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A B S T R A C T   

Developmental engineering strategy needs the biomimetic composites that can integrate the progenitor cells, 
biomaterial matrices and bioactive signals to mimic the natural bone healing process for faster healing and 
reconstruction of segmental bone defects. We prepared the gelatin-reduced graphene oxide (GOG) and con-
structed the composites that mimicked the procallus by combining the GOG with the photo-crosslinked gelatin 
hydrogel. The biological effects of the GOG-reinforced composites could induce the bi-differentiation of bone 
marrow stromal cells (BMSCs) for rapid bone repair. The proper ratio of GOG in the composites regulated the 
composites’ mechanical properties to a suitable range for the adhesion and proliferation of BMSCs. Besides, the 
GOG-mediated bidirectional differentiation of BMSCs, including osteogenesis and angiogenesis, could be acti-
vated through Erk1/2 and AKT pathway. The methyl vanillate (MV) delivered by GOG also contributed to the 
bioactive signals of the biomimetic procallus through priming the osteogenesis of BMSCs. During the repair of the 
calvarial defect in vivo, the initial hypoxic condition due to GOG in the composites gradually transformed into a 
well-vasculature robust situation with the bi-differentiation of BMSCs, which mimicked the process of bone 
healing resulting in the rapid bone regeneration. As an inorganic constituent, GOG reinforced the organic photo- 
crosslinked gelatin hydrogel to form a double-phase biomimetic procallus, which provided the porous extra-
cellular matrix microenvironment and bioactive signals for the bi-directional differentiation of BMSCs. These 
show a promised application of the bio-reduced graphene oxide in biomedicine with a developmental engi-
neering strategy.   

1. Introduction 

As one of the three elements of tissue engineering [1], scaffold plays 
a role in loading cells and protein factors. The ideal scaffold material 
may integrate protein factors and cells to construct a biomimetic 
structural environment to simulate the physiologic repair process for 
efficient and high-quality reconstruction. Lenas et al. first proposed the 
concept of developmental tissue engineering in his two reviews in 2009 
[2,3], the core of which is simulating the physiological development 

process. Similarly, bone healing and bone development involve complex 
and autonomous courses such as intramembranous, osteogenesis, and 
endochondral osteogenesis [4,5], which have the following three char-
acteristics. (1) Path-dependence: subsequent developments depend on 
the physiological conditions provided by the antecedent physiological 
process. (2) Robustness: self-physiological process can resist the influ-
ence of external adverse factors. (3) Semi-autonomy: a certain degree of 
autonomous regulation and development ability (Fig. 1a). The bone 
fracture healing process (Fig. 1a) includes three consecutive phases: 
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inflammatory, reparative, and remodeling [6]. Complex spatial and 
temporal distribution of cells occurs at each phase and interacts with the 
extracellular matrix (ECM) to construct a bioactive signal microenvi-
ronment for the fracture healing [7]. Initially, a coagulation cascade 
forms the hematoma along with the infiltration of progenitor cells in the 
trauma. The hypoxic microenvironment due to the disrupted vascula-
ture in hematoma leads to the differentiation of the progenitor cells 
recruited from the exposed periosteum and bone marrow. The bioactive 
signals that were established by the survived stem cells in the initial 
inflammatory phase activate the subsequent progenitor aggregation and 
intermediate fibrous tissue (procallus) formation for intramembranous 
(IM) and endochondral (EC) ossification. At the early reparative phase, a 
spanning procallus takes up most fracture space and serves a primed 
template for subsequent reparative and remodeling phases. The elabo-
rate constructions of progenitor cells, ECM microenvironment, and 
bioactive signals in procallus present a promised bio-inspired synthesis 
strategy for improving bone regeneration, which implies that the pro-
callus acts as a pivotal role in the developmental engineering strategy. 
At last, we hypothesize that the biomimetic procallus with the 
path-dependent, robust, and semi-autonomous nature of the develop-
mental engineering, promises a potentially extensive and efficient bone 
regeneration. 

The two-dimensional nanomaterial, graphene oxide (GO), has been 
used as a reinforcement agent to improve the physical properties of 
composites for tissue engineering applications [8–11] due to its unique 
features, such as excellent tensile modulus (1.0 TPa), ultimate strength 

(130 GPa), distinctive electrical and thermal properties [12]. Moreover, 
GO can be used as drug deliver due to its large specific surface area for 
drug loading through forming strong π-π conjugation with the drug 
molecules [13]. It was also reported that GO could be taken up by cells 
through endocytosis [14]. Furthermore, graphene and graphene-based 
materials promoted osteogenic differentiation of mesenchymal stem 
cells [15–17] and angiogenesis in vitro by activation of phospho-eNOS 
[18]. However, GO was reported with poor solubility and stability in 
physiological environments and its application is partially limited [19]. 
Compared with GO, the reduced GO was more suitable for biomedical 
applications, such as drug and gene delivery, antibacterial agents, bio-
sensing, bioimaging, and tissue engineering, which can be ascribed to 
the modification from reduction [20–22]. 

Recently, hydrogel has been applied in various areas of biomedical 
engineering [23], such as substitutes for cartilage and skin, wound 
dressing and scaffolds for bone tissue engineering [24], since they can 
mimic the ECM due to their highly swollen 3D environment with a high 
water content and its tissue-like elastic properties [25]. Nowadays, 
different natural materials have been utilized to generate the hydrogels, 
among which gelatin is a natural material and the major component of 
skin, bone, cartilage, and connective tissues. Due to its availability, 
biocompatibility and biodegradability, gelatin has been extensively 
applied in the tissue engineering [26]. Meanwhile, gelatin is known not 
only for biocompatible hydrogel, but also as a biocompatible poly-
peptide with obvious reducibility due to abundant amino side chain on 
its backbone of molecular chain [27]. It’s reported that the 

Fig. 1. The developmental engineering strategy for the biomimetic procallus. a) Schematic illustration of the bone healing process and the path-dependent, robust, 
and semi-autonomous nature of the developmental engineering strategy. b) Schematic diagram of the biomimetic procallus with the realm of developmental 
engineering. 
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photo-crosslinked rapid prototyping method using ruthenium-based 
photochemistry was a simple, stable, and quick method to prepare 
gelatin hydrogels [28–32]. The ruthenium-based photochemistry could 
form a stable gelatin hydrogel by producing tyrosine involved covalent 
bond crosslinks in gelatin hydrogel. Due to the interactions between the 
tyrosines on the surface of the gelatin chain, the photo-crosslinked 
gelatin hydrogel’s overall mechanical properties could be improved by 
inhibiting the formation of triple helices in gelatin [33]. Gelatin has 
reducibility and has been used in the development industry [34,35]. In 
our previous study [36], we prepared reduced-GO from gelatin (gelati-
n-reduced graphene oxide, GOG), we combined GOG and gelatin to 
construct the reinforced composite to mimic the procallus through the 
tyrosine involved covalent bond interlace for developmental engineer-
ing application. We also found that the GOG could synergistically pro-
mote the osteogenesis with a Wnt/β-catenin agonist, methyl vanillate 
(MV) [36]. Thus, we selected MV as the primed bioactive factor deliv-
ered by GOG for further promoting the osteogenic effect of the bio-
mimetic procallus. These properties of GOG make it act as a pivotal 
factor in mimicking the intricate pattern of ECM microenvironment and 
bioactive signals in the procallus for supporting the differentiation of 
progenitor cells. The biomimetic procallus may provide a bio-inspired 
synthesized template for the progenitor cell differentiation and rapid 
repair of the bone defect with the realm of developmental engineering 
strategy (Fig. 1b). 

In this study, GOG was creatively used to construct the bionic pro-
callus, and its application in bone repair and regeneration was investi-
gated. On the one hand, the mechanical properties of biomimetic 
hydrogels can be improved by using GOG as a nano reinforcing agent 
through the reaction of the covalent bond of tyrosine with gelatin. On 
the other hand, GOG could also be used as a controlled release carrier of 
MV to change the anoxic microenvironment of the composite materials 
which could regulate osteogenic and angiogenesis in BMSCs, so as to 
achieve rapid bone regeneration. In this study, the endocytosis mecha-
nism and intracellular localization of GOG in bone marrow stromal cells 
(BMSCs) were studied. We also used MV loaded GOG combined with 
photo-linked gelatin hydrogel to investigate its ability to regulate BMSCs 
differentiation and the corresponding mechanism. In addition, BMSCs 
loaded biomimetic hydrogels were used to study the effect of rapid bone 
repair in vivo. Generally, a new type of procallus was prepared combined 
MV loaded GOG with photo-crosslinking gelatin gel system, which 
provide a new tissue engineering strategy for rapid bone repair and 
regeneration. 

2. Experimental section 

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

This process was conducted as a previous description [37]. Primary 
BMSCs were collected from Sprague-Dawley rats (Shanghai SLAC Lab-
oratory, Shanghai, China). Bone marrow was firstly washed with Dul-
becco’s modified Eagle medium (DMEM; HyClone, USA) supplemented 
with 1% penicillin/streptomycin (HyClone, USA). Then through 
centrifugation, we collected the cell pellet without blood cells and mixed 
it with complete DMEM (FBS; Gibco, USA) supplemented with 10% fetal 
bovine serum. The mixtures were plated into culture flasks to get the cell 
colonies. Then the cells were passaged by trypsinization after conver-
gence formation. Besides, we experimented with BMSCs obtained from 2 
to 3 generations. 

2.2. Preparation and physical characterization of GOG 

GOG was prepared through reducing GO with gelatin as a previous 
description [36] and stored in water with 1.0 mg/mL concentration at 
4 ◦C for further use (Figure S1, Supporting information). Here are brief 
descriptions of the synthesis process, firstly 50 mL of 0.2 mg/mL GO 

aqueous dispersion was prepared and then added dropwise into 50 mL of 
homogeneous gelatin solution under stirring at 80 ◦C for 1 h. The 
mixture would react at 95 ◦C under stirring for 24 h, then the acquired 
stable black dispersion liquid was centrifuged at 20,000 rpm and washed 
with hot water three times to remove the excess gelatin after reaction. At 
last, the obtained GOG after remove of excess gelatin was resuspended in 
water and stored at 4 ◦C until use. For investigation on the difference of 
the solubilities between GO and GOG, we suspended them in phosphate 
buffer saline (PBS), alcohol, DMEM, and simulated body fluid (SBF) by 
ultrasonic and observed the sedimentation of them in various solvents at 
2 h and 4 h. Nicomp 380 particle sizer (Z3000, PSS, USA) was used to 
test the particle size and zeta potential of GO and GOG. The morphology 
of the GOG was studied usingSCANIs scanning electron microscope 
(SEM) and transmission electron microscope (TEM) as a previous 
description [36]. X-ray diffraction (XRD) and FTIR spectrum were also 
conducted to verify the successful reduction of GO and investigate the 
difference between them by the methods described in our previous 
research [36]. Tyrosine content of GO and GOG was tested using 
Tyrosine Colorimetric Assay Kit (MAK219, Sigma, USA) through 
measuring a colorimetric product with absorbance at 492 nm, and the 
results were expressed as the mass ratio of tyrosine to the total weight. 

