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Gelatin methacryloyl (GelMA) has been widely used in bone engineering. It can also
be filled into the calvarial defects with irregular shape. However, lack of osteoinductive
capacity limits its potential as a candidate repair material for calvarial defects. In this
study, we developed an injectable magnesium–zinc alloy containing hydrogel complex
(Mg-IHC), in which the alloy was fabricated in an atomization process and had small
sphere, regular shape, and good fluidity. Mg-IHC can be injected and plastically shaped.
After cross-linking, it contents the elastic modulus similar to GelMA, and has inner
holes suitable for nutrient transportation. Furthermore, Mg-IHC showed promising
biocompatibility according to our evaluations of its cell adhesion, growth status, and
proliferating activity. The results of alkaline phosphatase (ALP) activity, ALP staining,
alizarin red staining, and real-time polymerase chain reaction (PCR) further indicated
that Mg-IHC could significantly promote the osteogenic differentiation of MC3T3-E1
cells and upregulate the genetic expression of collagen I (COL-I), osteocalcin (OCN),
and runt-related transcription factor 2 (RUNX2). Finally, after applied to a mouse model
of critical-sized calvarial defect, Mg-IHC remarkably enhanced bone formation at the
defect site. All of these results suggest that Mg-IHC can promote bone regeneration
and can be potentially considered as a candidate for calvarial defect repairing.

Keywords: gelatin methacryloyl, hydrogel, magnesium–zinc alloy, calvarial defect, bone regeneration

INTRODUCTION

Autologous skull graft is generally considered as the gold standard for cranioplasty (Lucateli et al.,
2018). However, it usually has high probability of bone resorption which may cause bone defects
and impair reimplantation (Chan et al., 2017; Barzaghi et al., 2019). In our previous study, varying
degrees of bone defects were found due to bone resorption after calvarial reimplantation in Beagle
dogs, which were very similar to what happened clinically (Zhu et al., 2020). In addition, congenital
hypoplasia, chronic infections, or bone tumors may also cause calvarial bone defects. Different
from the long bones, once the adult’s skull is defective, it is difficult to repair and regenerate
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spontaneously (Burdette et al., 2018). Therefore, it is necessary to
pursue appropriate treatments to repair calvarial defects, where
bone repair materials could play a big role.

Hydrogel is a kind of insoluble hydrophilic polymer, whose
weight will increase to several times of its original dry weight
after soaked in water. Since its internal structure is similar to
the extracellular matrix of tissue, where nutrients and metabolites
are able to be transported, hydrogel has been widely used
in tissue engineering (Seliktar, 2012). So far, various kinds of
natural and synthetic hydrogel polymer have been developed,
including gelatin, alginate, fibrin, chitosan, hyaluronic acid
(HA), poly (ethylene oxide) (PEO), and poly (ethylene glycol)
(PEG) (Vega et al., 2017). Among them, gelatin methacryloyl
(GelMA), which is made of gelatin and methacrylic anhydride
has been paid increasingly attention in their usage in bone tissue
engineering research and clinics. GelMA has been demonstrated
promising biocompatibility and biodegradability, while very low
cytotoxicity and immunogenicity (Yue et al., 2015). GelMA
contains arginine-glycine-aspartic acid (RGD) peptide sequence
which promotes cell adhesion, proliferation, and differentiation
(Liu and Chan-Park, 2010; Wohlrab et al., 2012; Qiao et al., 2020).
Moreover, because of the presence of methacrylic anhydride,
GelMA is able to generate a cross-linked hydrogel with thermal
stability by being applied photoinitiator and under ultraviolet
(UV) irradiation. With this characteristic, the aqueous solution
of GelMA can be injected into irregularly shaped bone defects
and get solidified afterward (Annabi et al., 2014). As a result,
GelMA has been applied as bone regeneration scaffolds for bone
repair in recent researches (Kwon et al., 2018; Gu et al., 2019; Pan
et al., 2019). However, due to the lack of osteoinductive capacity
essential for bone mineralization, GelMA are often applied in
conjunction with other materials such as inorganic particles,
biopolymers, nanomaterials, and so on.

