLA@CP fibers than that of the PLA fibers, which were further increased with an increase in the incubation time. 
(d) ARS staining of PLA/G@CP treated with different concentrations of calcium chloride (CaCl2) for up to 24 h. SEM micrographs of PLA/G@CP fiber (e), optical 
photograph and SEM micrographs of PLA/G@CP short fiber (f). Quantitative analysis of ARS staining for mineralization in SBF (g), and PLA/G@CP treated with 
different concentrations of calcium chloride (CaCl2) (h). The mean diameter of PLA/G@CP fiber (i) and the mean length of PLA/G@CP short fiber (j). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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staining. Detailed preparation process as well as the staining of har
vested tissue sections is described in Supporting Information.

3. Results

3.1. Preparation and characterization of hydrogels

The CP is composed of five amino-acids (FVDVT), which can chelate 
calcium ions (Ca2+) (Fig. 2). The predicted structure of CP is shown in 
Fig. 2a. It has been previously shown that the CP can chelate calcium 
ions (Ca2+) via two carboxylic (-COOH) groups, one amino (-NH2) 
group, and one hydroxyl (-OH) group (Fig. 2b). Moreover, two CP se
quences can form two types of complexes to chelate calcium ions (Ca2+). 
CP-Ca complex is formed with two amino (-NH2) groups and two car
boxylic (-COOH) groups from two CP molecules (Fig. 2b) [17]. The CP 
was loaded into PLA/G fibers to obtain PLA/G@CP fiber. The incorpo
ration of CP into PLA fibers is expected to increase the concentration of 
calcium ions (Ca2+) around the fiber, thereby facilitating the minerali
zation of simulated body fluid (SBF). SEM micrographs exhibited 

distinct inorganic minerals surrounding PLA/G@CP fibers after incu
bation in the SBF (Fig. 2c). Moreover, fibers exhibited positive staining 
for ARS. The colour intensity of ARS staining was increased with an 
increase in the incubation time of the PLA/G@CP in the SBF than that of 
the PLA group (Fig. 2c and g).

ARS staining of PLA/G@CP fibers treated with different concentra
tions of calcium chloride (CaCl2) exhibited that the binding of the cal
cium ions (Ca2+) was steadily increased with an increase in the content 
of calcium chloride (CaCl2) (Fig. 2d). The intensity of ARS staining was 
also gradually increased with an increase in the concentration of cal
cium chloride (CaCl2) (Fig. 2d). The absorbance of the supernatant was 
measured (OD value, 450 nm) and was found to be 0.17 ± 0.01, 0.26 ±
0.01, 0.37 ± 0.01, 0.39 ± 0.01, and 0.42 ± 0.02 for 0.0, 0.01, 0.03, 
0.05, and 0.1 g/mL of calcium chloride (CaCl2) solution for (Fig. 2h).

PLA/G@CP showed continuous fibrous structure, which were then 
converted into short fibers of varying lengths through homogenization 
(Fig. 2e and f). Average diameter and average length of PLA/G@CP 
short fibers were 1.91 ± 0.35 μm and 95.08 ± 54.71 μm, respectively 
(Fig. 2i and j). The GM, as a widely applied photo-cross-linked hydrogel, 

Fig. 3. Characterization of hydrogels. (a) Optical photographs of different types of hydrogels. (b) The appearance of hydrogel. (c) SEM micrographs of freeze-dried 
hydrogels at different magnifications. (d) Adhesion of GM@BCP hydrogels with tissues. (e) Morphological analysis of GM@BCP hydrogels after degradation for up to 
day 35 in vitro. The degraded hydrogels were freeze-dried for SEM imaging. (f) ARS staining of different types of hydrogels for mineralization with SBF for up to 
different time points in vitro. Representative compressive stress-strain curves of various hydrogels (g), maximum compressive strength (h), and Young’s modulus (i). 
Rheological analysis of hydrogels (j), strain sweep analysis of GM@CP hydrogels (k). Swelling rate (l) and residual weight (m) for hydrogels after degradation for up 
to different time points in vitro. Quantitative analysis of ARS staining of hydrogels mineralized with SBF in vitro (n).
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was found to be transparent and colorless (Fig. 3a). On the other hand, 
the BP is composed of 12 amino acids, which may not alter the physical 
properties of the GM hydrogel (Fig. 3b). The addition of PLA/G@CP sort 
fibers turned GM hydrogels into turbid without precluding the photo- 
crosslinking ability. As shown in Fig. 3b, the GM and GM@BP hydro
gels were colorless and transparent, while GM@CP and GM@BCP 
hydrogels appeared to be white and opaque. There was an insignificant 
difference among dry hydrogels in term of the physical appearance. SEM 
images of dry GM@CP and GM@BCP hydrogels exhibited smaller pore 
size and a random distribution of short fibers than that of GM and 
GM@BP hydrogels (Fig. 3c).

