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A B S T R A C T   

Angiogenesis and neurogenesis play irreplaceable roles in bone repair. Although biomaterial implantation that 
mimics native skeletal tissue is extensively studied, the nerve-vascular network reconstruction is neglected in the 
design of biomaterials. Our goal here is to establish a periosteum-simulating bilayer hydrogel and explore the 
efficiency of bone repair via enhancement of angiogenesis and neurogenesis. In this contribution, we designed a 
bilayer hydrogel platform incorporated with magnesium-ion-modified black phosphorus (BP) nanosheets for 
promoting neuro-vascularized bone regeneration. Specifically, we incorporated magnesium-ion-modified black 
phosphorus (BP@Mg) nanosheets into gelatin methacryloyl (GelMA) hydrogel to prepare the upper hydrogel, 
whereas the bottom hydrogel was designed as a double-network hydrogel system, consisting of two inter
penetrating polymer networks composed of GelMA, PEGDA, and β-TCP nanocrystals. The magnesium ion 
modification process was developed to enhance BP nanosheet stability and provide a sustained release platform 
for bioactive ions. Our results demonstrated that the upper layer of hydrogel provided a bionic periosteal 
structure, which significantly facilitated angiogenesis via induction of endothelial cell migration and presented 
multiple advantages for the upregulation of nerve-related protein expression in neural stem cells (NSCs). 
Moreover, the bottom layer of the hydrogel significantly promoted bone marrow mesenchymal stem cells 
(BMSCs) activity and osteogenic differentiation. We next employed the bilayer hydrogel structure to correct rat 
skull defects. Based on our radiological and histological examinations, the bilayer hydrogel scaffolds markedly 
enhanced early vascularization and neurogenesis, which prompted eventual bone regeneration and remodeling. 
Our current strategy paves way for designing nerve-vascular network biomaterials for bone regeneration.   

1. Introduction 

Although bone tissue engineering made significant progress, 
correction of bone defects, caused by trauma and various bone diseases, 
remains a substantial challenge for surgeons [1]. Autografts are a golden 
standard for correcting bone defects. It promotes the design of artificial 
bone that mimics the structure and components of natural bone, such as, 

the nano-structure of calcium phosphate, addition of growth factors, 
local microenvironment, and so on. However, the results were unsatis
factory. This may be because the periosteum, particularly the neuro
vascular network that exists in periosteum, is often overlooked. It is well 
known that the vascular network in periosteum provides essential nu
trients and growth factors for local osteogenesis. Meanwhile, the nerve 
in periosteum also activates and regulates the process of osteogenesis. 
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The sensory nerve, for instance, monitors bone density and metabolic 
activity to regulate bone homeostasis. This process utilizes 
osteoblast-secreted prostaglandin E2 (PGE2) to activate the PGE2 re
ceptor 4 in sensory nerves, which, in turn, modulates bone formation via 
inhibition of the central nervous system-mediated sympathetic activity 
[2]. Moreover, the calcitonin gene-related peptide (CGRP), secreted 
from both peripheral and spinal cord terminals of the nociceptive neu
rons, is a direct inhibitor of osteoclast function. Hence, loss of periosteal 
sensory nerve at the site of bone defect negatively affects 
fracture-healing [3,4]. Therefore, the rebuilding of periosteal superficial 
nerves and blood vessels is of great importance to osteogenesis of large 
segmental bone defects. As such, designing innovative stratified bio
mimetic constructs, capable of inducing neurovascular regeneration and 
osteogenesis is highly beneficial in accelerating bone regeneration. 

In our previous study, we demonstrated that black phosphorus- 
incorporated hydrogel strongly promotes neural differentiation [5]. 
Black phosphorus (BP) nanomaterials, a new member of the 
two-dimensional (2D) material family, sparks substantial interest among 
scientists owing to its special physicochemical property, such as, direct 
band gap, excellent electrical conduction, and good biodegradability. 
Recently, BP was shown to possess some promising biomedical appli
cations, such as, bone regeneration, drug delivery, and photothermal 
therapy [6,7]. The BP degradation products are phosphate anions, 
which are part of bone tissue and contribute to mineralization and 
accelerate bone repair. There were also researches on the application of 
BP nano-scaffolds in nerve regeneration. For example, Qian et al. [8] 
demonstrated that black phosphorus nanoscaffold induced angiogenesis 
and neurogenesis. But BP has limited ability to promote nerve regen
eration. In addition, BP was shown to be very reactive to oxygen and 
water, owing to the lone electron pair in each phosphorus atom within 
the puckered layer [9]. This, unfortunately, limits its applications in 
biomedicine. Recently, it was reported that metal ions modification can 
greatly improve stability of black phosphorus [10,11]. Moreover, mag
nesium induces angiogenesis and peripheral nerve repair [12–14]. 
Given these evidences, we speculated that the introduction of Mg 

bonding to BP nanosheet surface will markedly augment its stability and 
biological activity. 

To this end, we constructed a bilayer hydrogel scaffold, capable of 
inducing neurovascular regeneration and osteogenesis simultaneously, 
that simulated the periosteal structure and enhanced bone regeneration 
(Fig. 1). The bilayer hydrogel synthesis involved two steps. First, BP 
nanosheets robustly captured Mg2+ via coordination and electrostatic 
attraction. Second, the bottom GelMA-PEG/β-TCP hydrogel and the 
upper layer GelMA/BP@Mg hydrogel were synthesized by photo
crosslinking GelMA molecules under photoinitiator and ultraviolet. Our 
results demonstrated that the upper hydrogel layer simulated a bionic 
periosteal structure, and significantly promoted angiogenesis via in
duction of endothelial cell migration and simultaneous upregulation of 
nerve-related protein expression in neural stem cells (NSCs). Moreover, 
the bottom layer of the hydrogel significantly promoted bone marrow 
mesenchymal stem cells (BMSCs) activity and osteogenic differentiation. 
We also employed this bilayer hydrogel structure to correct rat skull 
defects. Based on our radiological and histological examinations, the 
bilayer hydrogel scaffolds markedly enhanced early vascularization and 
neurogenesis, which prompted eventual bone regeneration and remod
eling. Our current strategy paves way for designing nerve-vascular 
network biomaterials for bone regeneration. 