Magnesium and its alloy materials have been widely used
as bone repair materials (Agarwal et al., 2016). Magnesium ion
is the second most abundant intracellular cation in mammals,
and more than half of which is stored in bone (Weisinger and
Bellorin-Font, 1998; Wolf and Cittadini, 2003). Compared with
other metals, magnesium and its alloys have several obvious
advantages in bone repair. First, the density and elastic modulus
of magnesium are close to those of natural bone; second,
magnesium can be degraded in vivo and mainly release non-
toxic magnesium oxide and Mg2+ during degradation, which
can be completely excreted through urine (Saris et al., 2000;
Nagels et al., 2003; Paschoal et al., 2003; Yu et al., 2018). More
importantly, many evidences demonstrated that applications of
magnesium in vivo could inhibit bacterial growth and promote
new bone growth (Yamasaki et al., 2002; Li et al., 2014). Since
the application of pure magnesium may lead to emphysema,
etc., recent studies have focused on magnesium alloys which
can improve the mechanical properties, osteoinductive capacity,
the stability of the material, and decrease the degradation and
its reactivity in vivo. However, the uncontrollable degradation
rate of magnesium alloys impedes their applications in clinic.
If degenerated too fast, it may lose its function before the
bone heals completely, while lower degradation rate leads to
negative effects on early bone healing. In addition, the shapes of

calvarial defects caused by bone resorption are always irregular
and changing over time, so the “intramedullary nail” used in
long bones, or the screws, etc., are unable to be applied (Wang
et al., 2017). Therefore, there is an unmet need to develop plastic
magnesium alloys with promising degradability, especially for
calvarial defects.

In this study, we report our development of an injectable
hydrogel complex with GelMA and biodegradable magnesium–
zinc alloy [injectable magnesium–zinc alloy containing hydrogel
complex (Mg-IHC)]. The mechanical properties, plasticity and
biocompatibility, of Mg-IHC were evaluated as well as its effect
on osteogenis. Furthermore, we applied Mg-IHC on a mouse
model of critical-sized calvarial defect to investigate its efficacy on
bone regeneration. Mg-IHC was filled into the skull defect, photo
cross-linked, and sustained release of magnesium. Our result
demonstrated its effectiveness in promotion of the osteogeneis
and the reparation of calvarial defects.

MATERIALS AND METHODS

Preparation of GelMA and Mg-IHC
Gelatin (Sigma, United States) with the amount of 10 g was
stirred until completely dissolved in 100 mL of carbonate
buffer (pH 8) at 50◦C. Then, 10 mL methacrylic anhydride
was slowly added and stirred at 50◦C for 2 h to make
the gelatin fully react with methacrylic anhydride (Sigma,
United States) which was terminated by dilution with 400 mL
of double-distilled water (DD water) at 40◦C. The reaction
solution was dialysis at 37◦C for 7 days, with the DD water
changed every 4 h. Finally, the dialysate was lyophilized
to obtain a white solid product, which was maintained at
−80◦C. The degree of methacrylation was determined as 95%
by 1H NMR. The GelMA solid was mixed and placed at
37◦C more than half an hour until the solid completely
dissolved. GelMA prepolymer was prepared in the final
concentration of 10% (w/v) with 0.5% (w/v) photoinitiator (LAP)
(Sigma, United States).

In order to pass through the syringe needle smoothly after
mixing, the biomedical magnesium (95%, wt%) zinc (5%, wt%)
alloy (Weihao, China) was fabricated into circular microspheres
with the diameter of 20 ± 10 µm. In order to obtain
spherical microspheres with high purity and promising fluidity,
processes such as inert gas protection, rapid cooling, and
atomization were applied.

Before use, Mg-IHC solution was prepared by homogeneous
with GelMA composite of Mg–Zn alloy of 0.5, 1, 2, 3, and 5%
with the mass volume ratio.

Measurement of Elastic Modulus of
GelMA and Mg-IHC
Gelatin methacryloyl and Mg-IHC prepolymer solution were
injected into the custom molds (diameter 10 mm; thickness
1 mm), then exposed to UV light for 1 min at 25 mW/cm2

power. The elastic modulus of the hydrogel was characterized by
nano-indenter (PIUMA, Optics11, Netherlands). For analysis, we
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selected an appropriate probe with stiffness value = 0.5 N/m, tip
radius value = 50 µm.

Scanning Electron Microscope (SEM)
The cross-linked GelMA or Mg-IHC (1% alloy containing) were
quickly frozen in liquid nitrogen and then lyophilized in a
lyophilizer (Toshiba, Japan). The samples were placed on the
sample table and sputter coated with gold for 40 s and then the
hydrogel pore size images were taken at 5 kV with a scanning
electron microscope (PHENOM ProX SEM, Phenom-China).