2.3. Distribution and endocytosis mechanism of GOG in BMSCs 

The cellular uptake of GOG by BMSCs after co-culture for 2 h was 
investigated by the TEM. The ultra-thin sections (70 nm) were prepared 
by Leica EM UC7 ultramicrotome and taken photos by TEM (H-7650; 
Hitachi, Tokyo, Japan) to visualize the uptake of GOG by BMSCs. 
Rhodamine 6G (R6G) labeled GOG was prepared as a previous 
description [36], and then BMSCs were incubated with R6G labeled 
GOG for 2 h. After the endocytosis of GOG by BMSCs, the cells were fixed 
using 4% phosphate paraformaldehyde and stained with FITC-labeled 
phalloidin and DAPI before recording by CLSM (LEICA, Germany). To 
explore the endocytosis mechanisms of GOG in BMSCs in-depth insight, 
a series of assays were conducted to illustrate GOG’s track. The BMSCs 
were pretreated with the medium containing different inhibitors for 2 h 
incubation before the endocytosis of GOG. The affected mechanisms of 
the inhibitors and suitable concentrations for exerting pharmacody-
namics were described in the previous studies reported by other re-
searchers [38–42]. After 2 h of co-incubation with the inhibitors and 
R6G labeled GOG, the BMSCs were analyzed using CLSM (LEICA, Ger-
many) to see the change of GOG uptake. Meanwhile, flow cytometry 
analysis was performed on the MoFlo XDP flow cytometry system 
(BECKMAN COULTER, USA) to quantify the differences. To observe the 
influence of mitosis and autophagy on the endocytosis of GOG, the 
tubulin or LC3B was incubated with primary antibody (ab52866 or 
ab192890; Abcam, USA) overnight at 4 ◦C and then stained with the 
goat anti-rabbit Alexa Fluor® 647 (Abcam, USA) the second antibody in 
the colchicine treated group (pretreated with colchicine for 2 h and 24 
h) or the wortmannin/amiloride treated group respectively. The β-actin 
and nuclei were stained as described above, and the images were 
captured by CLSM (LEICA, Germany). 

2.4. Preparation and physical characterization of the PH/GOG 
composites 

We prepared the crosslinked composites using the principle of 
photochemical reaction [28], in which the 50 mM [RuII(bpy)3]2+ and 1 
M sodium persulphate (SPS) aqueous solutions as the stock solutions 
were applied to initiate the reactions. Various amounts of GOG (0, 5, 10, 
15, 20, 30, 40 or 50 μL of 35 mg/mL GOG in PBS, pH 7.4), were mixed in 
the 1 mL 100 mg/mL gelatin/PBS solution with addition of 20 μL [RuII 
(bpy)3]2+ and 20 μL SPS stock solutions. The mixture was poured into 
different size Teflon molds according to the corresponding experimental 
requirements and was photosolidificated with 30 s irradiation of LED 
dental curing lights at room temperature. The different PH/GOG 
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samples with different concentrations of GOG were named as PH, PH5, 
PH10, PH15, PH20, PH30, PH40, and PH50, respectively. The compo-
sitions of each group of composites were detailed in Table 1. 

The pre-crosslinked PH/GOG composites were first spread on a glass 
slide forming a thin layer with ~1 mm thickness, followed by photo-
polymerization and observation under an optical microscope (Eclipse Ti, 
Nikon, Japan). The morphology of the composites’ internal structure 
was studied with SEM (S3400, Hitachi, Tokyo, Japan), and the samples 
were prepared by freeze-fractured in liquid nitrogen. The elastic moduli 
of the different composites were tested by the electronic universal 
testing machine (HY-0230, HENGYI, China) equipped with a 100 N load 
cell through conducting the constant strain-rate compression tests. The 
samples (10 mm diameter × 5 mm thickness) were performed in the air 
after removal from the Teflon molds. The composite’s hydrophilicity 
was tested after lyophilization of the composites smeared on the subject 
slide, both the image and the value were recorded in all the groups. The 
cast disc samples (10 mm diameter × 5 mm thickness) of the composite 
hydrogel (PH/GOG) were also used to evaluate its characteristics in 
swelling and degradation, in which the samples were weighted in trip-
licate to reduce errors immediately after crosslinking (W0) and soaking 
in 10 mL PBS at 37 ◦C with various times (Wt). The weight change of the 
composites (Mass/%) was recorded according to the formula Mass/% =
Wt/W0 and used to evaluate the degree of swelling and degradation. It is 
assumed to be the accomplishment of deterioration until the composites 
disappeared entirely with no remaining materials. XRD and FTIR spec-
trum of the composites were also conducted using the methods 
described above in the characterization of GO and GOG. 

2.5. The tyrosine detection 

To investigate and analyze the crosslinking interaction between 
gelatin and GOG, as well as inside structure of the PH/GOG composite, 
the tyrosine content of the composite after photopolymerization was 
detected. Briefly, 50 μL pre-crosslinked PH or PH/GOG composites 
(PH5, PH10, PH15, PH20, PH30, PH40, PH50) were respectively added 
in 96-well plate, the tyrosine content per unit volume of the composite 
after (C+

TYR@PH or C+
TYR@PH/GOG) photopolymerization were both 

measured using a Tyrosine Colorimetric Assay Kit (MAK219, Sigma, 
USA) according to the manufacture’s introduction. For a better calcu-
lation and analysis, we defined several parameters listed in Table 2. The 

total amount of tyrosine carried by GOG, which is involved in per unit 
volume of PH/GOG composite (CTYR@GOG), was calculated from the 
result of the mass ratio of tyrosine to GOG above mentioned. CTYR@GOG 
presented the theoretical increment of tyrosine due to the addition of 
GOG in the composites. 

2.6. Cell viability and adhesion on the surface of the PH/GOG composites 

The live/dead test was conducted to observe the viability of BMSCs 
after seeded on the hydrogel composites as previously described [36]. 
The BMSCs suspension with a density of 1 × 105 cells/mL was seeded on 
150 μL composites that were photopolymerized in the cell culture dish 
with a glass bottom (Glass Diameter: 10 mm). The live/dead staining 
was carried as a manufacturer’s protocol after seeding the BMSCs on 
composites 24 h culture. Besides, the cell adhesion on the composites 
was illustrated with two-time points (4 h and 6 h). The integrin immu-
nofluorescent staining at 6 h were incubated with primary antibody 
(ab150361; Abcam, USA). After staining the cell with FITC-labeled 
phalloidin for cytoskeletal β-actin, the images were analyzed using 
CLSM (LEICA, Germany). CCK-8 assay was carried out for a quantitative 
analysis on the BMSCs viability after the cells were seeded with a density 
of 5000 cells/well and cultured on the composites at 1, 4, 7 and 14 d. 
The 50 μL of PH and PH/GOG composites (PH5, PH10, PH15, PH20, 
PH30, PH40, PH50) were added in 96-well plate with photo polymeri-
zation for the CCK-8 assay, and the procedure was carried according to 
the manufacturer’s protocol to evaluate the cell viability. 

2.7. Cell viability inside the PH/GOG composite 

When BMSCs were mixed inside the composites with 5 × 105 cells 
mixed in 150 μL composites that were photopolymerized in a cell culture 
dish with 10 mm diameter glass bottom, the live/dead assay was also 
conducted using the methods described above. 3D Images of the com-
posites mixed with BMSCs (about 120 μm in thickness) were recorded 
based on CLSM (LEICA, Germany). Lenti-luciferase transfected BMSCs 
were combined with different PH/GOG composites, and the mixtures 
were implanted in the back of nude mice subcutaneously for culture in 
vivo. After one week, the implants’ luminescent images were acquired 
after injection of the luciferin substrates using the optical imaging sys-
tem (Night-OWL LB 983, Berthold Technologies, Germany) to verify the 
in vivo viability of BMSCs mixed inside of the composites. 

2.8. Intracellular nitric oxide detection 

NO fluorescent probe (DAF-FM DA; Beyotime, China) was used to 
test the intracellular nitric oxide (NO) activity of BMSCs according to the 
protocol. NO fluorescence was recorded by microscope after the incu-
bation of BMSCs that were adhered to or mixed in the composites with 
the DAF-FM DA (5 μM) for 20 min at 37 ◦C in darkness. 

2.9. Fabrication of MV-loaded PH/GOG composite (PH/MV/GOG) and 
its osteogenic and angiogenic effects on BMSCs 

According to our previous study [36], the composite of MV loaded 
GOG (MV/GOG) in saturated absorption state were prepared for the 
construction of PH/GOG composites. Various amounts of the prepared 
MV/GOG (0, 5, 10, 15, 20, 30, 40, or 50 μL of 35 mg/mL MV/GOG in 
PBS) were used instead of GOG to form the PH/MV/GOG composite 
which was named as PH, PH5M, PH10M, PH15M, PH20M, PH30M, 
PH40M, and PH50M, respectively. The BMSCs suspension with a density 
of 5 × 104 cells/mL was seeded onto 150 μL composite hydrogel pho-
topolymerized in a cell culture dish with 10 mm diameter glass bottom 
to analyze the osteogenic effect of the composites. ALP staining, Runx2 
immunofluorescence staining at 7 d, and Col1 immunofluorescence 
staining at 21 d were conducted according to the description in our 
previous research [36]. PCR assays were carried out to estimate the 

Table 1 
The concentration of gelatin and GOG in PH/GOG composites.  

Sample name Gelatin concentration mg/mL GOG concentration mg/mL 

PH 100 0 
PH5 100 0.175 
PH10 100 0.350 
PH15 100 0.525 
PH20 100 0.700 
PH30 100 1.050 
PH40 100 1.400 
PH50 100 1.750  

Table 2 
Definitions of the relative parameters for tyrosine content analysis.  