We next discerned the adhesion behavior of GM@BCP hydrogels to 
elucidate their ability to fill irregular-shaped bone defects. The 
GM@BCP hydrogels were strongly bound to the defect (Fig. 3d). All 
hydrogel groups exhibited similar compressive stress-strain curves 
(Fig. 3g). The compressive modulus was found to be 32.3 ± 3.7 kPa, 
31.3 ± 4.8 kPa, 46.5 ± 4.6 kPa, and 44.3 ± 5.1 kPa, while maximum 
compressive strength was found to be 64.2 ± 6.8 kPa, 65.9 ± 13.5 kPa, 
101.7 ± 5.0 kPa, and 106.5 ± 15.7 kPa for GM, GM@BP, GM@CP, and 
GM@BCP hydrogels, respectively (Fig. 3h and i). These results man
ifested that the incorporation of BP into the hydrogels did not adversely 
influence mechanical properties. On the other hand, the incorporation of 
PLA/G@CP short fiber into hydrogels can significantly improve the 
compressive mechanical properties of hydrogels. Rheological analysis 
also mirrored compressive mechanical analysis; the incorporation of 
PLA/G@CP into hydrogels led to significant promotion in the mechan
ical performance (Fig. 3j and k & Fig. S2, Supporting Information).

We further evaluated the swelling of the hydrogels. While hydrogels 
exhibited noticeable swelling, there was an insignificant difference in 
the hydrogel shape even after swelling (Fig. S3, Supporting Materials). 
All hydrogels attained maximum swelling within 24 h. The values for the 
percentage swelling were found to be 14.2 ± 2.7 %, 12.5 ± 6.1 %, 9.7 ±
0.9 %, 10.4 ± 2.0 % for GM, GM@BP, GM@CP, and GM@BCP groups, 
respectively (Fig. 3l). The shape of the hydrogels began distorting at 48 
h, which may be ascribed to the hydrogel degradation (Fig. S4, Sup
porting Materials). All hydrogels were degraded over time. GM@CP and 
GM@BCP hydrogels exhibited distinct fiber morphology upon degra
dation presumably owing to the slower degradation of PLA/G@CP short 
fibers (Fig. 3e & Fig. S5, Supporting Materials). The residual weight 
percentage of the hydrogels was 56.1 ± 1.6 %, 54.7 ± 1.7 %, 66.1 ± 1.8 
%, and 65.3 ± 1.5 % for GM, GM@BP, GM@CP and GM@BCP groups at 
day 35, respectively as compared to the weight of the hydrogels at day 
0 (Fig. 3m).

The GM@BCP hydrogels should retain photo-crosslinking charac
teristics upon in situ transplantation (Fig. S6a, Supporting Materials). As 
can be seen from Fig. S6b–c (Supporting Materials), PLA/G@CP short 
fiber can reduce the fluidity of the solution, while the BP had only a little 
effect on the injectability resistance of the solution. The viscosity was 
found to be 0.1 Pa s, 3188.4 Pa s, 16184.7 Pa s, and 15617.2 Pa s at 
0.001 1/s; 0.1 Pa s, 8.1 Pa s, 11.3 Pa s, and 76.0 Pa s at 1 1/s; and 0.01 Pa 
s, 0.01 Pa s, 0.01 Pa s, and 0.04 Pa s at 100 1/s for water, GM, GM@CP, 
and GM@BCP groups, respectively. These results showed that the 
incorporation of short fibers can increase the viscosity of hydrogels in 
the low shear rate range (Fig. S7, Supporting Materials). To further 
ascertain the homogenous fluidity and potentially injectability, we 
printed a letter “DHU” with GM@BCP hydrogel (Fig. S8, Supporting 
Materials).

To delineate the mineralization potential of hydrogels, we carried 
out ARS staining in vitro. Hydrogels appeared to be of purple red colour 
even at t = 0 h presumably owing to the adsorption of the dye (Fig. 3f & 
Fig. S9(a–b), Supporting Materials). By 12 h, GM@SF, GM@CP, and 
GM@BCP hydrogels exhibited intense red mineralized layers (Fig. S9a 
and 9c, Supporting Materials). Quantitative analysis showed an absor
bance value of 0.34 ± 0.05, 0.32 ± 0.02, 0.52 ± 0.01, 1.06 ± 0.10, and 
1.01 ± 0.07 for GM, GM@BP, GM@SF, GM@CP, and GM@BCP 
hydrogels, respectively (Fig. 3n). By 24 h, the colour intensity of the 

mineralized layer was further increased. Moreover, the absorbance 
values were significantly higher at t = 24 h than that of the absorbance 
values at t = 12 h (0.98 ± 0.27, 1.11 ± 0.05, 1.36 ± 0.03, 1.87 ± 0.07, 
1.88 ± 0.02 for GM, GM@BP, GM@SF, GM@CP, and GM@BCP groups, 
respectively at 24 h (Fig. S9d). Therefore, these data showed that the CP 
can promote mineralization, but also increase the total amount of 
mineralization, indicating the potential of the hydrogels to promote 
mineralization in vitro.