2. Materials and methods 

2.1. Preparations of BP and BP@Mg nanosheets 

Bulk BP crystals synthesis was conducted under elevated tempera
ture and pressure using a cubic press with six tungsten carbide anvils. 
The red phosphorus lump (Alfa Aesar, 99.999+%) precursor was pres
surized at 2 GPa at room temperature (RT) before rapidly heating to a 
temperature of 1000 ◦C, followed by a 10 min hold. The bulk BP crystals 
formed after quenching to RT and subsequent pressure release. 

The black phosphorus nanosheets were synthesized via electro
chemical exfoliation of corresponding bulk sample. Delamination was 

Fig. 1. A schematic diagram of the bilayer hydrogel scaffold for vascularization, neurogenesis, and bone regeneration. The upper (GelMA-BP@Mg) hydrogel served 
as a periosteal repair layer, while the bottom layer (GelMA-PEG/β-TCP) hydrogel served as a bone repair layer. Together, they accelerated the formation of a 
periosteal nerve-vascular network that enhanced bone regeneration. 
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done with a two-electrode systems submerged in propylene carbonate 
(PC) with tetrabutylammonium hexafluorophosphate (TBA⋅PF6; 0.01 
m), whereby BP crystal served as the cathode and a platinum sheet 
served as the anode. Delamination initiation was done with a constant 
potential of − 5.0 V. Following this step, we instantly collected the 
exfoliated BP sheets and electrolyte into a centrifuge tube for additional 
exfoliation and dispersion of BP sheets into anhydrous acetone via a 1 h 
sonication process. We next collected the unexfoliated or thick-layered 
BP sheets via centrifugation at 1500 rpm for 10 min, whereas the BP 
nanosheets were removed from the electrolyte via an additional 
centrifugation at 5000 rpm for 10 min. The resulting BP nanosheets were 
then decanted to prepare for magnesium incorporation. 

We introduced 7.5 mg of magnesium acetate to 5 mL BP nanosheets 
suspension (0.5 mg/mL BP) before probe sonicating for 3 min. Following 
a 3 h stir, the mixture underwent centrifugation at 5,000 rpm for 15 min. 
The pellet (BP@Mg) was retrieved and rinsed in deionized water. 

2.2. Characterizing BP and BP@Mg 

Scaffold characterization was done with a high-resolution trans
mission electron microscopy (HR-TEM) on a Talos F200X (FEI, The 
Netherlands) microscope with 200 kV voltage. Raman spectra were 
measured using the Via Raman Microscope equipment (LabRAM HR800 
Horiba, JobinYvon, France) with 532 nm laser excitation. X-ray photo
electron spectroscopy employed a Thermo Fisher Escalab 250Xi system 
with the Al Kα X-ray source. 

2.3. Preparing GelMA-BP@Mg/GelMA-PEG/β-TCP bilayer GeIMA 
hydrogels 

GelMA was acquired from the Aladdin Industrial Corporation 
(Shanghai, China). Firstly, the GelMA-PEG/β-TCP hydrogel was syn
thesized via the cross-linking technique. In short, GelMA was mixed in 
deionized (DI) water at 50 ◦C for 10 min, before β-TCP (100 mg mL− 1), 
PEGDA, and photoinitiator Irgacure addition, with magnetic stirring. 
The preparation was adjusted to a final GelMA-PEG/β-TCP hydrogel 
concentration of 10% (w/v) GelMA, 10% (v/v) PEGDA, 1% (w/v) β-TCP, 
and 0.05% (w/v) photoinitiator Irgacure 2959. The prepolymer solution 
was gelatinized under UV light (10 mW cm-2, 365 nm) for 5 min. Next, 
the GelMA-BP@Mg hydrogel was synthesized, as reported previously 
[5]. In short, BP@Mg (5 mg mL-1) was introduced to the aforemen
tioned GelMA solution, with magnetic stirring. The final concentration 
of BP@Mg was maintained at 0.3 mg mL-1. The prepolymer solution was 
then gelatinized under UV light (10 mW cm-2, 365 nm) for 5 min. 

2.4. Characterizing GelMA-BP@Mg/GelMA-PEG/β-TCP bilayer GeIMA 
hydrogels 

Hydrogels were initially rinsed in DI water and lyopholyzed. Next, 
the dried hydrogel samples were sputter-coated in gold (2 nm thickness, 
IBS/TM200S, VCR Group, Inc.), before visualization with SEM (Nova 
NanoSEM 450, FEI, The Netherlands). 

A rheometer (Kinexus, Malvern) was employed for all rheological 
examinations at RT. We added hydrogels (1 cm in diameter and 5 mm in 
thickness) to the parallel plate. We applied a strain amplitude of 0.5% to 
maintain linear viscoelastic hydrogel networks during measurements. 
We assessed hydrogel swelling property with the equilibrium swelling 
ratio (SR). In short, we weighed (Wd) dried hydrogel disks before im
mersion in phosphatic buffer solution (PBS) at 37 ◦C for 24 h. Subse
quently, the samples were removed, pat-dried with filter paper, and 
weighed again (Ws). Finally, SR was calculated as follows: SR = (Ws- 
Wd)/Wd × 100%. 

To evaluate the degradation rate of the hydrogel, hydrogel was 
immersed in collagenase type II solutions and on an orbital shaker at 
100 rpm and 37 oC. At different time points, the hydrogel samples were 
taken out and their dry weight was measured to evaluate the 

degradation rate of the hydrogel. 