Parameter Definition 

CTYR@GOG  The amount of tyrosine carried by GOG in per unit volume of PH/GOG 
composite. 

ΔTYR+ C+
TYR@PH/GOG − C+

TYR@PH, represents actually detected changes in tyrosine 
content per unit volume of the composite due to the addition of GOG 
and the crosslinking after photopolymerization.  

ΔΔTYR+ ΔTYR+ − CTYR@GOG, represents the actual detected changes in tyrosine 
content per unit volume of the composite due to the covalent bond 
formation and the structural change caused by GOG without the 
amount of tyrosine carried by GOG.   
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osteogenic markers’ expressions of the BMSCs seeded on PH/MV/GOG 
composites at 7 d and 21 d. For analysis the angiogenic effect of the 
composites, a sprouting study was conducted by seeding BMSCs on the 
composites with a low cell density of 2.5 × 104 cells/mL, and the 
immunofluorescence staining of angiogenetic marker CD31 was carried 
out by incubation with primary antibody (ab24590; Abcam, USA) at 7 d. 
The total capillary branch lengths, the number of circles, and the 
number of nude points per field were identified and counted by NIH 
ImageJ 1.45 software. PCR was also performed for angiogenic markers 
Ang1, VEGF, vWF, and CD31 after culturing the 5 × 104 BMSCs on the 
composites for 7 d. The sequences of the used primers were described in 
the Supporting Information. 

2.10. Mechanism of the PH/MV/GOG composite on the osteogenesis and 
angiogenesis 

BMSCs were incubated on the different PH/MV/GOG composite (PH, 
PH5M, PH15M, and PH30M) to exam the change of the Erk1/2 and AKT 
signal pathway. After 12 h culture, the cell’s total protein was collected 
with RIPA mixing with phosphatase inhibitor cocktail and analyzed the 
expressions of p-Erk1/2, Erk1/2, p-AKT, AKT, and Mcl1 by Western blot. 
The protein expressions of Runx2 and VEGF were tested after 7 d cul-
ture. The expressions of OCN and OPN were measured after 21 d culture. 
Primary antibodies against p-Erk1/2 (#4370, CST, USA), Erk1/2 
(#4695, CST, USA), p-AKT (#4060, CST, USA), AKT (#4691, CST, USA), 
Mcl1 (ab32087; Abcam, USA), Runx2 (ab23981; Abcam, USA), VEGF 
(ab1316; Abcam, USA), OCN (sc-390877; Santa, USA), OPN (ab8448; 
Abcam, USA) and β-actin (ab8227; Abcam, USA) were used in our study. 
Rat BMSCs were incubated in a culture medium containing 10 × 10-6 M 
PD98059 (#9900, CST, USA), the Erk1/2 signal pathway inhibitor, to 
confirm that the up-regulated Runx2 and VEGF expressions resulted 
from the activation of the Erk1/2 signal pathway. 

2.11. Preparation of implants for the repair of rat critical-sized calvarial 
bone defect 

The composites of PH/MV, PH15, PH15M, PH + BMSCs and PH15M 
+ BMSCs were poured into a Teflon mold and photopolymerized to form 
the implants (5 mm diameter × 2 mm thickness) under sterile condi-
tions. Rat critical-sized calvarial bone defect [43] was conducted to test 
the repair effects of different PH/MV/GOG composites after implanta-
tion, in which 24 rats with an average weight of 300 g and an age of 12 
weeks were used for tests in vivo. Two full-thickness round defects with 
5 mm diameter were created on both sides of the rat skull; null, PH/MV, 
PH15, PH15M, PH mixed BMSCs (PH + BMSCs) and PH15M mixed 
BMSCs (PH15M + BMSCs) were implanted in both defects and divided 
into null-PH/MV, PH15-PH15M, and PH mixed BMSCs-PH15M mixed 
BMSCs three groups. Eight rats were set as a group that was embedded 
with a group of implants described above, so all the rats would be 
randomly divided into three groups with different implant groups. We 
would sacrifice half of the animals at 4 weeks and 8 weeks respectively, 
after implant surgery. The microangiography was carried out to evaluate 
the vascularization at 4 weeks as previously described [44]. The 
sequential fluorescent labeling was carried out for the 8 weeks collected 
animal groups with intraperitoneal injection 35 mg/kg Alizarin Red S 
(AL), 30 mg/kg Calcein (CA), and 30 mg/kg Tetracycline Hydrochloride 
(TE) at 2, 4 and 6 weeks respectively. 

2.12. Micro-computed tomography (μCT) and histology analysis of the 
bone repair 

The harvested bone samples were scanned with μCT (GE Explore 
Locus SP microCT, USA) to evaluate the formations of new bone and new 
blood vessels. The 3D reconstructions of the bone and blood vessels were 
made to illustrate the bone repair effect. Besides, a cylinder area 

Fig. 2. Characterizations of GOG and the endocytosis of GOG in BMSCs. a) Schema of the preparation of GOG. b) SEM and TEM of GOG. c) The morphology 
evaluation by confocal laser scanning microscopy (CLSM) of cultured BMSCs after endocytosis inhibitors and the R6G labeled GOG treatment. Normal: BMSCs treated 
with DMEM containing R6G labeled GOG only. Bar: 10 μm. d) The quantity analysis of the endocytosis mechanisms. The five inhibitors were represented with I, II, III, 
IV, and V respectively, corresponding to the same color. Histograms of FL3-height (R6G intensity) in flow cytometry reflected the amount of R6G labeled GOG 
endocytosis in BMSCs under the action of inhibitors. Histograms of SSC-height revealed the cell complexity induced by R6G labeled GOG endocytosis in BMSCs under 
the effect of inhibitors. Blank: BMSCs treated with DMEM only. e) Schematic illustration of the endocytosis of GOG. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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involving the defect site with a height of 5 mm and a diameter of 5 mm 
was selected as the VOI in which the total vessel volume and the newly 
formed bone were quantified as several parameters to reflect the prop-
erties of the new bone. After μCT analysis, the fixed bone samples 
without vascular perfusion at 8 weeks were assigned to histological 
analysis. The tissue sections were prepared into 5 μm thickness parallel 
to the long axis of the skull; meanwhile, hematoxylin/eosin (HE) and 
Masson trichrome staining were performed to show the different repair 
results of the implants. The quantified analysis of the bone formation in 
Masson stain was illustrated by the ratio of mature bone to the osteoid 
matrix by the NIH ImageJ 1.45 software. The non-decalcified skull 
specimens were used to observe the sequential fluorescent labeling, as 
previously described [45]. Additionally, immunofluorescence staining 
of CD31 in the sections was performed as a similar procedure described 
above and was subjected to a fluorescence microscope for recording the 
images followed by treatment with HE and mounted finally. The fluo-
rescence intensity of CD31 was analyzed by the NIH ImageJ 1.45 
software. 

2.13. Statistical analysis 

Statistical comparisons were conducted by one-way ANOVA and SNK 
post hoc analysis after the normal distribution and equal variance 
assumption test. The results were expressed as means ± SD, and the 
statistical analysis was performed by SAS 8.2 statistical software pack-
age (Cary, USA). The differences were considered statistically significant 
at the confidence levels above 95% (p < 0.05). 

3. Results and discussion 

3.1. The endocytosis and distribution of GOG in BMSCs 

As we reported previously [36], the GOG that we prepared from the 
GO and gelatin, showed better stability (Figure S2a, Supporting infor-
mation). The changes in the particle size and zeta-potential suggested 
that the gelatin immobilization on the graphene oxide made its particle 
size larger and negative charge lesser after reduction by gelatin 
(Figure S2b, c, Supporting information). The XRD and FTIR analysis 
(Figure S2d, e, supporting information) showed the difference between 
the GO and GOG. The GOG got from the reduction of GO no longer 
showed the characteristic peak of the oxidation state at 10 ◦ in the XRD 
spectrum. During the preparation of GOG, Asparagine (Asn), Glutamine 
(Gln), Arginine (Arg), and Lysine (Lys) with –NH2 groups in the gelatin 
maybe interact with the –COOH in the surface of GO to constitute GOG 
(Fig. 2a). Furthermore, the SEM and TEM presented the flake-like 
structure of GOG nanosheets; meanwhile, the winkled and curled fab-
ric also could be observed (Fig. 2b). The sphere aggregations on the 
surface might derive from gelatin, and the high-resolution TEM proved 
that the gelatin immobilized on GOG appearing as black dots and the 
long chain of gelatin on the surface of GOG. Combining with the results 
about the tyrosine content of the GOG and GO tested by the Tyrosine 
Colorimetric Assay kit (Figure S2f, Supporting information), which 
demonstrated that 1 μg GOG loaded 4.882 × 10− 3 nM Tyrosine and the 
content of tyrosine in GO was approximate to zero, we could confirm 
that the GOG had the gelatin in its surface and could participate in the 
tyrosine covalent bond formation. 

We have reported that the GOG could enter BMSCs and distribute 
extensively, both in the nucleus and cytoplasm [36]. For further analysis 
of the endocytosis mechanism in BMSCs, the R6G-labeled GOG was 
prepared and clarified to be labeled successfully. Meanwhile, the light 
view of the endocytosis GOG in BMSCs was also captured (Figure S2g, 
Supporting information). Endocytosis, a cellular process in which sub-
stances are brought into the cell, usually includes phagocytosis (cell 
eating), pinocytosis (cell drinking), and caveolae-dependent endocy-
tosis. As a bioactive nanomaterial, the GOG could enter the cell and elicit 
some impacts to regulate the specific biological activities. The detailed 

mechanisms of the endocytosis and the nanomaterial distributions in the 
cell were correlated with the exertion of its bio-functions. 