Since we incorporated BP and CP into hydrogels for the binding and 
stabilization of VEGF to promote angiogenesis as well as the recruitment 
of calcium ions (Ca2+) in situ to induce mineralization, the release ki
netics of BP and CP may be of considerable significance. We used 
Fluorescein-5-isothiocyanate (5-FITC) and Rhodamine B to respectively 
discern the release kinetics of CP and BP, in vitro. While Rhodamine B 
exhibited rapid release at the initial time points, it displayed sustained 
release for up to 18 days in vitro. In contrast, 5-FITC was slowly released 
within the first 12 days followed by its rapid release from day 15 on
wards (Fig. S10, Supporting Materials). These results showed that the BP 
and CP can be released in a sustained and controlled fashion, which is 
ascribed to their incorporation into different carriers.

3.2. Biocompatibility and biological functions of scaffolds in vitro

We next deciphered the cytocompatibility of scaffold using HUVECs 
and BMSCs (Fig. 4) [25]. We used HUVECs due to their pivotal role in 
angiogenesis and BMSCs due to their ability to promote biomineraliza
tion via differentiation into osteoblasts as well as the production of the 
ECM (Fig. 4a) [16]. As shown in Fig. 4b, BMSCs and HUVECs were 
seeded on the surface of hydrogels for up to 5 days, which displayed 
good viability (see green and red colour for live and dead cells, 
respectively). Cell proliferation by cell counting kit-8 (CCK-8) assay also 
displayed the proliferation of both cell types (Fig. 4f and g). These re
sults indicated that the incorporation of BP and PLA/G@CP short fibers 
into GM hydrogels did not adversely influence the cytocompatibility of 
hydrogels. It is worth ot note that the hydrogels exhibited lower OD 
values than that of the control group (cell cultured along with the me
dium alsone) presumably due to an uneven surface of hydrogel as well as 
certain degree of swelling and degradation of the hydrogels during cell 
culture, which may suppress cell adhesion and spreading (Fig. 4f and g).

Cell migration was studied by scratch wound healing assay and 
Transwell migration assay (Fig. 4a). GM@BP and GM@BCP hydrogels 
exhibited significantly higher migration of BMSCs and HUVECs than 
that of the control, GM, and GM@CP hydrogels (Fig. 4c). Quantitative 
analysis further mirrored the quantitative results; GM@BP and 
GM@BCP hydrogels outperformed other groups in terms of the number 
of the migrated cells (Fig. 4h). Scratch wound healing assay also showed 
significantly more migration of HUVECs (Fig. 4d). HUVECs treated with 
the extract solution of GM@BP and GM@BCP exhibited considerably 
higher migration as compared to the other groups (Fig. 4i). These results 
showed that the incorporation of BP into the hydrogels led to more cell 
migration.

The BP can promote angiogenesis by binding VEGF in situ as well as 
enhancing its stability. To elucidate the ability of the BP-laden hydrogels 
to promote angiogenesis, we carried out tube formation assay of 
HUVECs in vitro (Fig. 4e) [26]. HUVECs treated with the extract solution 
of GM@BP and GM@BCP hydrogels displayed the formation of distinct 
vessel-like structures. Quantitative analysis of angiogenic parameters 
exhibited significantly more number of nodes in GM@BCP hydrogels in 
comparison to the PBS (control group) as well as GM and GM@CP 
groups (Fig. 4j). Therefore, these results revealed that the incorporation 
of BP may be conducive to promote angiogenesis.

The osteogenesis of BMSCs was next elucidated after their induction 
in osteogenic medium for up to 14 days in vitro (Fig. 5). As can be seen in 
Fig. 5b and c, osteogenically-induced BMSCs exhibited a well-spread 
morphology in all groups. GM@BP, GM@CP, and GM@BCP groups 
displayed higher fluorescence intensity of BMP-2 than that of other 
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groups; the GM@CP and GM@BCP groups outperformed other groups in 
terms of the fluorescence intensity of BMP-2 (Fig. 5b and f). GM@BP and 
GM@BCP groups also exhibited higher fluorescence intensity of Col-I in 
comparison with the other groups (Fig. 5c and g). These results showed 
the beneficial effect of GM@BCP hydrogels to promote BMSCs osteo
genesis, which may be attributed to the synergistic effect of BP and PLA/ 
G@CP short fibers to promote the synthesis of BMP-2 and Col-I.