Material Degradation
For degradation assay, 500 µL of GelMA and Mg-IHC were
exposed to UV light for 1 min to crosslink and original weights
were recorded and then added into 10 mL PBS. They were
then incubated at 37◦C on a shaker at 50 r/min, and weighed
as the later weight at day 1, 3, 7, 14, 21, and 28, respectively.
The degradation rate was calculated according to the formula:
degradation rate = (original weight − later weight)/original
weight× 100%.

Magnesium Ion Releasing
In order to detect the magnesium release from Mg-IHC,
100 µL Mg-IHC with various magnesium alloys was used. With
irradiation under UV light for 1 min, Mg-IHC were cultured with
5 mL α-MEM at 37◦C for 3, 7, 14, 21, and 28 days. Magnesium
ion concentration was detected at each time point using the
Magnesium Ion Concentration Detection Kit (Leagene, China).

Cell Culture, Cell Adhesion, Viability, and
Proliferation
Mouse osteoblast MC3T3-E1 cells were cultured with the
medium [α-MEM and 10% fetal bovine serum (FBS) plus 1%
penicillin-streptomycin (P/S)]. Leaching solutions were prepared
as below. 100 µL GelMA or Mg-IHC were injected into the 6-
cm dish and solidified by illumination with the UV light. Then
5 mL culture medium was added and incubated for 24h at 37◦C
to make a leaching solution.

For cell proliferation, cells were seeded in 96-well plate with
2 × 104 in each well and evaluated with CCK-8 kit (BBI,
China). 100 µL leaching solutions were added with the culture
medium as the control. After 1, 3, and 7 days, absorbance was
measured at 450 nm using a microplate reader (Tecan Infinite
200 pro, United States).

In order to examine the cell viability, cells were seeded in 24-
well plate at a density of 2× 104 per well. Leaching solutions were
also used as the culture medium. Calcein and propidium iodide
(PI) double staining were performed with live/dead staining assay
kit (Beyotime, China). Images were captured on a fluorescence
microscope (Olympus BX 53, Japan). And cells with green and
red fluorescence were counted by ImageJ.

For cell adhesion assay, GelMA or Mg-IHC were coated on the
bottoms of 24-well plate. Cells were cultured in the plate for 24 h,
fixed and stained with FITC-Phalloidin (100 nM, Thermo Fisher
Scientific, United States) for 30 min and with DAPI (BBI, China)

to label the cellular nuclei for 10 min. Images were captured on a
fluorescence microscope (Olympus BX 53, Japan).

ALP and Alizarin Red Assay
In order to examine the effect of Mg-IHC on osteogenesis,
alkaline phosphatase (ALP) and alizarin red staining were
performed; meanwhile, ALP activity was also detected. The
MC3T3-E1 cells were seeded in 24-well plate with 2 × 104

each well. Leaching solutions were applied for cell culture with
supplement of ascorbic acid (50 µg/mL) and β-glycerophosphate
(10 mM). ALP staining and activity were conducted as the ALP
staining kit (Solarbio, China) and ALP activity kit (Beyotime,
China) at 7 days post treatment. To normalize the quantification,
total protein concentration was measured by BCA assay kit
(Beyotime, China). Alizarin red staining was conducted at
14 days post treatment. Absorbance was measured at 490 nm
by the microplate spectrophotometer (Tecan Infinite 200 pro,
United States). Images of staining were obtained by an Olympus
BX53 microscope.

Real-Time PCR Analysis
MC3T3-E1 cells were cultured with osteoinduction as above.
Total RNA was extracted at 7 days post treatment with
Trizol regent (Thermo Fisher, United States) according to the
manufacturer’s protocol. Subsequently, reverse transcription was
conducted using the First-Strand Synthesis System (Thermo
Fisher, United States). Real-time polymerase chain reaction
(PCR) (Thermo Fisher, United States) was then performed and
β-actin was used as the housekeeping control. Quantitative
data were performed by comparative Ct quantification (2−11Ct

method). The primer sequences are listed in Table 1.

Animal Model of Critical-Sized Calvarial
Defect
Animals used in this study were handled according to the
protocols approved by the Institutional Animal Care and Use
Committee of Soochow University.