In our study, the BMSCs treated with several inhibitors showed the 
different distributions of GOG, which illustrated the different roles of 
these endocytosis mechanisms in the uptake of GOG (Fig. 2c). The block 
of phagocytosis using wortmannin in BMSCs showed the absence of GOG 
in the small vacuoles, also known as wortmannin compartments, which 
resulted from the inhibited further transport of vesicles [46] due to in-
hibition of the phosphatidylinositol (PI) 3-kinases by wortmannin [47]. 
The amiloride treated BMSCs also showed the small vacuoles that did 
not contain GOG due to the block of pinocytosis by inhibiting Na+/H+

exchanger [40]. Due to the G1 arrest of the cell cycle by amiloride, the 
Cajal body showed heterogenic distributions in the nucleus [48]. 
Meanwhile, the GOG distribution in the core also showed the same 
pattern of heterogenic distribution as the Cajal body, implying that GOG 
may be localized in the Cajal body to regulate its functions. Recent 
research showed that the Cajal body could process siRNA, miRNA, and 
pre-mRNA to regulate the RNA function [49,50]. Meanwhile, the 
osteogenesis and angiogenesis were also influenced by the RNA function 
[51,52], from which it could be deduced that GOG may exert its 
bio-functions by altering the RNA function. The inhibited 
caveolae-dependent endocytosis by genistein also affected the endocy-
tosis of GOG. The small vacuoles without GOG could be identified in the 
BMSCs due to the inhibition of Src tyrosine kinases and caveolae dy-
namics [41]. The cell treated with colchicine for 2 h showed an uneven 
distribution of GOG, implying that the disturbed cell cycle influenced 
the endocytosis and delivery of GOG in BMSCs. The influx of GOG into 
the nucleus was decreased by the treatment of ivermectin, which in-
hibits the importin α/β-mediated nuclear import [42]. This phenomenon 
showed that the nuclear import of GOG was related to the importin α/β, 
which translocated the substances with atomic localization signals into 
the nucleus through nuclear pore complexes (NPC). We further quanti-
tatively measured the cellular uptake of GOG at 2 h using flow cytom-
etry. The flow cytometry dot-plot image indicating the distribution of 
SSC-Height and FL3-Height (R6G) intensities presented the difference 
between the standard and treated groups with different inhibitors 
(Figure S2h, Supporting information). The quantity analysis of the 
endocytosis mechanisms (Fig. 2d) showed that the BMSCs operated by 
wortmannin and amiloride presented a significantly decreased uptake of 
GOG (decreased FL3-Height). Additionally, the genistein, colchicine, 
and ivermectin also slightly inhibited GOG endocytosis by affecting the 
caveolae dynamics, microtubules, and importin-α/β, respectively. The 
SSC parameter, which reflected cell complexity, was related to many 
factors, such as size and number of the particles in the cell, organelle 
distribution in the cell, and the other factors. The SSC-Height (Fig. 2d) 
indicated the same trend effect of the inhibitors on endocytosis of GOG 
as FL3-Height, except genistein and ivermectin. The break of caveolae 
dynamics and the abnormal function of importin due to genistein and 
ivermectin may result in the cell’s unusual physiological activity, which 
induced an increased granular complexity of BMSCs with the decreased 
endocytosis of GOG (decreased FL3-Height). The SSC-Height of the cell 
treated by wortmannin, amiloride, and colchicine were reduced due to 
the inhibited endocytosis of GOG. The schematic illustration (Fig. 2e) 
showed the track of GOG corresponding to the same color inhibitors. The 
analysis of the endocytosis and distribution of GOG in BMSCs showed its 
excellent biocompatibility, which promised essential biological 
functions. 

GOG as a good nanocarrier for bioactive factors, and the endocytic 
process of GOG in BMSCs was mainly through the phagocytosis and 
pinocytosis pathways for the uptake of GOG. Furthermore, we have 
known that graphene and graphene-based materials could promote 
osteogenic [15–17] and angiogenic [18] differentiation of the mesen-
chymal stem cells in vitro. Combining with the results of tyrosine content 
that showed the presence of gelatin on the GOG, we hypothesized that 
GOG could not only function as the nanocarrier for bioactive factors but 
also act as a filler to react with gelatin through the tyrosine involved 
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covalent bond for further improving the mechanical properties of the 
composites and eliciting its osteoinductive and angio-inductive bio--
functions. The GOG reinforced composite maybe also mimics the pro-
callus for the rapid and excellent repair of the bone defect. 

3.2. The biological functions of GOG and biomimetic procallus 

To further analyze the influences of GOG on the vital cellular ac-
tivities, we examined the mitosis and autophagy of BMSCs with GOG 
incubation. Analysis of the endocytosis of GOG in BMSCs treated by 
colchicine for 2 h had shown that the disturbed cell cycle influenced the 
distribution of GOG in the cell. For further study on the interrelationship 
between the cell cycle and uptake of GOG, we pre-treated BMSCs with 
colchicine for 24 h to analyze the endocytosis of GOG. The tubulin 
immunofluorescent staining of normal BMSCs without treatment with 
colchicine showed that GOG had the partial co-localization with the 
tubulin in both nucleus and cytoplasm (Fig. 3a, Yellow dot circle). It 
means that the GOG has the interlace with the tubulin, which implies 
that the transport of GOG maybe relates to the tubulin. It’s worth 

mentioning that the β-actin also showed co-localization with GOG 
(Fig. 3a, Blue dot circle) besides the co-localization of GOG with tubulin, 
which indicated that the interaction between the actin and GOG medi-
ated the transportation of GOG. The BMSCs treated with colchicine for 2 
h showed little difference in the position relationship between the 
tubulin and GOG from the normal BMSCs, except for the uneven dis-
tribution of GOG. Furthermore, the uneven distribution of GOG in 
BMSCs treated with 24 h was obvious, and the partial co-localization of 
the tubulin and β-actin with GOG also could be identified in the BMSCs 
with the disturbed cell cycle. A previous study demonstrated that 
graphene-based materials could directly influence the cytoskeletal or-
ganization by affecting cytoskeletal tension, resulting in cell differenti-
ation [53]. Our results showing the co-localization of GOG with 
cytoskeletal implied that GOG could regulate the differentiation of 
BMSCs. Although the cell cycle was disturbed by colchicine, the distri-
bution of GOG in BMSCs was also extensive, and the abnormal shape and 
number of nucleus didn’t affect the distribution of GOG in the nucleus 
(Fig. 3a, Yellow dot circle), which indicated the biocompatibility of 
GOG. Meanwhile, the LC3B immunofluorescent staining of BMSCs 

Fig. 3. Biocompatibility of GOG and the biological functions of biomimetic procallus. a) Effect of colchicine treatment for different time on the endocytosis and 
distribution of R6G labeled GOG in BMSCs. Yellow and blue dot circles indicate the same site in each channel. Bar: 10 μm. b) Effect of wortmannin or amiloride 
treatment on the autophagocytosis and distribution of R6G labeled GOG in BMSCs. White dot circles indicate the same site in each channel. Bar: 10 μm. c) Schematic 
illustration of the mechanism of the photo-initiated crosslinking reaction. d) The SEM of the section view of the composite with GOG. e) Integrin immunofluorescence 
staining of the BMSCs seeded on the composite at 6 h. Bar: 50 μm. f) TEM images showed the endocytosis of GOG in BMSCs and the NO synthesis caused by GOG. Bar: 
250 μm. g) Schematic illustration showed the mechanism of biomimetic composites. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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showed that GOG would not give rise to the aggregation of LC3B, and it 
also did not show co-localization with LC3B (Fig. 3b, White dot circle), 
which implied that the GOG endocytosed by BMSCs did not induce the 
formation of autophagosome and had the opportunity to exert its 

functions with good biocompatibility. 
On the whole, the immunofluorescent staining of LC3B and tubulin 

showed that the GOG did not intrigue the damage from autophagocy-
tosis, and the mitosis of the cell did not influence the distribution of GOG 

Fig. 4. The biomimetic microstructure of the composites modulated by GOG. a) The SEM of the section view of the composite with the light view of the hydrogel. 
Bar: 100 μm. b) The adhesion of BMSCs on the composite after seeding for 4 h and 6 h. Bar: 100 μm. c) The digital photos showed the mechanical property of the 
composites. The yellow dot lines show the deformation of the gel after the compression. d) The stress-strain curve and the compression strength at the strain of 72%. 
*: p < 0.05 versus PH. e) The linear region of the stress-strain curve and the compression modulus at the strain of 20%. *: p < 0.05 versus PH. f) The contact angle of 
the composite. *: p < 0.05 versus PH. g) The changes of the differential values with irradiation (ΔΔTYR+). h) Schematic illustration of the structural transformation 
of the composites with the increased GOG. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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in cells. The excellent performance of GOG in the cell further promised 
the potential for delivering growth factors. Graphene alone can cause 
oxidative stress and cytotoxicity in tissue engineering regeneration [54, 
55], so we use graphene in combination with other materials to reduce 
its side effects and guarantee its potential in promoting stem cell pro-
liferation and differentiation [12,15]. Additionally, the pure 
photo-crosslinked hydrogel, due to the limitation of mechanical 
strength, is restricted as an ideal material with the lack of osteogenesis 
[56]. To overcome the mechanical limitation, we constructed the bio-
mimetic composites by mixing the inorganic GOG with 
photo-crosslinked gelatin hydrogel. The GOG could help protect the 
composites from damage by stress distribution, thus relatively 
increasing the mechanical strength of the composite [57]. 

The GOG reinforced photo-crosslinked composites could mimic the 
reparative phase of bone healing with the delivered growth factor. The 
construction was composed of the interaction between the ingredients 
resulting in the achievement of biomimetic procallus for promoting 
bone healing. Compared with the gold standard of bone repairments, 
autologous bone graft (ABG), the biomimetic procallus resembles the 
early reparative stage of bone healing and could elicit the subsequent 
repairing and remodeling processes with the active and fast biological 
responses other than the inactive bone remodeling in ABG (Fig. 1a). So, 
the biomimetic composites derived from the realm of developmental 
engineering would potentially result in extensive bone regeneration 
(Fig. 1b). The gelatin immobilized on GOG offered a bionics nucleation 
site where the inorganic mineral substance interlaced with the organic 
matrix substance, like the crosslink between collagen and the mineral-
ized hydroxyapatite. So, the GOG could be mixed with photo-crosslinked 
gelatin hydrogel to construct the biomimetic materials. The schematic 
illustration showed the mechanism of the photo-initiated crosslinking 
reaction between tyrosine, lysine, and cysteine on the GOG and gelatin 
(Fig. 3c). The photo-crosslink principle made the composites form more 
covalent bond crosslinks to reinforce the mechanical properties and 
regulate the hydrogel structure. The internal structure of the composites 
incorporating GOG was observed by SEM (Fig. 3d). The images exhibi-
ted that the GOG reinforced composites with a porous microstructure 
appeared as the distribution of nanoparticles on the wall of holes. The 
GOG mixed with the gelatin also could distribute in the interior portion 
of the hole walls, as presented in the lower row of SEM. Due to the high 
ultimate strength of the graphene-based material, GOG also could 
reinforce the mechanical properties to the appropriate range for better 
biological functions. The immunofluorescence staining of integrin, cell 
adhesion receptor, in the BMSCs (Fig. 3e) after seeded on the composite 
for 6 h, showed the suitable attachment of BMSCs on the surface of the 
composite with healthy cell spreading, which resulted from the proper 
microstructure of the composite. The adequate adhesion for BMSCs on 
the composites could guarantee a good proliferation on the composite 
without apoptosis. In the high-resolution TEM (Fig. 3f), the process of 
the endocytosis of GOG in the BMSCs was presented. The small vacuoles 
in the TEM were observed, showing the endocytic process of GOG by 
BMSCs, which was consistent with the results of confocal images. The 
ROS caused by GOG could induce NO synthesis, which promoted the 
angiogenic differentiation of the stem cells. The ROS caused by GOG was 
just like a double-edged sword, the low level of ROS had a mimetic effect 
of the hypoxic microenvironment in the inflammatory stage to exert the 
bioactive signals for repair, but the high-dose of ROS would have the 
damage to the cells [18]. Overall, the photo-crosslinked gelatin hydrogel 
with GOG could construct a biomimetic extracellular matrix microen-
vironment for the effective utilization of the ROS. The appropriate 
hypoxic microenvironment caused by GOG reinforced composite could 
also exert its biological effect through ROS induced NO synthesis 
(Fig. 3f). 