We further utilized MC-3T3-E1 and BMSCs for osteogenic induction 
and performed ARS staining to analyze calcium deposition at day 14. As 
shown in Fig. 5d and e, GM@CP and GM@BCP groups exhibit distinct 
red color and significantly higher mineralization degree compared with 
other groups. Quantitative analysis of ARS staining also manifested 
mineralization promoting effect of GM@CP and GM@BCP groups due in 
part to the osteogenic ability of PLA/G@CP short fibers (Fig. 5h and i). 
ALP staining also showed distinct enzyme activity in the GM@BP, 

GM@CP, and GM@BCP groups than that of the GM group; GM@BCP 
group outperformed other groups in terms of the ALP activity (Fig. 5e). 
These results showed advantageous effect of BP and PLA/G@CP to 
promote osteogenesis, which may also have implications to promote 
bone tissue repair in vivo.

To explore molecular mechanisms of BP-mediated HUVECs’ angio
genesis, we carried out whole transcriptome RNA sequencing (Fig. 6). 
HUVECs treated with PBS were used as a control group. The PCA results 
showed differential RNA expression between BP and TCP groups while 
volcano plots showed 3746 upregulated genes and 996 downregulated 
genes in the BP group than that of the TCP group (Fig. 6a–b, 6d). Gene 
genome circle map also showed sufficient expression of differentially 
expressed genes (Fig. 6c).

KEGG enrichment analysis displayed significant upregulated gene 
expression differences between BP and TCP groups, including transfer 

Fig. 4. Biocompatibility and biofunction of hydrogels in vitro. (a) Schematic illustration of biocompatibility and biofunction assay of hydrogels. (b) Live/dead 
staining of BMSCs and HUVECs seeded in different types of hydrogels at day 5. (c) Migration of BMSCs and HUVECs in a Transwell migration assay in vitro. (d) 
Scratch wound healing assay of HUVECs at 24 h. (e) Tube-formation assay of HUVECs at 6 h. Proliferation of rBMSCs (f) and HUVECs (g). (h) The number of recruited 
BMSCs and HUVECs in a Transwell migration assay. The migration ratio in the scratch wound healing assay (i), and the number of nodes in the tube-formation 
assay (j).
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RNA (tRNA) biogenesis, messenger RNA (mRNA) biogenesis, tran
scription factors, mismatch repair, protein export, protein kinases as 
well as various signaling pathways (Fig. 6e).

On the other hand, differential downregulated gene expression be
tween in BP vs. TCP groups for KEGG enrichment analysis were related 
to metabolism and growth regulation, such as Ras signaling pathway, 
estrogen signaling pathway, arachidonic acid metabolism, 

glycerophospholipid metabolism, sulfur metabolism and so on 
(Fig. S11a, Supporting Materials). The difference between BP vs. TCP 
groups in terms of the downregulated gene expression for GO enrich
ment analysis were focused on cell differentiation and autophagy 
regulation, including fat cell differentiation, negative regulation of cell 
growth, negative regulation of EC differentiation, apoptotic process, and 
positive regulation of T cell apoptotic process and so on (Fig. S11b, 

Fig. 5. Osteogenic ability of different types of hydrogels. (a) Schematic illustration of osteogenesis assay in vitro. (b, c) Osteogenic induction of BMSCs for up to 14 
days in vitro. Cells were stained with F-actin (red), DAPI (blue), and BMP-2 (green). Moreover, cells were stained with F-actin (red) and Col I (green). (d) ARS staining 
of MC-3T3-E1 at day 14. (e) ALP and ARS staining of osteogenically-induced BMSCs at day 14. Fluorescence intensity of BMP-2 (f) and Col-I (g) acquired from 
immunofluorescence (IF) staining of osteogenically-induced BMSCs. Quantitative analysis of ARS staining of MC-3T3-E1 (h) and BMSCs (i). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Supporting Materials). Gene set enrichment analysis (GSEA) showed an 
upregulation of cell-cell adhesion and transcription factors, as well as 
downregulation of the NOD-like receptor signaling pathway, which 
were consistent with the KEGG and GO enrichment analysis results 
(Fig. 6g–i). Taken together, these results showed an advantageous effect 
of BP in terms of cell viability, cell proliferation, and inflammation 
resolution via regulation of key gene transcription.

3.3. Biocompatibility in vivo

To discern biocompatibility of hydrogels as well as degradation 
behavior of BP and PLA/G@CP on hydrogels in vivo, GM, GM@BP, 
GM@CP, and GM@BCP hydrogels were subcutaneously implanted into 
SD rats for up to 28 days (Fig. 7). As shown in Fig. 7b, all hydrogels had 
gradually degraded over time in vivo. Particularly, cell infiltration was 
more obvious in GM@BP hydrogels in comparison to the other groups at 
day 14 post-operatively (Fig. 7b). H&E staining of explanted hydrogels 
showed visible fibers in GM@CP and GM@BCP groups, which is 

Fig. 6. Mechanisms of BP-modulated HUVECs. (a) Principal component analysis (PCA) of BP and TCP groups. (b) Volcano map of differential genes between BP and 
TCP groups. (c) Differential gene genome circle map of BP and TCP groups. (d) Heat map of differential genes between BP and TCP groups. KEGG pathway 
enrichment analysis (e), and GO enrichment analysis (f) of the upregulated genes. (g–i) GSEA enrichment analysis of cell-cell adhesion, NOD-like receptor signaling 
pathway, and transcription factors. *p < 0.05, **p < 0.01, and ***p < 0.001.
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indicative of the residual PLA/G@CP short fibers; these fibers can pro
long hydrogel degradation (Fig. 7b). By day 28, the GM group was 
shown to be intact, while other groups exhibited infiltration of large 
number of host cells, thereby indicating an obvious degradation of the 
hydrogels. MT staining showed that all hydrogels were gradually 
replaced by neo-tissues alongside collagen deposition (Fig. 7c).