Eight-week-old female ICR mice were used in this study.
After anesthesia, the scalp was cut along the midline of parietal
lobe to expose the skull. Craniectomy with 3.5 mm defects were
trephinated on the center of both side of midline of all animals
with a special skull drill (Huamai, China). GelMA or Mg-IHC
was injected in the right defect. UV exposure was used for 1 min

TABLE 1 | Sequences of primers used for real-time PCR.

Genes Primers Sequences (5′-3′)

COL1 Forward GCTCCTCTTAGGGGCCACT

Reverse CCACGTCTCACCATTGGGG

OCN Forward CTTGAAGACCGCCTACAAAC

Reverse GCTGCTGTGACATCCATAC

RUNX2 Forward CCGTGGCCTTCAAGGTTGT

Reverse TTCATAACAGCGGAGGCATTT

β-actin Forward CTGACTGACTACCTC

Reverse GACAGCGAGGCCAGGATG
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to solidify the hydrogels. The defects on the left side were without
treatment and set as the control.

Micro-Computed Tomography Analysis
Four weeks after surgery, mice were sacrificed to harvest the
calvarias for micro-computed tomography (micro-CT). In brief,
the bones were dissected out and cleaned the soft tissue as
much as possible. After fixed in 10% formalin for at least 12 h,
the calvarias were scanned with the micro-CT (SkyScan1176,
Belgium) with the following settings: 50 kV, 500 mA, and 0.5 mm
Al filter. Regions of interesting (ROI) on calvarial defects of
3.5 mm in diameter were chosen to analyze the parameters of
bone volume fraction [bone volume/tissue volume (BV/TV)],
and bone mineral densities (BMDs).

Histological Analysis
Calvaria bone samples were decalcified in 0.25 M EDTA (pH
7.4) for 10 days and then immersed in PBS for 2 h. After
dehydration in gradient alcohol (70, 80, 90, 95, and 100%),
samples were embedded in paraffin and sectioned at the thickness
of 5 µm. Sections were stain with hematoxylin and eosin (H&E),
Masson staining (Solarbio, China) and imaged using a lighting
microscope (BX43, OLYMPUS, Japan). Masson sections (n = 5
for each group) were analyzed for the total tissue area and mature
bone area of the defects. The kidney and liver of the mice were
also harvested for H&E staining as the procedure above.

Statistical Analysis
All statistical analysis was performed using SPSS20.0. Data
are presented as the mean ± SEM. Data between multiple
groups were analyzed by one-way or two-way analysis of
variance (ANOVA) followed by Fischer’s PLSD post hoc tests.
Comparisons between two groups were made by Student’s
two-tailed unpaired T-test. P < 0.05 was considered for the
significance level for all analyses.

RESULTS AND DISCUSSION

Characterization of Injectable
Magnesium–Zinc Alloy Containing
Hydrogel Complex
In this study, we developed an injectable magnesium alloy
hydrogel (Mg-IHC), which was uniformly mixed by Mg–Zn alloy
microspheres and GelMA according to a certain proportion. The
magnesium alloy microspheres were fabricated through a rapid
cooling and atomization process with the protection of inert
gas. The contents of magnesium and zinc were 95% and 5%
(w/w), respectively. Magnesium and zinc are both fundamental
elements in human bodies. It was reported that magnesium
alloys containing about 5.0% zinc have excellent strength, high
corrosion resistance, low hydrogen evolution rate, and promising
animal biocompatibility (Zberg et al., 2009).

The diameter of the magnesium alloy microspheres used in
this research was 20 ± 10 µm, which was significantly smaller
than the inner diameter of the syringe needle commonly used

in clinic, to ensure the Mg-IHC could be injected freely into
the calvarial defects. After application of UV irradiation for
1 min, Mg-IHC crosslinked to form a stable shape implied that
it has good plasticity to be filled into the calvarial defects with
irregular shape (Figures 1A,B). In addition, we measured the
elastic modulus to evaluate the mechanical properties of GelMA
and Mg-IHC. The result showed that Mg-IHC had similar elastic
modulus to GelMA (Figure 1C).

The stiffness of the GelMA enhances as the degree of
methacrylation increase, which results in an increase in the
mechanical properties (Yue et al., 2015). In this research, we
chose the high degree of methacrylation GelMA with high
elasticity moduli and low viscosity.