With the developmental engineering design, the hypoxia microen-
vironment induces the angiogenesis in the biomimetic composites to 
establish a nutrient-rich intermediated condition. Meanwhile, the 
bioactive factors that come from the GOG delivery and the secretion of 

the primed progenitor cells integrate with the GOG-modulated com-
posite structure and the angiogenesis of the biomimetic composites to 
construct a dynamic process for the subsequent reparative and remod-
eling stage of the bone healing. The biomimetic composites with the 
porous structure, suitable mechanical property, and bioactive signals 
system could mimic the fibrocartilaginous ECM (procallus) for bone 
repair. As showed in the Schematic illustration (Fig. 3g), the biocom-
patibility of GOG and the composite induced bioactive signals in the 
BMSCs promised a prospect of the biomimetic procallus for bone repair. 
The co-locations of GOG with tubulin, actin, and Cajal body, as 
described above, implied its biocompatibility. The escape of GOG from 
the autophagosome also made it an ideal nanocarrier for bioactive fac-
tors. The adhesion of BMSCs on the composite would initiate the sequent 
signal transduction to activate the Erk1/2 pathway and the PI3K/AKT 
pathway for regulating the osteogenesis and angiogenesis [58,59]. 
Meanwhile, the proper ROS level in the cell could also induce the acti-
vation of the Erk1/2 and PI3K/AKT pathway to exert its biological 
functions [60], which mimics the initial inflammatory phase with hyp-
oxia condition to induce the angiogenesis. During the signals trans-
duction, the activation of the Erk1/2 pathway could induce the 
angiogenic and osteogenic differentiation of the BMSCs by Hif-1 [61] 
and Runx2 [59], respectively. The activation of the AKT pathway could 
mediate the eNOS phosphorylation to initiate the NO synthesis for 
angiogenesis [62]. At the same time, the phosphorylation of GSK3β by 
PI3K/AKT could inhibit apoptosis by increasing Mcl’s expression [63]. 
Besides, the PI3K/AKT pathway could promote the expression level and 
amount of antioxidative enzymes by increasing Nrf2 protein levels in the 
nucleus, exerting the antioxidant role [64]. Overall, the proper extra-
cellular matrix microenvironment and the ROS level in the biomimetic 
procallus could promote the adhesion, proliferation, and differentiation 
of the progenitor cells, which all the advantages for the regeneration 
come from the pivotal role of GOG. The excellent biocompatibility and 
bionic regulation effects of GOG give the BMSCs a favorable environ-
ment to repair the defect. 

3.3. The biomimetic structure of the GOG reinforced procallus 

The biomimetic microstructure of the composite was the primary 
condition for the subsequent repair and regeneration. The specific 
geometric configuration of the substrates could regulate the differenti-
ation of stem cells for tissue engineering [65–67]. For analyzing the 
effect of GOG on the structure and biological functions of the biomimetic 
procallus, we constructed a series of composites with different ratios of 
GOG. The composites with a proper amount of GOG integrated the ad-
vantages of gelatin and GOG, which provided a better structural 
morphology of the biomimetic procallus and exhibited osteogenic and 
angiogenic effects on the BMSCs. The SEM showed the structural change 
of the composites, which transformed from the porous to blocky struc-
ture (Fig. 4a). Meanwhile, the adhesion of BMSCs on the surface of the 
different composites showed the difference, which indicated that the 
ratio of GOG in the composite played a critical factor in regulating the 
structure and biological functions (Fig. 4b). The PH15 composite 
showed the proper porous structure and promoted the adhesion of 
BMSCs on it. Further analysis of the effects of GOG ratio on the regu-
lation of the mechanical properties showed that the PH15 had the best 
mechanical properties. The upper row of the digital photos (Fig. 4c) 
showed the composites’ view before and after the compression test. 
Besides, the yellow dot lines in the low row showed the deformation of 
the composites after the compression test. The compression strength of 
composite hydrogels at 72% strain increased significantly, with the 
concentrations of GOG increasing to PH10 and then decreased gradually 
from PH15 to PH30. Lastly, the PH/GOG composites exhibited an 
extraordinary increase of the strength with the addition of GOG once 
more (Fig. 4d). The compressive modulus of the composites at 20% 
strain also showed the regular trend of results, which was similar to the 
compression strength except for the decrease in PH50 (Fig. 4e). The best 
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resistant ability of the PH50 and the decreased compressive modulus 
compared to PH40 were consistent with the structural transformation 
from the porous microstructure to the blocky structure. The proper 
construction of PH15 showed suitable mechanical properties within the 
kPa range that was reported to be ideal for the cell adhesion and dif-
ferentiation [68,69]. The hydrophily of the hydrogel composites 
(Fig. 4f) illustrated that the hydrophily of the composites became 
weaker with the increasing GOG before PH15. The hydrophilicity 
became better with a further increase of GOG, which may be due to the 
microstructure change of the composites from porous to the blocky or-
ganization, in which the best stretch of the porous microstructure in 
PH10 and PH15 after lyophilization contributes to the poorest 
hydrophilicity. 

The gelatin immobilized on GOG guarantees it to participate in the 
formation of the tyrosine involved covalent bonds. Furthermore, the 
covalent bond formation between the tyrosine and tyrosine, lysine, and 
cysteine would block the tyrosine to reacted with the Tyrosine Colori-
metric Assay kit, which resulted in the decrease of the detected tyrosine. 
So, the tyrosine content detected by Tyrosine Colorimetric Assay kit 
would show a different pattern with the increased amount of GOG mixed 
in the composites, which regulates the structural transformation of the 
composites from the porous structure to the blocky structure. After the 
irradiation, the change of tyrosine concentration in PH/GOG composites 
reflected the influences of the crosslinked covalent bond formation and 
the structure transformation (Fig. 4g). The formation of tyrosine 
involved covalent bonds after photo-crosslinking caused the decrease of 
the detected tyrosine, while the structural transformation of the com-
posites would induce different changes of the detected tyrosine. When 
the porous structure was reinforced with the increased GOG, the 
detected tyrosine was increased due to the stretch of the porous struc-
ture with more exposure of tyrosine to react with the kit. With the 
further increase of GOG, the structural transformation from porous to 
blocky resulted in a decrease in the detected tyrosine because of the 
structure’s contraction. Compared with PH composite, the GOG caused 
more tyrosine covalent formation in the PH/GOG composite resulting in 
the negative value of ΔΔTYR+ (Table 2 shows the definitions of the 
relative parameters for tyrosine content analysis). The tyrosine pattern 
showed a regular variation trend, which was similar to the modulus’ 
changing pattern. The schematic illustration (Fig. 4h) showed the hy-
pothesis of the structural transformation. Through combining the results 
of SEM and mechanical properties with the detected tyrosine concen-
tration change, it could be speculated that the PH10 and PH15 com-
posites were the best setups of gelatin hydrogel and GOG. With the 
further increased GOG, the structure of the composites began to trans-
form to the blocky organization, and the GOG became the principal part 
instead of the gelatin hydrogel with a decreased modulus. The com-
posites’ swelling properties also showed the PH15 had better swell- 
degradation performance (Figure S3a, Supporting information). The 
XRD and FTIR results of the composite showed no difference in the 
pattern between the curve of PH, PH5, PH15, and PH30, except for a 
little difference in the intensity of several specific positions (Figure S3b, 
c, Supporting information). All of the results are consistent with the 
previous research, concluding that the original properties of the matrix, 
the size, form, and content of the filler, and the interactions between the 
filler and matrix, can affect the features of the composites [57]. In 
conclusion, the biomimetic procallus with proper ratio of GOG showed 
the porous structure and promoted the adhesion of BMSCs on the 
composites. The PH15 composite maybe has the appropriate ratio of 
GOG for the better structure. Meanwhile, it could also elicit a sequence 
of bioactive signals for its biological functions to mimic the procallus. 

For mimicking the progenitor in the procallus, the stem cell-based 
therapeutic (SCBT) strategies should be applied to provide an addi-
tional osteogenic potential of the implants compared to the acellular 
materials, which resembles the bioactive procallus that construct a semi- 
autonomous stem cell differentiation microenvironment for supple-
mentary progenitor’s recruitment from surrounding host tissue. 

Emerging evidence suggests that quick stimulation of progenitor cells 
may improve the differentiation and gene expression of the stem cells 
compared to the untreated cells [70]. So, we need to select a bioactive 
factor to prime the osteogenesis of progenitors. In current studies, the 
researchers usually used the purified growth factors (e.g., BMP2, PDGF) 
[71] or the extraction of the endogenous tissue (e.g., PRP) for stimu-
lating the osteogenesis of progenitors. These factors would facilitate 
bone regeneration through IM ossification other than EC ossification due 
to its osteoinductive and osteoconductive effects. Due to the hypoxic 
condition caused by GOG in the biomimetic procallus has mimicked the 
inflammatory stage favoring the EC ossification, we need to select the 
osteoinductive bioactive factor to facilitate the direct osteogenesis for 
IM ossification. By combining the EC ossification with IM ossification, 
we could regenerate the defects based entirely on the construction of 
biomimetic procallus. For improving the osteogenesis of biomimetic 
procallus, we selected MV as the bioactive drug loaded in GOG to prime 
the osteogenesis of the progenitors. In the further investigation on the 
bio-functions of the biomimetic procallus, we constructed a series of 
photo-crosslinked composites with different ratios of MV/GOG, which 
had the different mechanical properties, osteogenesis, and angiogenesis 
capacities. We would clarify the specific ratio of MV/GOG in the bio-
mimetic procallus for eliciting its best biological functions and analyze 
its specific mechanism for promoting the bone repair. 