For long-term cytotoxicity and immunological response to the 
degradation byproducts of the subcutaneously implanted hydrogels, 
hydrogels were injected into the ICR rats for up to 30 days (Fig. 8). As 
shown in Fig. 8a and b, main organs, including heart, liver, lung, spleen, 
and kidney did not show distinct lesions, such as tissue necrosis and 
edema formation. The body weight of all rats was increased in all groups 
for up to day 9 albeit an insignificant difference among groups (Fig. 8c). 
The weight of hydrogels was increased even further as implantation time 
progressed and was found to be 13.9 ± 0.8 mg, 13.2 ± 0.8 mg, 13.4 ±
0.9 mg, 13.9 ± 1.0 mg, and 13.8 ± 1.0 mg for GM, GM@BP, GM@SF, 
GM@CP, and GM@BCP groups at day 30, respectively (Fig. 8d). Routine 
blood analysis further revealed an insignificant change in the number of 
blood cells (Lym, Mon, Neu, PLT, WBC, RBC) as well as hemoglobin 
content (HGB), which were all within the normal range (Fig. 8e–k). 
Serum biochemical analysis showed that the content of UA, BUN, CREA, 
ALT, and AST were all within normal ranges, which is indicative of the 
safety of hydrogels toward kidney and liver (Fig. 8l–p).

3.4. Bone regeneration in vivo

Osteo-inductive ability of hydrogels was evaluated in a rat calverial 

defect model for up to 8 weeks (Fig. 9 & Fig. S12, Supporting Materials). 
Micro-CT images showed de novo bone production in GM@BP, GM@CP, 
and GM@BCP hydrogels; bone defects treated with GM@BCP hydrogels 
were significantly healed (Fig. 9a). H&E staining showed excessive 
number inflammatory cell in both control and GM groups, while other 
groups displayed only a few number of inflammatory cells (Fig. 9b). 
GM@CP and GM@BCP groups exhibited a more pronounced nascent 
calvarial thickness, thereby further indicating the beneficial effect of the 
CP to recruit calcium ions (Ca2+) to induce mineralization in vivo. MT 
staining also demonstrated considerable bone healing rate in the 
GM@BCP group compared with the other groups. Meanwhile, there was 
no clear boundary between de novo bone and the native bone, thereby 
indicating that implanted hydrogels were fused with the surrounding 
bone tissue due in part to their favorable osseo-integration ability 
(Fig. 9c).

Based on the recruitment of endogenous VEGF to promote angio
genesis, IF staining for CD31 and α-SMA was carried out to discern 
neovascularization of newly formed bone tissues (Fig. 10). As shown in 
Fig. 10b, GM@BP and GM@BCP groups exhibited more positive area for 
CD31 and α-SMA than that of the other groups. It is worth to note that 
GM@BCP group exhibited less positive area of CD31 and α-SMA staining 
than that of the GM@BP group, which may be ascribed to the mature 
bone in the preceding group than the later and potential vascular 
degeneration (Fig. 10d and e). GM@BP, GM@CP, and GM@BCP groups 
also exhibited more expressions of OCN and OPN than that of the control 
and GM groups; GM@BP and GM@BCP groups performed better than 
that of the GM@CP in terms of osteoblast markers (Figs. 10c, 9f-9g). 

Fig. 7. Subcutaneous implantation of hydrogel in rats. (a) Schematic representation of biocompatibility assay of hydrogel for 28 days. At day 14, 21, and 28, explants 
as well as surrounding tissues were harvested and subjected to hematoxylin and eosin (H&E) staining (b) and Masson’s trichrome staining (c).
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Taken together, GM@BCP hydrogel could simultaneously induce 
angiogenesis and osteogenesis, as well as promote bone mineralization, 
which may have broad implications for bone tissue regeneration.

4. Discussion

In clinical practices, there are multifaceted factors, which can cause 
bone defects, such as trauma, osteoporosis, osteomyelitis, periodontitis, 
hereditary diseases, and so on [27]. These bone defects could disrupt 
physical integrity of the patient as well as impair normal physiological 
function. Different types of scaffolds with tunable physical and chemical 
properties (e.g., shape, porosity, composition) and biofunctions (e.g., 
biocompatibility, biodegradability, osteoconductivity) have been 
developed for bone defect healing [10,28]. Interestingly, the structure 
and composition of ATRS for bone defect repair should accommodate 
stem cells, stimulate cell attachment, cell proliferation, cell 

differentiation, and promote ECM deposition, which may have impli
cations for the reconstruction of vascular networks, and connective tis
sue ingrowth for functional bone tissue repair [26].