2.5. Cell culture 

We extracted BMSCs from the bone marrow of 3–4 weeks Sprague- 
Dawley rats, weighing 80 g. We received ethical approval for all ani
mal protocols from the Teaching and Research of Huazhong University 
of Science and Technology. In short, rat femoral shafts were exposed and 
subsequently flushed with culture medium to collect BMSCs. The iso
lated cells were then grown in α-minimum essential medium (α-MEM) 
with 10% FBS in a 37 ◦C incubator with 5% CO2. Only cells between 2 
and 5 passages were used for experimentation. 

Human umbilical vein endothelial cells (HUVECs) were obtained 
from the China Center for Type Culture Collection, Wuhan, China. They 
were grown in vascular cell basal medium in a 37 ◦C incubator with 5% 
CO2. Culture medium was replaced every 3 days. 

Mouse neuroectodermal stem cells NE-4C (NSCs) were obtained from 
the China Center for Type Culture Collection, Wuhan, China and were 
grown in α-minimum essential medium (DMEM) with 10% FBS in a 
37 ◦C incubator with 5% CO2. 

PC12 cell were obtained from the China Center for Type Culture 
Collection, Wuhan, China and were grown in Dulbecco’s modification of 
Eagle’s medium Dulbecco (DMEM) with 10% FBS in a 37 ◦C incubator 
with 5% CO2. 

2.6. Cell survival on hydrogels 

Cell viability was assessed with the CCK8 assay. In short, cells were 
plated in hydrogels and cultured in proliferation medium for a specified 
duration before cell survival assessment, as per kit directions. We also 
confirmed cell viability using Calcein-AM and PI fluorescent staining 
and subsequent analysis. 

2.7. Osteogenesis In vitro 

To elucidate the capacity of BMSCs to undergo osteogenesis on 
hydrogels, we transferred hydrogel disks into a 24-well Transwell plate 
(pore size: 8 mm, Corning, USA), and grew 3 × 105 BMSCs on the 
hydrogels scaffolds. Osteogenic activity was detected via Alkaline 
phosphatase (ALP) assay, an early biomarker of osteogenic activity. We 
used Alizarin Red Staining (ARS) kit (Cyagen, Guangzhou, China) to 
measure calcium phosphate deposition, a.k.a. mineralization. Cells were 
thrice rinsed in distilled water prior to image capture and quantification 
via the ImageJ Software. 

2.8. Tube formation and migration assay In vitro 

To evaluate HUVECs angiogenesis on hydrogel scaffolds, we con
ducted the capillary-like tube formation assay. In short, hydrogel sam
ples were submerged in 10 ml of cell culture medium (HUVEC cell 
medium) during a 24 h incubation at 37 ◦C, followed by centrifugation 
at 15,000 rpm for 10 min. The supernatant was carefully collected and 
sterilized via a 0.22 μm filter (Millipore) prior to use in subsequent ex
periments. Matrigel was pipetted onto pre-chilled 24-well plates (200 μL 
Matrigel per well) prior to a 60 min polymerization at 37 ◦C. Approxi
mately 2 × 104 HUVECs were plated into the Matrigel coated plates 
carrying culture medium with hydrogel extracts. Following 3 and 6 h 
incubation periods, the newly formed tubular structures were imaged, 
and the tubule length, mesh amount, and node amount were measured 
and counted. On an average, we based our calculations on 3–4 repre
sentative images from each sample. To evaluate the effect of hydrogel 
scaffolds on cell migration. After HUVECs cells were covered with 6-well 
plates, the monolayer of HUVECs cells cultured in 6-well plates was 
scratched with sterile pipette tips of 10 μL to produce linear scratches. 
Then, the cells were cultured in serum-free medium or hydrogel extracts 
for 24 h, and then imaged by inverted microscope. To further confirmed 
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the angiogenesis induction properties of GelMA-BP@Mg hydrogel. 2 ×
104 HUVECs was cultured on the hydrogels for 24h and 48h, the cell 
morphology observation by staining with rhodamine labeled phalloidin 
and DAPI and observed with a fluorescence microscope. 

2.9. Neural differentiation of NSCs and the morphology of PC12 on 
hydrogels 

NSCs neural differentiation was performed in complete culture me
dium without the presence of any neurotrophic factors. Culture medium 
was refreshed every 2 days and the process lasted for 7 days. Cell 
analysis was done using both immunofluorescent staining and RT-qPCR. 
Following the 7 day incubation, NSCs were thrice PBS-rinsed before a 
10 min fixation in 4% paraformaldehyde, followed by a 5 min per
meabilization in 0.5% Triton X-100. Upon blocking with 1% BSA for 1 h, 
the cells were exposed overnight (ON) to primary antibodies at 4 ◦C 
before subsequent exposure to secondary antibodies for 1 h at RT. NSCs 
were PBS-rinsed thrice, then stained with DAPI. Finally, cells on the 
scaffolds were visualized with a laser scanning confocal microscope. The 
utilized primary antibodies were as follows: mouse anti-Nestin (Santa 
Cruz Biotechnology, Inc.), mouse anti-Tuj1 (Santa Cruz Biotechnology, 
Inc.), rabbit anti-GFAP (Santacruz Biotechnology, Inc.), and rabbit anti- 
MAP2 (Santa Cruz Biotechnology, Inc.) antibodies. The corresponding 
secondary antibodies were as follows: FITC-conjugated goat anti-mouse 
IgG (1:100 dilution, Santa Cruz Biotechnology, Inc.) and Cy3-conjugated 
goat anti-rabbit IgG (1:100 dilution, Santa Cruz Biotechnology, Inc.). To 
observe the morphology of PC12 on hydrogel. Cells were planted on 
hydrogels for 3 days at a density of 2 × 10 4 cells per dish. The nuclei 
were stained green with DAPI and the cell membrane was stained red 
with Action for observation under fluorescence microscope. 