3.4. The biological functions of MV/GOG reinforced procallus on 
osteogenesis and angiogenesis 

In the native bone healing of the critical-sized bone defects, the 
inherent large bone defect is suitable for the chondrogenesis of bone 
repair due to the lack of blood supply. So, the EC ossification plays a 
primary role in the reparative phase of bone healing other than the IM 
ossification that needs an adequate blood supply. The study showed that 
the amount of new bone formation was related to the pattern of osteo-
genesis, and the implants facilitating IM ossification presented a more 
massive formation of new bone than EC ossification [72]. So, a majority 
of strategies have devoted to stimulating progenitor cells directly oste-
ogenic differentiation rather than endochondral calcification, the 
implant conditions primed the direct osteogenesis guaranteeing an 
efficient bone repair. Meanwhile, the angiogenesis in the EC ossification 
could provide a better situation for the further IM ossification, which 
shows that both ossifications play an essential role in bone healing. For 
further constructing a better bioactive signals system combining the EC 
ossification with the IM ossification, we utilized the GOG as a nano-
carrier to further expand its application in priming osteogenesis in 
addition to its effect of mimicking the hypoxia condition. The drug 
loading capacity of GOG is tested by Methyl vanillate, which is a new 
small molecule drug extracted from Hovenia Dulcis Thunb (HDT), which 
could induce activation of the Wnt/β-catenin pathway and promote the 
osteogenic differentiation [73]. HDT is a traditional Chinese plant 
medicine and used to treat fever, liver diseases, and hangover treatment 
[74]. It was reported that the proper concentration of MV could repair 
the femoral bone defect of ovariectomized mice through oral adminis-
tration, in which the therapeutic effects were equivalent to that treated 
with an intraperitoneal injection of PTH(1–34) [73]. In the meanwhile, 
MV could promote osteogenesis without the risk of osteosarcoma 
accompanying with BMP and TGF signal pathway [75–77]. So, the 
growth factor MV loaded by GOG could accompany with the effect of the 
composites to promote the osteogenesis through activation of the 
Wnt/β-catenin pathway. The loading of MV on GOG (MV/GOG) had 
been reported as 1.5 μg of MV corresponding to 1 mg of GOG in satu-
rated absorption condition in our previous research [36], and the MV 
release profiles from GOG exhibited that GOG showed a rapid release in 
the first 5 h with a subsequent sustained release of MV (Figure S3d, 
Supporting Information). Furthermore, the release of MV was nearly 
65% at pH 2, which was more than that of approximately 50% at pH 7 
after 30 h. The more hydrogen bond dissociation in the acidic 
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environment could explain why more MV release from GOG in pH = 2 
[78]. Since the microenvironments of trauma and repair sites were more 
acidic than the typical humoral environment, which implied that more 
drug would be released from GOG for the therapeutic regimen [79]. This 

acidic microenvironment caused by hypoxia conditions could induce the 
rapid drug release from GOG for priming the osteogenesis of the 
progenitors. 

Before the evaluation of the biomimetic procallus for bone repair in 

Fig. 5. Bi-differentiation of BMSCs on the MV/GOG reinforced procallus. a) The live/dead of the BMSCs seeded on the PH/GOG composites. b) The proliferation of 
the BMSCs seeded on the PH/GOG composite tested by CCK-8 kit. *: p < 0.05 versus PH at 4 d; #: p < 0.05 versus PH at 7 d; †: p < 0.05 versus PH at 14 d. c) The ALP 
staining of the BMSCs seeded on the PH/MV/GOG composites at 7 d. Black bar: 500 μm. d) Runx2 and e) Col1 immunofluorescence staining of the BMSCs seeded on 
the PH/MV/GOG composites at 7 d and 21 d respectively. White bar: 200 μm. f) Osteogenic differentiation related genes expression, such as the expression of Runx2, 
ALP, Col1 and OCN in BMSCs seeded on the PH/MV/GOG composites at 7 d and 21 d. *: p < 0.05 versus PH at 7 d; #: p < 0.05 versus PH at 21 d. g) The 
immunofluorescence staining of CD31 of BMSCs seeded on the PH/MV/GOG composites at 7 d. Bar: 200 μm. h) The quantitative analysis of the total capillary tube 
lengths, the number of circles and nude points per field. *: p < 0.05 versus PH. i) Relative gene expression of angiogenic marker Ang1, VEGF, vWF and CD31 in 
BMSCs seeded on the PH/MV/GOG composites at 7 d. *: p < 0.05 versus PH. j) The Western blot assays of the related pathway proteins and Mcl1 in BMSCs were 
analyzed after seeding on the PH/MV/GOG composites for 12 h. k) The expression of VEGF, Runx2 at 7 d and l) OPN, OCN at 21 d were also analyzed to test the 
osteogenic and angiogenic effects of the PH/MV/GOG composites. m) Inhibition of Erk1/2 signal pathway blocked the osteogenic and angiogenic properties of the 
PH/MV/GOG composites. 
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vivo, we firstly survey its biocompatibility on BMSCs in vitro. The bio-
mimetic procallus, composed of GOG and photo-crosslinked gelatin, 
showed proper mechanical properties as described above, which may 
promote the adhesion and proliferation of progenitor without the 
cytotoxicity. The cell viability of BMSCs seeded on the PH/GOG com-
posites were investigated by live/dead staining and CCK-8 assay. The 
results of live/dead staining (Fig. 5a) presented that the composites with 
different ratios of GOG showed no cytotoxicity at 1 d. The amounts of 
the cell adhering on the surface of the different composites were variant 
in the live/dead. Consistent with the results of the cell adhesion 
(Fig. 4b), the composite of PH15 showed the most amount of BMSCs in 
live/dead staining, which indicated that the better microstructure of the 
composites was suitable for the adhesion of the BMSCs on the surface of 
the hydrogel. The CCK-8 result (Fig. 5b), which measured the mito-
chondrial metabolic activity of BMSCs cultured on the composites, 
showed the change of the cell number to reflect the proliferation of 
BMSCs, with time from 1, 4, 7, and 14 d. The results indicated that the 
PH15 composite with a proper ratio of GOG had the best effect on 
promoting cell proliferation than other composites. Noteworthy, the 
PH15 composite maybe has the optimal concentration of GOG for cell 
adhesion and growth, which promises the potential sequent differenti-
ation of the BMSCs. 

Along with the excellent biocompatibility of the procallus, the proper 
hypoxic microenvironment caused by GOG resembled the initial in-
flammatory hematoma stage for eliciting bioactive signals in cellular 
development and tissue regeneration. The hypoxic microenvironment in 
the biomimetic procallus may favor the EC ossification for the bone 
fracture healing. Meanwhile, the MV delivered by GOG could induce 
direct osteogenesis to facilitate the IM ossification. The proper hypoxic 
microenvironment and the MV primed osteogenic conditions integrate 
the EC and IM ossification to promote the regeneration of bone defects. 
Our previous study had shown that the MV did not influence the pro-
liferation of the BMSCs [36], and the evaluation of the adhesion and 
proliferation of BMSCs on PH/GOG composites showed that the PH15 
had the best biocompatibility. We selected the PH, PH5M, PH15M, and 
PH30M to conduct further research to analyze the bio-functions of the 
biomimetic procallus mixed with MV/GOG. 

Due to the effect of MV on priming the progenitors, we firstly tested 
the osteogenic effect of the biomimetic procallus on the BMSCs. The ALP 
staining of the BMSCs seeded on the biomimetic procallus at 7 d (Fig. 5c) 
showed that the PH15M had the best osteogenic effect. The composites 
with less or more MV/GOG showed a decreased impact on osteogenesis 
in ALP staining. Additionally, the light view of BMSCs on the composites 
at 21 d (Figure S3e, Supporting Information) showed similar results with 
ALP staining, more extensive cellular aggregation, and mineralized 
node. The decreased osteoinductive effect of PH30M may be resulted 
from the oxidative stress injury on BMSCs due to the ROS aroused from a 
large amount of MV/GOG. A balance between the oxidative damage of 
MV/GOG and the primed osteoinductive effect from MV was needed to 
attain to elicit a potential impact on osteogenesis. Runx2 immunofluo-
rescent staining at 7 d (Fig. 5d) and Col1 at 21 d (Fig. 5e) for BMSCs 
seeded on the composites with different MV/GOG ratios showed the 
results consistent with the ALP staining. The expression of Runx2 was 
increased significantly at 7 d in PH15M compared to other composites, 
which indicated the best osteogenic effect at the early stage. Col1 also 
presented the most extensive nodules of mineralization due to the better 
osteogenic effect of PH15M at the later stage of osteogenic differentia-
tion. The osteogenic effect of the PH15 without MV containing the same 
amount of GOG with PH15M was also tested to illustrate the osteogenic 
effect of the composite just incorporating GOG. The result (Figure S3f, g, 
Supporting Information) showed that the composite only with GOG also 
had a weak osteogenic effect due to GOG’s property. Quantitative real- 
time PCR was conducted to investigate the osteogenic differentiation of 
BMSCs cultured on different composites (Fig. 5f). Compared with the 
pure gelatin group (PH), the gene expressions involved in osteoblastic 
differentiation such as Runx2, ALP, Col1 and OCN were upregulated 

significantly in PH5M, and PH15M was attributed to the outstanding 
osteoinductive effect of the composites. However, high concentrations 
of MV/GOG in the PH30M group displayed a negative impact on the 
regulation of the osteogenic-related genes compared with the PH15M, 
which showed that a balance between the osteoinductive effect of MV 
and the side-effect of MV/GOG needed to be attained to elicit an ideal 
osteogenic impact. The best outcome of PH15M on the osteoblast related 
gene expression was attributed to the controlled release of MV and the 
proper microstructure of the composite due to the mixture of MV/GOG. 
The best osteogenic effect of PH15M at all the time points verified the 
best balance to exert its bio-functions. 