Moreover, the bone, as an heterogenous composite tissue, harbors 
inorganic minerals, such as hydroxyapatite and Col-I [27]. Bone 
remodeling usually refers to bone matrix formation by osteoblasts and 
mineralization [27,29]. Bone defect repair involves distinct yet over
lapping processes, including local inflammatory response, cartilage 
matrix degeneration, primary bone formation and bone remodeling [3]. 
Especially, neo-cartilage matrix is replaced with hard callus by endo
chondral ossification along with vascularization in the primary bone 
formation. On the other hand, the hard callus of the woven bone is 
remodeled into mature bone at the final stage [27]. Consequently, it is 
imperative to provide a microenvironment conducive to vascular 
regeneration and bone tissue mineralization.

Angiogenesis involves the concerted effect of different types of 

Fig. 8. Safety of subcutaneously implanted hydrogels in ICR rats. Appearance (a) and H&E staining (b) of main organs at day 30 of hydrogel implantation. The 
weight change in ICR rats for acute toxicity assessment (c) as well as medium- and long-term toxicity assessment (d). Number of migrated cells (e–j), HGB (k), and 
serum biochemical analysis (l–p) in the blood for GM, GM@BP, GM@CP, and GM@BCP groups.
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processes, including EC adhesion, proliferation, and migration [30]. 
Different types of approaches are used to induce vascularization, such as 
the incorporation of vasculogenic growth factors (GFs). Nevertheless, 
difficulties associated with the synthesis of large molecular weight 
proteins as well as well their inclusion into tissue-engineered scaffolds 
may limit their potential [13,31]. VEGF plays a pivotal role to stimulate 
the migration and proliferation of ECs. However, short half-life and poor 
retention of VEGF in vitro and in vivo may severly limit its application in 
tissue regeneration [32]. Recently, prominin-1-derived peptide, PR1P ( 
DRVQRQTTTVVA) has been shown to facilitate soft tissue repair due in 
part to enhanced angiogenesis via improved VEGF binding and stabili
zation in situ. The BP can recruit endogenous VEGF by binding to its 
receptors, namely VEGFR1 and neuropilin-1, and promote cell viability 
and cell proliferation [26].

Therefore, BP can be incorporated into GM hydrogels to obtain 
GM@BP with various biological functions, e.g., VEGF-mediated angio
genesis and immuno-modulation. However, GM@BP scaffold may still 
not be conducive for bone tissue repair due to various shortcomings, 
such as poor osteogenic mineralization and inferior mechanical prop
erties [8]. To improve biomineralization, inorganic nanoparticles (NPs) 
with osteogenic abilities, including hydroxyapatite (HAP), bioactive 
glasss (BG), and silica (SiO2) short fibers are widely used for bone tissue 
repair albeit their slower degradation in vivo and potential cytotoxicity 
at the injury site in vivo [33]. HAP (Ca10(PO4)6(OH)2) is an inorganic 
component of the bone tissues, which is formed by an electrostatic 
interaction between calcium ions (Ca2+) and phosphate ions (PO4

3− ) [27,
34].

The CP is a short peptide composed of five amino acids (PVAVT), 
which can bind calcium ions (Ca2+) in situ to induce biomineralization 
[17]. Specially, functional binding sites of CP are an oxygen atom of the 
carboxylic (COOH) groups and a nitrogen atom of amino groups (-NH2), 
thereby forming CP-Ca complex (Fig. 2b) [17]. Unlike most of the 
inorganic nanomaterials (NMs) as well as ceramic NPs, CP is a relatively 

simple bioactive molecule, which can be easily synthesized and incor
porated into biomaterials. Moreover, CP can be easily metabolized by 
the body [22]. We observed enhanced mineralization of GM@BCP 
hydrogels in SBF in vitro, which is indicative of CP-mediated increase in 
the calcium ions (Ca2+) binding and mineralization (Fig. 2c and d).

Bone tissue repair involves several overlapping phases, such as an 
inflammatory response, primary bone formation, and bone remodeling. 
While primary bone formation involves angiogenesis, bone remodeling 
involves mineralization [27,35]. Consequently, scaffolds for bone tissue 
repair should simultaneously induce osteogenesis and angiogenesis. 
Electrospun short fibers have been widely used to incorporate different 
types of biological and bioactive cues into 3D tissue-engineered scaffolds 
for both soft and hard tissue repair [21]. PLA/G short fibers are 
composed of a biocompatible and a biodegradable polymer ‘PLA’ and a 
natural polymer ‘Gel’ [36]. CP can therefore be loaded into PLA/G short 
fibers to obtain PLA/G@CP and co-formulated along with BP in GM to 
obtain GM@BCP hydrogels (Figs. 2f & 3b).