RNA isolation was done with an RNA extraction kit (Takara Bio Inc., 
Otsu, Shiga, Japan), followed by cDNA synthesis with a PrimeScript-RT 
Master Mix reverse transcription kit (Takara Bio Inc., Otsu, Shiga, 
Japan), following kit directions. The qPCR assay employed SYBR Premix 
Ex Taq (Takara Bio Inc., Otsu, Shiga, Japan). Primer sequences used in 
this study (GAPDH, Runx2, Col-1, OCN, Opn, VEGF, vWF, CD31, Nestin, 
Tuj1, GFAP) are listed in Table 1. GAPDH was used as the endogenous 
control and was used to normalize target gene expression to determine 
the relative target gene expression. 

2.10. Animal experiment 

We assessed the early bone forming ability of hydrogel scaffolds in a 
rat calvarium defect model (Sprague–Dawley, ten-week-old male). In 
short, the rat cranial surface was surgically exposed and two bilateral, 
full-thickness, circular (5 mm), critical-sized bone defects were created 
with the help of a saline-flushed trephine bur. Subsequently, hydrogel 
scaffold samples were introduced to each calvarial defect, the subcu
taneous tissue was closed and the skin was sutured. Animals were 
euthanized 6 weeks and 12 weeks after implantation and the calvarium 
tissues were excised and fixed in 10% buffered neutralized formalin for 
subsequent evaluation. 

2.11. Micro-CT analysis of bone defects 

The calvarium tissues were visualized under a micro-CT scanner 
(SkyScan 1176 X-ray microtomography; Bruker) at a resolution of 18 μm 
for bone regeneration analysis. Following a three-dimensional recon
struction, we computed the bone mineral density (BMD) and the bone 
volume fraction (BV/TV) of the defects using CT analysis software. 

2.12. Histological and immunohistochemical staining 

We also decalcified calvarium tissues using EDTA (PH 7.0) at RT, 
before embedding in paraffin, and cutting into 5-μm thick slices. Next, 
we conducted two separate histological examinations and three distinct 
immunohistochemical evaluations to characterize the bone tissue and 
new vessel formation. Among the stains used were hematoxylin and 
eosin (H&E), and Masson’s trichrome, which evaluated new bone and 
collagen formation. Among the immunohistochemical staining used was 
osteocalcin (OCN) staining, which identified mature osteoblasts and 
osteocytes in the newly formed bone, as well as CD31 (ab28364, Abcam) 
and beta tubulin III (Ab18207, Abcam), which quantified vessel for
mation during bone healing. Image J software was employed for quan
tification of all stains. 

2.13. Statistical analysis 

All data are expressed as mean ± standard deviation (SD). Data an
alyses employed the Statistical Package for the Social Sciences software 
(SPSS 16.0), whereby the analysis of variance (ANOVA), followed by 
post hoc Tukey’s test, was used for data comparison. P < 0.05 (confi
dence level of 95%) was set as the significance threshold. 

3. Result and discussion 

3.1. Fabrication and characterization of the bilayer hydrogel scaffold 

BP nanosheets were synthesized by exfoliating the bulk BP using 
electrochemical intercalation in a non-aqueous electrolyte, according to 
our previous studies [5]. BP nanosheets robustly captured Mg2+ via 
coordination and electrostatic attraction. The BP nanosheets, Mg2+

modified BP nanosheets (BP@Mg), and β-TCP nanocrystals morphology 
were characterized via transmission electron microscope (TEM) 
(Fig. 2-c). Based on our analyses, the average BP and Mg2+ modified BP 
nanosheets sizes were between 2 and 5 μm, and they possessed a stan
dard multilayer structure, based on edge morphology. β-TCP appeared 
as a short bar and the size was about 200 nm. Following element map
ping of the selected BP@Mg nanosheets (Fig. 2i), the phosphorus (P), 
oxygen (O), and magnesium (Mg) elements were found to be evenly 
distributed throughout the entire nanosheets, thus confirming the suc
cessful incorporation of Mg2+ in the BP nanosheets. 

Next, we employed Raman spectra to examine BP and BP@Mg 
nanosheets. Based on the Raman spectra, both nanosheets displayed 
three distinct peaks (Fig. 2d), similar to what was previously reported 
[15]. These results indicated that Mg2+ modified BP nanosheets 

Table 1 
PCR primers for genes.  

Gene Primer sequence 

GAPDH Forward primers, GCCTCGTCTCATAGACAAGATGGT. 
Reverse primers, GAAGGCAGCCCTGGTAACC 

Runx2 Forward primers, CCTTCCCTCCGAGACCCTAA 
Reverse primers, ATGGCTGCTCCCTTCTGAAC 

Col-1 Forward primers, CTGAGATGCTCCCTAGACC 
Reverse primers, CCCTTGTTAAATAGCACCTTC 

OCN Forward primers, GAACAGACAAGTCCCACACAG 
Reverse primers, TCAGCAGAGTGAGCAGAAAGAT 

Opn Forward primers, GAGTTTGGCAGCTCAGAGGA 
Reverse primers, TCTGCTTCTGAGATGGGTCA 

vWF Forward primers, CCGATGCAGCCTTTTCGGA 
Reverse primers, TCCCCAAGATACACGGAGAGG 

VEGF Forward primers, TTCAAGCCATCCTGTGTGCC 
Reverse primers, CACCAACGTACACGCTCCAG 

CD31 Forward primers, AACAGTGTTGACATGAAGAGCC 
Reverse primers, TGTAAAACAGCACGTCATCCTT 