Considering the hypoxia condition caused by GOG in the biomimetic 
procallus, the circular distribution pattern of BMSCs in the results of the 
ALP staining, Runx2 and Col1 immunofluorescence staining implied the 
angiogenic effect of the biomimetic procallus. For amplifying the dis-
tribution pattern of the BMSCs to clarify the angiogenic effect of the 
biomimetic procallus, we seeded BMSCs on the composites with a less 
cell density to analyze the angiogenic differentiation of the BMSCs. The 
impact of the biomimetic procallus on the angiogenic differentiation of 
BMSCs was investigated through staining the β-actin and endothelial 
marker CD31 (Fig. 5g). Meanwhile, the circular pattern of the BMSCs 
was also quantified in terms of the total capillary branch lengths, the 
number of circles, and the number of nude points (Fig. 5h). The sche-
matic illustration (Figure S3h, Supporting information) showed the 
branch, loop, and nude defined by the NIH ImageJ 1.45 software 
automatically. BMSCs cultured on the PH15M composite could form the 
capillary-like tubes with the expression of CD31 at 7 d. Compared with 
PH, the formation of vascular tubes in PH15M was more shaped in a 
capillary-like network. Meanwhile, the total capillary branch length, the 
number of circles, and the number of nude points per field also increased 
significantly (p < 0.05). However, the PH30M composite inhibited tube 
formation of BMSCs. It was worthwhile pointing out that the marker of 
the endothelial cell CD31 was expressed in the cells that formed the 
capillary-like circles, which verified that the composite could induce the 
angiogenic differentiation of the BMSCs. To prove the angiogenic effect 
of the composite resulted from the GOG mixed in the hydrogel, the PH/ 
MV composite that had the same amount MV as PH15M composite but 
without GOG was constructed to compare the angiogenic effect of it with 
PH15M composite. The result (Figure S3i, Supporting information) 
proved that the composite without GOG just containing MV did not 
represent the same angiogenic effect with the PH15M, and the perfor-
mance of it was only equivalent to the PH without MV/GOG. The gene 
expressions of endothelial markers, Ang1, VEGF, vWF, and CD31 were 
also assayed by qRT-PCR at 7d to illustrate the angiogenic differentia-
tion of BMSCs after cultured on the different composites (Fig. 5i). 
Compared with the control group (PH), the composite of PH15M upre-
gulated the expression of Ang1, VEGF, vWF, and CD31 of BMSCs 
significantly (p < 0.05). With further increase of MV/GOG, the expres-
sion of endothelial markers was decreased compared to the PH15M. All 
the results showed that the PH15M also showed the best angiogenic 
effect except for the osteoinductive fact. The proper ratio of GOG in the 
biomimetic procallus could elicit an appropriate condition of hypoxia 
for angiogenesis. Meanwhile, the MV delivered by GOG also primed the 
osteogenesis of the BMSCs in combination with the stimulus of the 
bioactive signals in the procallus. 

To verify the best ratio of MV/GOG and the specific bioactive signals 
in the biomimetic procallus for eliciting its bio-functions, the Western 
blot analysis of the related protein expression was conducted to 
replenish the schematic illustration of the biomimetic procallus with 
bioactive signals system (Fig. 3g). The results of Western blot (Fig. 5j) 
showed that the phosphorylation of Erk1/2 and AKT pathway was 
gradually enhanced at 12 h with the increased amounts of MV/GOG in 
the composites except for the decreased expression in PH30M, mean-
while the expression of Mcl1 had the same pattern. The expressions of 
VEGF and Runx2 at 7 d (Fig. 5k) were also increased with the increased 
MV/GOG in the composites except for the decreased expression in 
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PH30M, which clarified the bi-differentiation of the BMSCs. Addition-
ally, the level of OCN and OPN at 21 d (Figure 5l) was also upregulated, 
illustrating the high-grade mineralization in the later stage, consistent 
with the earlier time point in the experiments. These results verified that 
the proper mechanical properties and hypoxia condition in PH15M 
could activate the subsequent bioactive signals to elicit its bio-functions, 
such as promoting cell adhesion, proliferation, differentiation, and 
resisting the apoptosis of the cell. For proving the correlation between 
the Erk1/2 pathway and the bi-differentiation of the BMSCs, we blocked 
the Erk1/2 pathway to test the change of the expression of the related 
proteins in the bi-differentiation of BMSCs. The cell treated with 
PD98059 (CST, Beverly, MA, USA), an inhibitor of the Erk1/2 signal 
pathway, showed decreased osteogenic and angiogenic proteins in the 

PH15M composite (Figure 5m). Because the amount of MV in PH15M +
PD98059 was the same as the PH15M, the reduced osteogenic property 
of the composite may result from the block of the Erk1/2 signal 
pathway. Therefore, the activation of Erk1/2 signal pathway by GOG 
can promote the osteogenic and angiogenic effects of the PH/MV/GOG 
composite. All the quantitative protein analysis results showed that the 
PH15M composite had the best impact of exerting the bioactive signals 
to promote osteogenic and angiogenic differentiation of the BMSCs. The 
integrin-mediated sequent signal transduction and the proper ROS level 
could activate the Erk1/2 and AKT signal pathway to improve the 
osteogenesis and angiogenesis. In the biomimetic procallus, GOG played 
a crucial role in promoting cell adhesion and constructing a hypoxia 
microenvironment to bio-mimic the procallus, which owns the porous 

Fig. 6. The repairment of rat calvarial defect by the biomimetic procallus. a) The live/dead of the BMSCs seeded in the PH/GOG composites. b) The NO synthesis in 
the BMSCs mixed in the PH/GOG composites. Bar: 250 μm. c) Fluorescence imaging showed the viability of the Lenti-luciferase transfected BMSCs mixed in PH/GOG 
composites after 7 d. d) The μCT analysis of the bone defect at 4 weeks and 8 weeks. The yellow dotted lines showed the location of the section view below the 
reconstructed 3D views, the yellow arrow heads indicate the new blood vessel perfused with the contrast media which has the larger radiodensity compared with the 
bone. e) The quantitative analysis of the new bone and the blood vessels in the VOI at 4 weeks. *: p < 0.05 versus PH/MV; #: p < 0.05 versus PH15. f) The 
quantitative analysis of the new bone and Bone Mineral Density in the VOI at 8 weeks. *: p < 0.05 versus PH/MV; #: p < 0.05 versus PH15. g) Immunofluorescence 
stain of the endothelial marker CD31 in the sections. The arrow heads in the magnified view show the new blood vessel in the new bone. Bar: 100 μm. h) The statistics 
of CD31 immunofluorescence intensity showed increased signals in the groups with GOG. *: p < 0.05 versus PH/MV. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 7. The histological evaluation of the repairment by biomimetic procallus. a) The histological analysis of the repairment of the defect with different implant. Bar: 
1 mm. b) Sequential fluorescent labeling of the new bone formation by Alizarin Red S (AL), Calcein (CA) and Tetracyclin Hydrochloride (TE). Bar: 200 μm. c) The 
quantitative analysis of the Masson stain of the new bone formed in the defect. *: p < 0.05 versus PH/MV; #: p < 0.05 versus PH15M. d) Quantitative analysis of the 
area of new bone formation labeled by AL, CA and TE. *: p < 0.05 versus PH/MV; #: p < 0.05 versus PH15M. e) Schematic illustration showed that the PH15 
composite mimicked the procallus with the proper structure and promised the bio-inspired natures, meanwhile MV/GOG reinforced the bioactive signals system to 
exert the osteogenic and angiogenic properties of the biomimetic procallus. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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structure and bioactive signals suitable for the reparative phase of the 
bone healing process. 

In summary, the GOG plays a crucial role in regulating the bio-
mimetic procallus in all aspects, including cell adhesion, proliferation, 
differentiation, and survival. Meanwhile, it also deliveries and modu-
lates the bioactive signals system to construct the semi-autonomous 
procallus. With the bi-differentiation of the progenitors in the pro-
callus, the angiogenesis caused by the initial hypoxia gradually relieves 
the hypoxic tension to promote further osteogenesis along with the MV 
priming condition, which mimics the whole stage from the initial in-
flammatory phase to subsequent reparative and remodeling phases 
illustrating the path-dependence nature of the developmental engi-
neering. The stable microenvironment constructed by the biomimetic 
materials, progenitors and bioactive signals system promises the 
Robustness nature of the developmental engineering, which comes 
naturally with the progress of the dynamic procallus. 

3.5. Evaluations of critical calvarial defect repair and new blood vessel 
formation in vivo 

To further analyze the bio-functions of the biomimetic procallus in 
vivo, we firstly tested the biocompatibility of the procallus on the BMSCs 
mixed in it for bone repair. The result of live/dead staining (Fig. 6a) 
presented that the composites with different ratios of GOG had no 
cytotoxicity to the cells mixed in the composites at 1 d. The NO immu-
nofluorescent staining (Fig. 6b) showed that the NO synthesis in BMSCs 
had the best activity in the PH15, consistent with the pre-described re-
sults about the proper mechanical properties and hypoxia condition in 
PH15. For evaluating the viability and proliferation of the BMSCs in the 
procallus, Lenti-luciferase transfected BMSCs were mixed with different 
PH/GOG composites, and the mixture was subcutaneously transplanted 
in nude mice to test the viability of BMSCs in various composites. The 
bioluminescent imaging results in vivo (Fig. 6c) showed the best sus-
tainability of BMSCs in PH15 composite. Compared with the PH15 
group, the more GOG mixed in the PH30 composite was not suitable for 
the survival of the mixed BMSCs. The good viability of BMSCs in PH15 
maybe resulted from better angiogenesis and the proper mechanical 
properties, which promised an excellent ECM microenvironment for the 
survival and proliferation of the BMSCs. 