Hydrogel degradation is an important property for
determining stability under physiologically relevant conditions.
To evaluate the degradation of GelMA and Mg-IHC in vitro,
we immersed the same mass of cured composite hydrogel into
the same volume of PBS, and weighed the remaining material
at different time points. Both GelMA and Mg-IHC decreased in
quality over time, and about 60% of the total weight remained
after 4 weeks. Moreover, there was no statistical difference in
the degradation rate of Mg-IHC at each time point (Figure 1D),
which indicated that the mixture of Mg–Zn alloy microspheres
would not affect the degradation of GelMA.

Appropriate internal porosity is necessary for tissue
engineering materials to maintain cell growth and nutrient
transfer (Karageorgiou and Kaplan, 2005). Therefore, we
monitored the porosity of the GelMA and Mg-IHC hydrogel
after lyophilization with scanning electron microscopy (SEM).
SEM pictures show a homogenous microstructure with well-
organized pores and distributed alloy microspheres were clearly
visible in Mg-IHC (Figure 1E).

The above results indicate that Mg-IHC can be well shaped,
ideal for filling the defect, and has a certain mechanical strength.
On the other hand, it has promising degradability and desirable
internal pore size, which make it suitable for nutrient transport
and cell migration.

Evaluation of the Biocompatibility of
Mg-IHC
In order to evaluate the release of magnesium ion, Mg-IHC
with different magnesium alloy contents were used to assess the
concentration of magnesium ions after incubation in cell culture
medium for different times. The results showed that with the
increase of magnesium alloy content, the release of magnesium
also increased. The concentration of magnesium also increased
with time, suggesting that Mg-IHC could continuously release
magnesium ion, and the increasing rate relatively slowed after
28 days (Figure 2A).

The biocompatibility is critical to the application of tissue
engineering materials. Here, we evaluated cell adhesion, growth
status, and proliferating activity of this material (Qiao et al.,
2020). MC3T3-E1 cells were cultured with leaching medium
from a series of Mg–Zn alloy proportions of GelMA. CCK-
8 kit and live/dead staining were used to detect the growth
status and proliferating activity. On day 1, compared with
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FIGURE 1 | Structure and mechanical properties of Mg-IHC. (A) Schematic illustrations of Mg-IHC formed after UV irradiation. (B) Schematic of Mg-IHC molding.
(C) Elastic modulus of GelMA and Mg-IHC. (D) Degradation percentage of GelMA and Mg-IHC in vitro. (E) Scanning electron microscopy imaging of GelMA and
Mg-IHC.

the Ctrl group, other groups showed no significant differences
except the 5% group. On day 3, the value of 0.5 and 1%
groups were higher than Ctrl group which had no differences
from 0% (GelMA without Mg–Zn alloy), 2, 3, and 5%
groups. On day 7, the value of 0, 0.5, and 1% groups were
higher than ctrl, 2, 3, and 5% groups, while the 3 and 5%
groups were even lower than corresponding values on day
3. All of these indicated that lower proportions (0.5 and
1%) of Mg–Zn alloy microspheres promoted the cell growth
while higher proportions (2, 3, and 5%) had no similar
effects (Figure 2B).

In consistence with the growth status result, Mg-IHC with
lower proportions (0.5 and 1%) of Mg-Zn alloy microspheres
showed no significant differences from the ctrl and 0% group in
the live/dead staining. Meanwhile, the dead cell percent of Mg-
IHC with higher proportions (2, 3, and 5%) were significantly
higher than other groups, suggesting that lower proportions of
alloy for Mg-IHC lead to higher cell viabilities (Figures 2C,D).

The cell viability decreases because of the excessive
magnesium alloy content, while excessive low content
also leads to the attenuated effect. Therefore, in this study,
magnesium alloy hydrogels with 1% content were considered
to be the most suitable. To determine the cell adhesion, we
cultured cells on solidified cover layer of GelMA or Mg-IHC.
Pholloidin staining results showed that cells adhered on both
GelMA and Mg-IHC, and had no significant change in cell
morphology (Figure 2E). Together, these results indicate
that Mg-IHC has promising biocompatibility similar with
GelMA in vitro.