Nestin Forward primers, AGCACTCCCATCCCACCTAT 
Reverse primers, GGGTTGTGGCTAAGGAGGTC 

Tuj1 Forward primers, TAGACCCCAGCGGCAACTAT 
Reverse primers, GTTCCAGGCTCCAGGTCCACC 

GFAP Forward primers, CGGAGACGTATCACCTCTG. 
Reverse primers, TGGAGGCGTCATTCGAGACAA 

MAP2 Forward primers, GCCAGCATCAGAACAAACAG. 
Reverse primers, AAGGTCTTGGGAGGGAAGAAC  
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Fig. 2. Characterizing BP and BP@Mg nanosheets. (a) TEM assessment of BP nanosheets. (b) TEM assessment of BP@Mg nanosheets. (c) TEM assessment of β-TCP nanocrystals. (d) Raman spectra of BP and BP@Mg2+

nanosheets. (e, f, g) XPS data of BP and BP@Mg nanosheets. (h) Zeta potentials of BP and BP@Mg nanosheets. (i) STEM-EDX elemental mapping of BP@Mg nanosheets. 
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preparation did not significantly alter the structure of nanosheets. This 
was further confirmed by X-ray photoelectron spectroscopy (XPS) 
(Fig. 2e–g). Based on the BP@Mg nanosheets XPS survey spectrum 
(Fig. 2e–g), the Mg1s peak appeared at 1305 eV, thus validating the 
successful incorporation of Mg2+ in the BP nanosheets. We next 
measured the zeta potential (ZP) to assess the effect of Mg modification 
on the surface charge of BP nanosheets (Fig. 2h). Based on our data, the 
ZP went from − 28.6 mV in unmodified BP nanosheets to − 15.1 mV in 
Mg2+modified BP nanosheets. 

The bilayer hydrogel scaffolds (Fig. 3a) were fabricated via a two- 
step procedure. The upper layer of the GelMA/BP@Mg hydrogel was 
formed by incorporating BP@Mg into the GelMA matrix (Fig. 3b). The 
bottom layer of the GelMA-PEG/β-TCP hydrogel scaffold was formed via 
incorporation of the β-TCP nanocrystals into the double-network 
hydrogel system, which consisted of two interpenetrating polymer 

networks composed of GelMA and PEGDA (Fig. 3c). Next, we used 
scanning electron microscope (SEM) to analyze the pore morphology of 
the hydrogel scaffold (Fig. 3d–f). GelMA/BP@Mg hydrogel has a larger 
pore structure than GelMA-PEG/β-TCP hydrogel, and the both types of 
hydrogels contained a highly porous structure, carrying a pore size of 
more than100 μm, which facilitated cell growth into the scaffold. The 
rheological properties of hydrogel were next measured in a certain fre
quency range (0.1–10Hz) using the frequency scanning method to 
clarify their viscoelasticity (Fig. 3g and h). Both groups of hydrogels 
exhibited similar non-linear rheological behavior. The three- 
dimensional network in the hydrogels system exhibited good stability, 
likely due to the G′ of each group of hydrogels being greater than G′′ in 
each frequency range [16]. We also observed that GelMA-PEG/β-TCP 
had a higher elastic modulus than GelMA-BP@Mg, which may be due to 
the GelMA-PEG/β-TCP hydrogen that was formed by GelMA and PEGDA 

Fig. 3. Characterizing the GelMA–BP@Mg and GelMA-PEG/β-TCP hydrogel scaffolds. Image of (a) bilayer hydrogel, (b) upper hydrogel GelMA-BP@Mg scaffolds, (c) 
bottom hydrogel GelMA-PEG/β-TCP hydrogel scaffold. SEM image of (d) bilayer hydrogel, (e) GelMA-BP@Mg hydrogel scaffold, and (f) GelMA-PEG/β-TCP hydrogel 
scaffolds. (g) Storage modulus (G′) and loss modulus (G′′) of the GelMA-PEG/β-TCP and GelMA–BP@Mg hydrogel scaffolds. (h) The elastic modulus of the GelMA- 
PEG/β-TCP and GelMA–BP@Mg hydrogel scaffolds. (i) The swelling ratio of the two types of hydrogels. 
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Fig. 4. Cytocompatibility and osteogenic differentiation of GelMA-PEG and GelMA-PEG/β-TCP. (a) Live (green) and dead (red) staining of BMSCs seeded on the GelMA-PEG and GelMA-PEG/β-TCP hydrogel scaffolds. 
Scale bar = 100 μm. (b) Percentage of live and dead cells on the GelMA-PEG and GelMA-PEG/β-TCP hydrogel scaffolds. (c) BMSC cell survivability on the GelMA-PEG and GelMA-PEG/β-TCP hydrogel scaffolds after 3 
and 5 days of culture in proliferation medium. (d) ALP staining and (e) the ALP activity of BMSCs grown on the GelMA-PEG and GelMA-PEG/β-TCP hydrogel scaffolds for 3 days and 7 days. (f) ARS staining of BMSCs 
cultured on the GelMA-PEG and GelMA-PEG/β-TCP hydrogel scaffolds for 7 days and 14 days. (d) Minerals deposition quantification. (h–k) Relative osteogenic gene expression after 7 and 14 days of BMSCs culture on 
the GelMA-PEG and GelMA-PEG/β-TCP hydrogel scaffolds. *Represents marked change, relative to GelMA-PEG cells (p < 0.05). 
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Fig. 5. Angiogenesis assay of HUVECs cultured on hydrogels. (a) Tubule-like structure of HUVECs on Matrigel-coated dish exposed to different hydrogels extracts. 
Scale bar = 500 μm. (b) Cell viability of HUVECs cultured with the GelMA, GelMA-BP and GelMA-BP@Mg hydrogel extracts. The quantification of angiogenic (c) 
node number, (d) tubule length and (e) mesh number. (f) Representative images of HUVECs cultured on different hydrogels. Scale bar = 50 μm. (g) Cell viability of 
HUVECs cultured on different hydrogels. (h–j) Relative angiogenic gene expression after 7 days of culture on the GelMA, GelMA-BP and GelMA-BP@Mg hydrogel. *, 
# Represents marked change in relation to GelMA and GelMA-BP hydrogel, respectively (p < 0.05). 
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Fig. 6. Stimulation of neural differentiation in cells on the GelMA, GelMA-BP and GelMA-BP@Mg hydrogels. (a) Confocal microscope images of immunostained cells 
on the GelMA, GelMA-BP and GelMA-BP@PDA hydrogels. Nestin and Tuj1 (green), GFAP and MAP2 (red), and nuclei (DAPI-stained, blue) (scale bar = 20 μm). (b–e) 
Relative neural-specific gene (Nestin, Tuj1, GFAP, and MAP2) expression in cells on hydrogel scaffolds, as evidenced by RT-qPCR. *, #Represents marked change in 
relation to the GelMA and GelMA-BP cells, respectively (p < 0.05). 
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Fig. 7. Bone regeneration of calvarial defects in rats. (a) Calvarial critical-sized defect. (b, c) Micro-CT quantification of the calvarial critical-sized defects. (d) Typical 
micro-CT images of calvarial defects exposed to four different hydrogel scaffolds. (e) H&E staining. *, #, $ Represents marked change in relation to GelMA-PEG, 
GelMA-PEG/β-TCP, and pristine BP bilayered hydrogel cells, respectively (p < 0.05). 
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an interpenetrating dual network. In addition, the porous structure 
suggested that it had good water absorption capacity, which was 
conducive to supplying proliferating cells with essential nutrients. 
Typically, water absorption capacity is studied by evaluating the 
swelling of the hydrogel. As shown in Fig. 3i, GelMA-BP@ Mg hydrogels 
exhibited higher swelling rates, compared to the GelMA-PEG/β-TCP 
hydrogels. In vitro biodegradation of the GelMA, GelMA-BP@Mg and 
GelMA-PEG/β-TCP hydrogel was also investigated. Fig. S1 indicates that 
the remaining mass of the GelMA-BP@ Mg hydrogels and the GelMA-
PEG/β-TCP hydrogels was about 40% and 94% after 72 h in the colla
genase type II solutions. 