In the repair of the rat critical calvarial defect, we evaluated the 
different implants’ different groups, including the PH15M implant, the 
PH15 implant without MV, the PH/MV implant with the same dose of 
MV, but no GOG, PH + BMSCs and the PH15M + BMSCs implant. The 
PH15 mimicked the inflammatory stage of bone healing without the MV 
primed osteogenesis and the implanted BMSCs, which just repaired the 
bone defect depending on the recruited progenitor from the host tissue 
for the EC ossification. The PH/MV without GOG didn’t show the hyp-
oxia condition caused by GOG and just contained the osteoinductive 
factor MV, which lost the better angiogenesis but had the direct osteo-
genesis primed by MV for IM ossification. PH15M owned both the better 
angiogenesis caused by hypoxia and the direct osteogenesis primed by 
MV, which combined the EC and IM ossifications for the repair of the 
bone defect. Mixed with the BMSCs, the PH + BMSCs showed the bone 
repair function of pure hydrogel combining with stem cell. With further 
addition of MV loaded GOG in composite, the PH15M + BMSCs implant 
showed the best potential of the angiogenesis and osteogenesis for rapid 
bone repair. The collected samples of rat critical calvarial defects at 4 
and 8 weeks were scanned by μCT system to evaluate the effect of 
different implants on the repairment of the critical-sized defects in vivo 
(Fig. 6d). At 4 weeks, the 3D μCT images revealed that the newly formed 
bone tissue could be barely observed at the defect site of the new and 
PH15, while a small amount of newly formed bone could be found in the 
circumference of the PH/MV. It showed that the MV primed IM ossifi-
cation could promote the more bone regeneration compared with the 
GOG induced EC ossification in the early phase of bone repair. The 
undetected bone formation in the PH15 may be resulted from the 

chondrogenesis process due to the undirect osteogenesis of the EC 
ossification. For the PH15M, PH + BMSCs and PH15M + BMSCs, the 
newly formed bone occurred at the center of the defect site, which 
implied that the combination of EC and IM ossification for bone repair 
could promote the rapid bone regeneration. Furthermore, the blood 
vessels that were reconstructed from the perfusion of barium sulfate 
suspension significantly showed more blood vessels both around and 
inside the implants with the mix of GOG. This result demonstrated that 
the mixed GOG could induce angiogenesis of the repairment in the bone 
defect. The quantitative analysis of the bone regeneration (Fig. 6e) 
showed that the groups of the PH/MV, PH15M, PH + BMSCs and 
PH15M + BMSCs demonstrated significantly higher values of BV/TV 
than the PH15 at 4 weeks (p < 0.05). The ratio of blood volume to bone 
volume in PH15 was the largest compared to other groups (p < 0.05). It 
showed that the IM ossification facilitated bone formation in the short 
term without the intermediate chondrogenesis and angiogenesis in EC 
ossification. The trabecular bone parameters and the SMI also showed 
the difference between the groups at 4 weeks (Figure S3j, Supporting 
information). The Tb. N showed the same pattern with the BV/TV. Be-
sides, the Tb. Sp of the PH15 was also the largest due to the least amount 
of bone formation (p < 0.05). The Tb. Th and SMI of these composites 
did not show a significant difference at 4 weeks. 

At 8 weeks, the results of μCT in 3D images (Fig. 6d) showed a similar 
effect of the PH/MV and PH15. Both of the groups showed regeneration 
of bone tissue derived from the peripheral of the bone defect. However, 
the defect of PH15 appeared to be more repaired due to the better 
angiogenesis compared with the PH/MV, which resulted from the effect 
of GOG in PH15. The impact of the PH15M + BMSCs on bone defect 
repairment was slightly better than the PH15M and PH + BMSCs, in 
which there was more bone bridge formation to repair the integrity at 8 
weeks. These results revealed that the faster rate of the new bone 
regeneration in the center of the defect has resulted from better angio-
genesis and MV-primed osteogenesis in the early repair stage. Mean-
while, the progenitors mixed in the implant could favor the repair of the 
bone defects in PH + BMSCs and PH15M + BMSCs. Moreover, the 
quantitative analysis of the newly formed bone (Fig. 6f) also supports 
the effect of angiogenesis and MV-primed osteogenesis of the pro-
genitors on bone repair. The PH15M, PH + BMSCs and PH15M + BMSCs 
showed significantly higher BMD, BV/TV than the PH/MV, and PH15 (p 
< 0.05). The parameters concerning the trabecular bone and the SMI 
presented the structure difference between the groups at 8 weeks 
(Figure S3k, Supporting information). The Tb. N values also showed the 
same pattern to BV/TV. The structure model index (the value is from 0 to 
3) was used to reflect the bone structure, the trabecular bone was a rod- 
like structure with the value of SMI nearly to 3, and the cortical bone 
with a plate-like structure had a value of SMI approximate to 0. The 
smaller SMI and Tb. Sp in the PH15M, PH + BMSCs and PH15M +
BMSCs showed the better construction of the newly formed bone. The 
difference between the values of Tb. Th in these groups was not signif-
icant. By observing the new bone’s angiogenesis, especially in the 
composites with GOG, we could see that many new blood vessels 
appeared inside or around the new bone, accompanying the appearance 
of the endotheliocytes stained by CD31 (Fig. 6g). Through the obser-
vation on the new bone at high power magnification at 8 weeks, some 
apparent new blood vessels could be identified inside the new bone with 
an expression of the endothelial marker CD31 in the PH15. Besides, the 
quantitative analysis of the CD31 fluorescence intensity also showed the 
apparent better angiogenesis of the new bone formation in the com-
posites with GOG at 8 weeks (Fig. 6h). These showed that the GOG 
induced hypoxia condition could promote the angiogenesis of the EC 
ossification and provide more nutrition for the subsequent bone 
formation. 

The histological analysis of the samples at 8 weeks further supported 
the μCT study of the defect. The bones defect sections were prepared 
longitudinally according to the long axis of the skull and were stained by 
HE and Masson to present the repair of bone defect in different groups 
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(Fig. 7a). The blank without implant did not form bone instead of soft 
tissue residues at 8 weeks. The separated blocky new bone could be 
found in the PH/MV, which illustrated the structural pattern of IM 
ossified bone. As for the PH15, due to GOG mixed in the composite, the 
better angiogenesis of the defect also promoted the new bone repair. The 
bone formation through EC ossification in PH15 illustrated a smaller 
amount of new bone compared with PH/MV at 8 weeks. When 
combining the effect of MV and GOG, the PH15M showed better repair 
of the defect with more massive new bone. The repaired bone was 
composed of the mature trabecular bone meshwork and the new blood 
vessels that formed around and inside the new bone. It could result from 
the combination of EC and IM ossifications induced by GOG and MV, 
respectively. The PH + BMSCs group showed the effect of stem cell on 
bone repair and the gelatin hydrogel containing BMSCs showed a good 
defect repair. Combining with MV/GOG mixture, the group of the 
PH15M + BMSCs showed a more significant and thicker new bone for-
mation in the center of the bone defect, which illustrated the promotive 
effect of the progenitors on the bone repair. The tricolor fluorescent 
labeling analysis was used to present the difference of the new bone 
formation between the different samples after implanting the compos-
ites 8 weeks, in which the Alizarin Red S (AL), Calcein (CA), and Tet-
racyclin Hydrochloride (TE) were injected intraperitoneally to label the 
bone formation and mineralization at 2, 4, and 6 weeks correspondingly 
(Fig. 7b). Besides, the quantitative analysis of the bone formation in 
Masson stain (Fig. 7c) also illustrated the larger ratio of mature bone to 
the osteoid matrix in PH/MV, PH + BMSCs and PH15M + BMSCs 
compared with PH15 and PH15M, which showed the osteogenic effect of 
MV and BMSCs, respectively. The quantitative analysis of the fluoro-
chrome stained bone (Fig. 7d) demonstrated that the percentage of AL 
labeling (Red) in the composite with GOG or MV alone was similar to 
each other at 2 weeks, and the combining of GOG and MV showed a 
rapid regeneration of the new bone with a larger ratio of stained bone in 
PH15M and PH15M + BMSCs (p < 0.05). Meanwhile, the BMSCs in PH 
+ BMSCs also favored a rapid new bone formation compared with PH/ 
MV and PH15. At 4 weeks, the PH15M + BMSCs had the best effect of 
regeneration with the most significant area and more comprehensive CA 
label. A larger percentage of CA labeling (Green) was also observed in 
the composites with MV/GOG compared with the groups just containing 
an element of MV/GOG. Meanwhile, PH15M + BMSCs also had a sig-
nificant increase of new bone than that PH15M without cell. The PH +
BMSCs also showed lager new bone formation area than PH/MV and 
PH15, which illustrated the promotive effect of BMSCs on bone defect 
repair. After 6 weeks, the amount of TE labeling (Yellow) in the PH15M, 
PH + BMSCs and PH15M + BMSCs was higher than in the PH/MV and 
PH15 groups. 

All the results showed that the PH15M + BMSCs implant had the best 
bone repair effect, which resulted from the combination of EC and IM 
ossifications. The GOG caused hypoxia condition induced angiogenesis 
and provided more nutrition for the EC ossification. Meanwhile, the MV 
primed IM ossification through the direct osteogenesis, which promotes 
the biomimetic procallus to produce more newly-formed bone. The 
implant could mimic the whole process from the initial inflammatory 
stage to the reparative stage in bone healing, which promises rapid and 
excellent repair performance. 

4. Conclusion 

In this study, GOG, as the combination of GO and gelatin, showed the 
double-phase character to elicit its bio-functions, including excellent 
biocompatibility for regulating progenitor differentiation, nanofiller for 
the photo-crosslinked hydrogel, and nanocarrier for delivery the 
bioactive signals. We presented that there was no side influence on cell 
mitosis and autophagy during BMSCs uptake of GOG, which promised its 
excellent biocompatibility as a nanocarrier. As the filler, GOG could 
modify the mechanical properties of gelatin hydrogel to promote the 
adhesion, proliferation, and differentiation of the BMSCs. The gelatin 

immobilized on GOG makes it act as MV’s carrier for priming the 
osteogenesis of BMSCs. With the realm of developmentally engineering, 
the biomimetic procallus was certified not only to be the ideal bioactive 
materials that mimic the relevant ECM composition but also to the bio- 
functional materials that mimic the developmental process eliciting the 
bioactive signals system (Fig. 7e). Because the over-dose of GOG in the 
biomimetic procallus intrigues the ROS damage, a balance between the 
delivered MV and the ROS damage needs be attained to construct the 
proper composites that own both osteogenic and angiogenic effects. 
With the bi-differentiation of the progenitors in the procallus, the 
angiogenesis caused by the initial hypoxia gradually relieves the hyp-
oxic tension to promote further osteogenesis along with the MV priming 
condition. The biomimetic procallus mimics the whole stage from the 
initial inflammatory phase to subsequent reparative and remodeling 
phases, showing the path-dependence nature of developmental engi-
neering. The biomimetic procallus also enhanced both the EC and IM 
ossification for rapid bone repair. The osteoinductive, angiogenic, and 
proper mechanical properties of the biomimetic procallus contribute to 
the robustness and semi-autonomy nature of developmental engineer-
ing. In all the processes, the biocompatible GOG plays a pivotal role in 
regulating the biomimetic procallus. It is the first time to report the 
application of GOG in developmental engineering, and we also construct 
a promised biomimetic procallus for rapid bone repair. 
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