To further investigate the biocompatibility of Mg-IHC,
animal experiments were conducted. We examined the liver
and kidney of mice with H&E staining. Compared with
normal mice, the liver and kidney tissue structures of mice
in GelMA and Mg-IHC groups were intact. There were no
tissue edema, inflammatory cells, or tissue structure damage
(Supplementary Figure S1), which indicated GelMA and
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FIGURE 2 | In vitro biocompatibility test of Mg-IHC. (A) Magnesium ion concentration released by Mg-IHC in vitro was detected after 3, 7, 14, 21, and 28 days.
(B) Cell viability detected by CCK-8 kit on 1, 3, and 7 days, respectively. (C) Statistics of the percentage of dead cells. Compare with Ctrl. **P < 0.01; ***P < 0.001.
(D) Live/dead staining for MC3T3-E1 cells. The white arrows indicate dead cells. (E) Cell actin cytoskeleton staining showing the morphology of MC3T3-E1 cells on
different substrate, stained with FITC-phalloidin.

Mg-IHC could be metabolized normally and had promising
biocompatibility in vivo.

Mg-IHC Effectiveness on Osteogenesis
in vitro
To further study the effects of Mg-IHC on osteogenesis, we tested
with the ALP staining, activity and alizarin red staining. After
7 days’ culture and osteogenic induction, MC3T3-E1 cells were
processed for ALP activity detection. Normalized with the Ctrl
group, the ALP activity of GelMA group was significantly higher
than the Ctrl group. Particularly, the Mg-IHC group had the
highest ALP activity in the three groups. On day 14, cells were
fixed for the ALP staining. In consistence with the results of ALP
activity, more cells of the Mg-IHC group were labeled than the
Ctrl group and the GelMA group (Figures 3A,C).

We also used alizarin red staining and quantification to assess
the effect of Mg-IHC on osteogenesis. The results showed that
alizarin red staining was more in the GelMA group than in the
Ctrl group, while the Mg-IHC group had the strongest staining in
all three groups. The results of alizarin red quantitative detection
were consistent with the alizarin red staining (Figures 3A,B).
Overall, these results indicated that Mg-IHC could significantly
promote osteogenesis.

In addition, in order to explore the related mechanism of Mg-
IHC promoting osteogenesis in vitro, we inspected osteogenesis-
related gene indicators by real-time PCR. The results showed
that the expression of collagen I (COL-I), osteocalcin (OCN),
and runt-related transcription factor 2 (RUNX2) increased
significantly after Mg-IHC treatment (Figures 3D–F), suggesting
that Mg-IHC might promote osteogenesis by regulating the
expression of COL-I, OCN, and RUNX2. COL-I is the most
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FIGURE 3 | The effect of Mg-IHC on osteogenesis was examined in vitro. (A) MC3T3-E1 cells were cultured with GelMA and Mg-IHC extracts, and ALP was stained
with ALP staining kit 7 days after osteogenesis induction, and calcium nodules were stained with alizarin red 14 days later. (B) Quantitative results of alizarin red
staining. (C) MC3T3-E1 cells were cultured with GelMA and Mg-IHC extracts, and ALP activity was quantitatively detected using ALP activity kit 7 days after
osteogenesis induction. (D–F) MC3T3-E1 cells were cultured with GelMA and Mg-IHC extracts, and 14 days after osteogenesis induction, the expression of
osteogenesis-related genes COL-I, OCN, and RUNX2 was detected by real-time PCR. *P < 0.05; **P < 0.01; ***P < 0.001.

important organic component in bone, accounting for 85–
90% of the total protein in human skeleton (Ma et al., 2014).
OCN, a calcium-bound non-collagen protein secreted most
by osteoblasts, is an important marker gene in the late stage
of osteoblast differentiation (Nabiyouni et al., 2015). RUNX2
is a key osteogenic transcription factor and an important
factor in osteoblast differentiation. ALP, a binding protein
expressed in the membrane of osteoblasts, is a marker of early
differentiation and maturation of osteoblasts (Lian et al., 2004).
Many studies have shown that the applications of magnesium-
containing materials can promote osteogenesis by promoting the
expression of the genes above. Material developed by immersing
magnesium ions onto the surface of micro/nanostructured
titanium promotes the proliferation and differentiation of rat
bone marrow mesenchymal stem cells, and also encourages the
expression of OCN, ALP (Wang et al., 2014). Another magnesia-
titanium material (magnesium ion incorporated titania nanotube
arrays) showed a similar effect (Yan et al., 2019). The scaffolds
made of magnesium hydroxyapatite nanocomposites helped the
expression of ALP, COL-I, OCN, and RUNX2 in MC3T3-E1
cells with good cell adhesion and cell proliferation promoting
ability (Chen et al., 2019). The biocompatible materials made
with magnesium phosphate promote the gene expression of
ALP, COL-I, OCN, OPN, and RUNX2, and further help the