3.2. In vitro osteogenic, angiogenetic and neurogenesis bioactivities of the 
biohybrid hydrogel scaffolds 

We, next, examined the biocompatibility of the biohybrid hydrogels. 
BMSCs were cultured on GelMA-PEG/β-TCP to assess their biocompat
ibility. The live/dead cells data are summarized in Fig. 4. To enhance 
our biocompatibility assessment, we stained live cells green with calcein 
acetoxymethyl ester (Calcein-AM) and dead cells red with propidium 
iodide (PI). Based on our analysis, only few red-stain dead cells were 
detected (Fig. 4a). Quantitative analysis of fluorescence images indi
cated no obvious differences between live cells on the GelMA-PEG 
versus GelMA-PEG/β-TCP (Fig. 4b), in particular, the amount of live 
cells was 97.15 ± 0.37% and 98.36 ± 0.51%, respectively. We further 
confirmed our results with the CCK-8 assay. We demonstrated that the 
BMSCs on the two hydrogels showed no obvious differences (Fig. 4c). 
This indicated that the GelMA-PEG/β-TCP hydrogel scaffolds had good 
biocompatibility. We, next, assessed the early and late markers of 
osteogenic differentiation, using alkaline phosphatase (ALP) and cal
cium nodules deposition, respectively. Compared to the GelMA-PEG 
hydrogel, the staining density of the GelMA-PEG/β-TCP hydrogel was 
significantly higher. With time, the reaction color became darker 
(Fig. 4d). Our quantitative results revealed that the GelMA-PEG/β-TCP 
hydrogel significantly enhanced ALP activity, compared to the GelMA- 
PEG hydrogel. Moreover, the mineral formation of the GelMA-PEG/ 
β-TCP hydrogel was significantly more, relative to the GelMA-PEG 
hydrogel at 7 and 14 days of culture/incubation (Fig. 4f and g). In 
addition, we also evaluated the effect of GelMA-BP@Mg on osteogenic 
differentiation (Fig. S2). The result showed that the GelMA-BP@Mg can 
promote osteogenic differentiation, but it is less satisfactory than that of 
GelMA-PEG/β-TCP. To further validate these data, we assessed the 
profile of osteogenic differentiation genes, namely, Runx2, CoL-I, Ocn, 
and Opn, via RT-qPCR. Based on our data, these osteogenic genes were 
highly expressed in the GelMA-PEG/β-TCP hydrogel at 7 and 14 days, as 
opposed to the GelMA-PEG hydrogel after the same period of incubation 
(Fig. 4h–k). In summary, our gene expression results revealed that 
GelMA-PEG/β-TCP effectively up-regulated expression of osteogenic 
related genes. β-TCP is known to be both non-toxic and non-irritating, 
and dissolve easily to release calcium and phosphorus ions, which 
contributes to neo-bone formation [17–19]. Many researchers combine 
β-TCP with hydrogel materials with good biocompatibility and bio
absorbability to prepare tissue engineering scaffolds that are more 
suitable for bone tissue reconstruction [20,21]. In our study, we incor
porated β-TCP into the GelMA-PEG double network to prepare the 
GelMA-PEG/β-TCP hydrogel. Our results suggest that the GelMA-
PEG/β-TCP hydrogel possesses great potential to serve as an ideal 
bioactive scaffold for bone regeneration. 