In GM@BCP hydrogels, the BP can be directly released from 
hydrogel, while CP needs to be first released from PLA/G short fibers 
into the hydrogels, and thereafter it can be released from hydrogel with 
a certain lag, thereby constructing a sequential release system (Fig. S10, 
Supporting Materials). The phased release of BP and CP from GM@BCP 
hydrogels can help achieve equential vascularization and mineralization 
for bone tissue repair. PLA/G@CP can prolong the degradation period of 
hydrogels at least for up to 12 weeks [23,37]. Moreover, PLA/G short 
fibers were uniformly dispersed into hydrogels. Since the degradation of 
GM is faster than that of the degradation of PLA/G fibers, the bulk 
matrix of hydrogels can degrade faster than that of the fibers for the 
rapid release of BP to promote vascularization. Therefore, the incorpo
ration of PLA/Gel-based short fibers may prolong the degradation cycle 
of GM hydrogels.

Meanwhile, mechanical properties of hydrogels play a pivotal role 
for bone tissue repair, which may additionally influence cell 

Fig. 9. The calvaria defect repair assay for 8 weeks in vivo. (a) 3D reconstructed micro-CT and sectioned graphs from tissue samples in defect site after hydrogel 
implantation for 8 weeks. The H&E staining (b) and MT staining (c) assay of hydrogel implantation in the defect site for 8 weeks post-implantation.
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proliferation, cell differentiation, and matrix-mineral deposition via cell 
mechano-transduction [27]. Nonetheless, GM hydrogels may not accu
rately recapitulate the mechanical properties of native bone tissues 
(compressive strength: human cortical bone, 130–200 MPa and GM 
hydrogels, 0.02–0.2 MPa) [25,27]. PLA/G@CP short fiber may therefore 
improve mechanical properties of GM hydrogels (Fig. 3g–i). PLA/G@CP 
short fibers-mediated increase in the mechanical properties of hydrogels 
can be attributed to different aspects: i) GM hydrogel exhibits a certain 
degree of brittleness, thereby adversely influencing the mechanical 
properties [38]. ii) The incorporation of PLA/G@CP short fibers into GM 
hydrogels can pormote fiber-fiber and fiber-hydrogel interaction, 
thereby strengthening the mechanical properties of hydrogels. iii) Short 
fibers may also help form double-crosslinked network; the latter may 
additionally reinforce the mechanical properties of hydrogels [39]. 
Moreover, rough surface of the scaffold can promote an nteraction with 
the osteoblasts. PLA/G@CP short fiber can increase the roughness of GM 
hydrogels, thereby promoting an interaction with the osteoblasts 
(Fig. 3c) [27,40].

Scaffolds for bone tissue repair should also meet the general requisite 
to fit irregular-shaped defects and they should also be biocompatible, 
non-toxic, and bioresorbable [16,41]. GM@BCP hydrogel displayed 
considerable promise for the filling of irregular-shaped bone defects and 
additionally exhibited multiple advantegsous features, including sig
nificant tissue adhesion, cytocompatibility, cell migration, and 

angiogenesis in vitro. Moreover, GM@BCP hydrogels can degrade and 
promote ECM deposition in vivo (Fig. 4a–e, Fig. 7b). While initial acute 
inflammatory response may be important for the recruitment of 
osteo-progenitor cells as well as promote their osteo-genic induction, 
prolonged chronic inflammatory response may induce fibrosis and 
granuloma formation to hamper bone defect [42,43]. Tanscriptomics 
analysis revealed that the BP can modulate HUVECs, improve cell 
viability and cell proliferation, and reduce the expression of 
pro-inflammatory genes, which is indicative of the ability of the BP to 
support angiogenic function of HUVECs as well as resolve inflammatory 
response (Fig. 6e and f).

The BP could recruit endogenous VEGF to promote angiogenesis; 
neo-vessels can promote the diffusion of oxygen as well as increase the 
transport of nutrients (Fig. 10) [11,44]. Moreover, BP can upregulate 
ALP activity and Col-I secretion. On the other hand, CP can recruit 
calcium ions (Ca2+) in situ, thereby inducing mineralization (Figs. 3f, 
5b-5e). BP and CP upregulated the expression of OCN and OPN, which 
could collaboratively induce the deposition of calcium ions (Ca2+) and 
phosphate ions (PO4

3-) along with collagen fibers to obtain high quality 
bone ECM regeneration (Fig. 10b). Therefore, these characteristics and 
biofunction of GM@BCP hydrogels may have implications to promote 
bone tissue repair.

While different types of ceramics and tissue-engineered scaffolds 
with or without GFs have been used for bone tissue repair, such as HA/ 

Fig. 10. IF staining of explants as well as bone surrounding tissues 8 weeks post-operatively. (a) Schematic representation of the recruitment of calcium ions (Ca2+) 
and binding of VEGF in situ. IF staining for CD31 and α-SMA (b) as well as OCN and OPN (c) 8 weeks post-operatively. Quantitative analysis of positively stained areas 
of CD31 (d), α-SMA (e), OCN (f), and OPN (g) IF staining.
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tricalcium phosphate (HA/TCP) or HA/TCP along with recombinant 
BMP-2 (rhBMP2), GM@BCP scaffolds may have significant advantages 
as compared to the tradiational ceramics and tissue-engineered scaf
folds. Bioactive glass (BG) can promote angiogenesis via the release of 
therapeutic ions [45]. On the other hand, BP can bind VEGF in situ for 
neovascularization, while CP can promote osteogenesis via enhanced 
recruitment of endogenous calcium ions (Ca2+) in situ. Consequently, 
GM@BCP hydrogels may have higher biosafety for osteogenic miner
alization of tissue-engineered scaffolds. An inclusion of CP in short fibers 
as well as encapsulation of these short fibers along with BP in GM 
hydrogels may help achieve sustained and controlled release of bioac
tive cues for concurrent osteogenesis and angiogenesis for bone tissue 
repair. Besides, the high concentration of therapeutic ions released from 
ceramics can pose potential toxicity risk [46].

Although GM@BCP hydrogels have shown significant potential for 
the regeneration of calverial defect, further evaluation is needed for the 
regeneration of irregular-shaped bone defects or critical-sized bone de
fects. In our previous study, we observed the repair of critical-sized tibial 
defect (length, 2 mm) with PRP-loaded GM hydrogels albeit poor bone 
healing performance for 4 mm bone defects 8 weeks post-operatively 
[8]. Therefore, it is imperative to further optimize the structure of 
GM@BCP hydrogels to accelerate the rate of tissue infiltration, espe
cially, for the regeneration of large-size bone defects. Since GM hydro
gels exhibit photo-crosslinking ability, regeneration of large-sized bone 
defects or irregular-shaped bone defects can be achieved through 
different molds or in-situ gelatinization.

However, this study has also several limitations. Firstly, hydrogels 
displayed certain degree of mechanical properties albeit further 
requirement for an improvement of the mechanical properties of 
hydrogels, especially, for the regeneration of load-bearing as well as 
large-sized bone defects. BP and CP were simultaneously used to pro
mote the binding and stabilization of VEGF as well as the recruitment of 
calcium ions (Ca2+) in situ, the relationship between BP and CP as well as 
a dose-dependent effect of peptides yet remains to be clarified. Secondly, 
we indirectly evaluated the release kinetics of BP and CP from GM@BCP 
hydrogels by incorporating Rhodamine and 5-FITC into hydrogels as 
representative molecules for the BP and CP, respectively, which may not 
accurately replicate the peptide and therefore can not provide a deep 
insight into the release kinetics of peptides from the GM@BCP hydro
gels. Therefore, the incorporation of fluorescently-labelled peptides as 
well as their release kinetics should be performed in the subsequent 
studies. Thirdly, a rat calverial defect model was chosen to evaluate the 
potential of scaffolds to induce bone tissue repair. Since skull is a non- 
stressed bone, it may not accurately represent the bone defect model, 
especially, to delineate the ability of the scaffolds for the regeneration of 
large-sized bone defects or loead-bearing bone defects. Therefore, it is 
imperative to screen the ability of the scaffolds for the regeneratioin of 
alternative bone defect models, such as tibia. Nevertheless, we deci
phered the ability of GM@BCP to achieve the sustained and controlled 
release of bioactive cues as well as influence the biological function for 
an effective bone tissue repair, which may increase our understanding of 
the biomaterials-mediated bone TE and potentially other related 
disciplines.

5. Conclusion

In this work, in situ injectable GM@BCP hydrogels loaded with BP 
and PLA/G@CP short fibers were prepared and used for bone tissue 
repair. The GM@BCP hydrogels were found to be cytocompatible, non- 
toxic, and bioresorbable, and were mostly degraded for up to 28 days in 
vivo. In the biofunction assay in vitro, BP could recruit VEGF in situ to 
promote angiogenesis, confer immunomodulatory potential and 
improve cell viability and proliferation. The CP can recruit calcium ions 
(Ca2+) to accelerate osteogenic mineralization (quantitative ARS stain
ing: 0.34 ± 0.05 and 1.06 ± 0.10 for GM and GM@CP hydrogels). 
Moreover, BP and CP upregulated OCN and OPN protein expression, 

which could collaboratively induce bone mineralization to obtain high 
quality bone ECM regeneration in a rat calvarial defect model in vivo. 
Taken together, our approach of the concurrent delievery of BP and CP 
from GM@BCP hydrogels may be worthy for future investigations aimed 
at bone tissue repair.
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