In order to further study the biological properties of the upper-layer 
hydrogel, the human umbilical vein endothelial cells (HUVECs) and 
neural stem cells (NSCs) were separately cultured on GelMA-BP@Mg 
Hydrogel. Hydrogels are ideal materials for tissue engineering scaf
folds owing to their biocompatibility, hydrophilicity, and 3D networks 
that mimic natural tissue [22]. GelMA is denatured collagen, made from 
chemically modified gelatin, and possess excellent biocompatibility and 
cell binding moieties that make it an excellent candidate as a base 

material for tissue engineering [23]. Black phosphorus and magnesium 
ions are related to blood vessel formation and peripheral nerve repair. 
Based on our above assessments, we next examined the ability of 
angiogenesis and innervation of the upper-layer GelMA-BP@Mg 
hydrogel. First, HUVECs cultured with hydrogel extracts and tested cell 
viability. The results showed that the GelMA-BP@Mg hydrogel extract 
had not obvious cytotoxicity (Fig. 5b). Next, we conducted the tubular 
formation assay to evaluate angiogenesis on scaffolds. HUVECs were 
cultured with α modified Eagle’s medium (α-MEM) containing the leach 
liquor of GelMA, GelMA-BP, and GelMA-BP@Mg. The HUVECs on the 
matrix gel formed small tubular structures after 3–6 h of incubation 
（Fig. 5a）. Calculating node amount, tubule length, and meshes 
amount clearly revealed that effect of the hydrogel extract（Fig. 5c-e）. 
Based on our observation, the GelMA-BP@Mg hydrogel extract 
possessed a significant stimulating effect on various indicators of tubule 
formation in vitro. In addition, the results of migration assay (Fig. S3) 
showed that the GelMA-BP@Mg hydrogel extract can significantly 
enhance the migration ability of HUVECs. To further confirmed the 
angiogenesis induction properties of GelMA-BP@Mg hydrogel. The 
HUVECs cell was cultured on the different hydrogels, the cell 
morphology observation showed that HUVECs on GelMA-BP@Mg 
hydrogel after 24h and 48h cultivation exhibited fiber fusiform shape 
with most obvious filopodia (Fig. 5f), which meant that the 
GelMA-BP@Mg hydrogel was beneficial to HUVECs adhesion and 
growth. The result of CCK-8 indicated that the GelMA-BP@Mg hydrogel 
had good biocompatibility (Fig. 5g). Next, we also evaluated the gene 
expression profile of HUVECs cultured on hydrogels for 7 days, partic
ularly, those involved in vessel formation (VEGF, vWF and CD31). We 
demonstrated an up-regulation of VEGF, vWF and CD31 in the Gel
MA/BP@Mg hydrogel, relative to the other two hydrogels (Fig. 5h–j). (p 
< 0.05). Magnesium ions are strongly involved in enhancing angio
genesis within the hydrogel scaffold. Collectively, this data indicates 
that GelMA-BP@Mg plays a positive effect on the angiogenic process. 

Aside from osteogenesis and angiogenesis, neurogenesis is also 
essential for bone formation. Thus, we grew NSCs on the three types of 
hydrogel scaffolds. Tuj-1 is a critical βIII-tubulin protein that belongs to 
the microtubule family of proteins. It is involved in intracellular/axonal 
transport as well as structural maintenance and is considered an early 
maturing neuronal marker [24]. Nestin is an intermediate filament (IF) 
protein produced by NSCs and is regarded as a specific marker [25,26]. 
Nestin levels generally reduce once a differentiated cell forms a neural 
network [26]. In this study, we immunostained both early (Nestin, Tuj1, 
and GFAP) and late neural markers (MAP2) to observe differentiated 
cells (Fig. 6). Based on our analysis, Tuj1 and MAP2 (neural markers) 
was markedly elevated in the GelMA-BP@Mg scaffold cells, compared to 
the GelMA and GelMA-BP cells (Fig. 6a). In terms of the glial marker 
GFAP, GelMA-BP@Mg cells exhibited less GFAP than the other two 
scaffold cells. To further validate these results, we employed RT-qPCR to 
examine expression of these genes after NSC neurogenesis for 7 days. 
Relative to GelMA hydrogels, MAP2 and Tuj-1 levels were significantly 
increased in GelMA-BP@Mg cells, whereas GFAP levels were slightly 
decreased in GelMA-BP@Mg cells (Fig. 6b–e). Based on these results, 
cells on GelMA-BP@Mg hydrogels can substantially enhance neuronal 
gene expression, compared to the other hydrogels. This indicates that BP 
modified with magnesium ions can induce the expression of neural 
markers. In addition, we investigated the effects of GelMA-BP@Mg 
hydrogels on neurite outgrowth of PC12 cells (Fig. S4), the result 
showed that GelMA-BP@Mg hydrogels can substantially enhance neu
rite outgrowth of PC12. 

3.3. In vivo angiogenesis and neurogenesis for bone regeneration of the 
hydrogel scaffolds 

To further evaluate the repair ability in vivo, GelMA-based bilayer 
hydrogels were implanted via surgery into the rat calvarial defect model 
(Fig. 7a) and evaluated after 6 and 12 weeks of implantation. The Micro 
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Fig. 8. Bone regeneration and neurovascularization of calvarial defects in rats. (a) Masson staining. (b) OCN-immunohistochemical staining. (c) Typical confocal 
images of CD31 (blood vessels, red) and β3-tubulin (nerves, green) co-staining on specimen from the calvarial critical-sized defects. (d, e) Blood vessel and nerve 
density quantification. *, #, $ Represents marked change in relation to GelMA-PEG, GelMA-PEG/β-TCP, and pristine BP bilayered hydrogel cells, respectively (p 
< 0.05). 
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CT results are presented in Fig. 7b and c. At each time point, the newly 
formed bone in the BP@Mg cells and pristine BP bilayered hydrogel cells 
were more obvious than the other two scaffold cells. Moreover, new 
bone growth started at the defect periphery and moved inward toward 
the center. At 12 weeks, the rat skull defect in the BP@Mg bilayered 
hydrogel group was completely covered with newly formed bone. The 
bone score value (BV/TV%) and bone mineral density (BMD) increased 
over time, and the BP@Mg bilayered hydrogel group was remarkably 
higher, relative to the other three at any given time point (p < 0.05). 
Based on the Micro-CT data, the quantified bone regeneration at the 
defect site from high to low was: BP@Mg bilayered hydrogel > pristine 
BP bilayered hydrogel > GelMA-PEG/β-TCP hydrogel > GelMA/PEG 
hydrogel. The results from HE (Fig. 7e), Masson (Fig. 8a), and OCN 
Masson (Fig. 8b) immunohistochemical staining were also similar to the 
quantitative micro-CT data. The amount of newly formed bone and 
collagen tissue in the BP@Mg and pristine BP bilayered hydrogel groups 
were higher than the GelMA-PEG/β-TCP and GelMA-PEG groups. In 
terms of the difference between the BP@Mg and pristine BP bilayered 
hydrogel groups, the addition of magnesium enabled the BP@Mg 
bilayered hydrogel group to be more effective in bone repair. 

CD31 is a marker of neoendothelial cells and is often utilized in 
angiogenic assessment of implanted materials [27]. β-tubulin III 
(β3-tubulin) is a neurogenesis-related neuron marker [28]. We immu
nostained tissue sections with both CD31 (red) and β3-tubulin (green) to 
qualitatively analyze neovascularization of different hydrogels. We 
observed positive CD31 and β3-tubulin staining in the bone callus, 
which suggested successful host vascular infiltration and innervation, 
respectively. Compared to other groups, the BP@Mg and pristine BP 
bilayered hydrogel groups markedly enhanced blood vessel and nerve 
densities at each time point (Fig. 8d and e). Moreover, we detected 
vessel and nerve co-localization in the BP@Mg and pristine BP bilayered 
hydrogel groups (Fig. 8c), whereas, no co-localization was observed in 
the other groups. Comparison between the BP@Mg and pristine BP 
bilayered hydrogel groups revealed that the BP@Mg bilayered hydrogel 
group exhibited more effective neovascularization. In addition, to 
demonstrate the importance of double-layered structures for scaffold 
systems，the GelMA-PEG/BP@Mg/β-TCP nanocomposite hydrogel was 
implanted into the rat calvarial defect model， the results of the Gel
MA-PEG/BP@Mg/β-TCP nanocomposite hydrogel in vivo (Figs. S5 and 
S6) were not as satisfactory as the BP@Mg bilayer hydrogel, showing 
that the bilayer system was conducive to improving osteogenic effi
ciency. Taken together, the BP@Mg bilayered hydrogel promotes neo
vascularization during osteogenesis，which is conducive to overall 
healing. 

One of the major overlooked factors in tissue engineering is the lack 
of attention to vascular and nervous networks in bone implants [29]. In 
most cases, studies developed biomaterials that supported only one 
tissue (ex. osteoblasts or endothelial cells), while expecting full func
tionality of the entire bone tissue. However, the nervous system also 
serves a critical role in bone tissue engineering. In fact, the peripheral 
nervous system (PNS) actively secretes neuropeptides, which accelerate 
bone differentiation, activity, and remodeling [30–32]. Multiple other 
studies also emphasized the role of PNS in bone development and 
fracture healing [33,34]. Recently, more attention is given to potential 
BP application in regenerative medicine. Owing to its unique charac
teristics, BP is used in numerous regenerative medicine researches, 
including bone, nerve, and blood vessel regeneration. Huang reported 
that BP hydrogel scaffolds accelerate bone formation by releasing 
phosphorus ions and captured calcium ions [35]. BP can also oxidize 
into phosphate to assist nerve regeneration, and ultimately enhance 
bone regeneration [36]. Angiogenesis and innervation are active coor
dinated processes present during bone regeneration. Nerve fibers often 
secrete neuropeptides like substance P (SP) and calcitonin gene-related 
peptide (calcitonin gene-related peptide, CGRP), which induce angio
genesis [37]. Meanwhile, CGRP and neuropeptide like vasoactive in
testinal polypeptide (VIP) promote MSCs proliferation and osteogenic 

differentiation. Endothelial cells secrete artemisinin and neurotrophic 
factor 3 (NT-3) to recruit axons, whereas, Schwann cells secrete VEGF to 
promote angiogenesis. Thus, co-localization of nerves and blood vessels 
is critical to new tissue generation [38–40]. In this study, we revealed 
robust neurovascularization and enhanced bone formation in the bilayer 
GeIMA hydrogels cells. Collectively, our data indicate that the BP@Mg 
bilayered hydrogel efficiently promotes bone healing via support of host 
neurovascularization capabilities. 

4. Conclusion 

In summary, we introduced an innovative protocol for neuro- 
vascularized bone regeneration. Our structurally and functionally 
stratified biomimetic hydrogel effectively enhances bone regeneration. 
The upper layer of hydrogel serves as a bionic periosteum structure, and 
significantly promotes angiogenesis via accelerating endothelial cell 
migration meanwhile upregulating nerve-related protein expression in 
neural stem cells. In addition, the bottom layer of hydrogel significantly 
promotes BMSC activity and osteogenic differentiation. We also 
employed this bilayer hydrogel structure to correct defective rat skull. 
Based on our radiological and histological examinations, the bilayer 
hydrogel scaffolds markedly enhance early vascularization and neuro
genesis, which prompts eventual bone regeneration and remodeling. 
Our current strategy paves way for designing nerve-vascular network 
biomaterials for bone regeneration. 
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