proliferation, differentiation, and mineralization of MC3T3-
E cells (Nabiyouni et al., 2015). Consistent with these above
studies, in our study, ALP activity detection, alizarin red
staining, and quantitative detection of COL-I, OCN, and RUNX2
expression are utilized, showed that Mg-IHC could promote
osteoblast proliferation as well as osteogenic differentiation and
mineralization at various stages, which suggested its potential for
further application in vivo bone repair.

Effect of Mg-IHC in Mouse Critical-Sized
Calvarial Defect
To examine the bone repair effect of Mg-IHC in vivo, we first
established a mouse model of critical-sized calvarial defect, then
applied Mg-IHC composite hydrogel at the defect site, and finally
carried out a series of related osteogenesis validation (Figure 4A).
In previous studies, commonly used size of mouse critical-sized
calvarial defect was 4 mm in diameter (Lo et al., 2012; Borrelli
et al., 2019). But these are all for the sizes of single defects.
Defects with diameters of 4 mm on both sides of the same skull
are not appropriate, because it is inconvenient for operation.
On the other hand, the defect is curved, which is not suitable
for the applications of materials. It was also reported that a
3.5 mm diameter was considered as the critical-sized calvarial
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FIGURE 4 | Application of Mg-IHC to the repair of critical-sized calvarial defects in mice. (A) Schematic illustration of Mg-IHC for calvarial defects in mice. Four
weeks after the use of Mg-IHC in mouse calvarial defects. (B) Schematic representation of micro-CT scan reconstruction. (C) Quantitative results of BV/TV.
(D) Quantitative results of BMD. (E) Schematic diagram of H&E staining. (F) Schematic diagram of Masson staining. (G) Quantitative results of total neoplastic tissue
at the defect site. (H) Quantitative results of mature bone at defect site. *P < 0.05; **P < 0.01; ***P < 0.001.

defect (Huang et al., 2017). And even defect with a diameter of
more than 2 mm was also defined as critical size because it could
not heal spontaneously within 12 weeks (Cowan et al., 2004).
Therefore, in order to verify the repairing effect of Mg-IHC on
bone defects, we performed a circular 3.5 mm defect on each side
of the skull of mice—this size could prevent the defects to be
healed by itself within 4 weeks. We filled the defects with GelMA
or Mg-IHC separately to compare the results. Since the mouse
skull is very thin, in order to prevent the material from detaching
from the defect positions, we covered the material completely
over each of the whole defects to prevent the proliferation of
the tissue near the defect site which may inhibit the bone repair
(Fan et al., 2018).

Micro-CT was performed to analyze the bone regeneration
at the defect site. The results of three-dimensional (3D)
reconstruction showed that the newly generated bone in the
defect site of the GelMA group was more than that of the Ctrl
group, while that of Mg-IHC group was the most significant
among the three groups (Figure 4B). The quantitative results
were consistent with the results of 3D reconstruction, and the
ratio of BV/TV and BMD of Mg-IHC were significantly higher
than those of GelMA group and Ctrl group (Figures 4C,D).

These results indicated that Mg-IHC can effectively promote the
repair of calvarial defects.

To further verify the effect of Mg-IHC on calvarial defect
repair, we performed H&E staining and Masson staining. H&E
staining result showed that there were more tissues in calvarial
defects in the GelMA group than in the Ctrl group, while there
were significantly more tissues in the Mg-IHC group than those
of other two groups (Figure 4E). In addition, the results of
Masson staining showed that, unlike the Ctrl group and the
GelMA group, the overall collagen fibers as well as the mature
collagen which were stained dark blue could be observed in the
calvarial defects of Mg-IHC group (Figures 4F–H). All of these
results suggested that Mg-IHC promoted new bone regeneration
at the site of calvarial defect and improved its repair.

Compared with long bones, there are less studies focusing on
magnesium and magnesium alloy-related materials in the repair
of calvarial defects, which may be caused by the differences in
the shape and osteogenesis mechanism of the two materials.
Fixation devices made of magnesium alloys were used for
cranioplasty in miniature pigs, but this study focused on
biocompatibility and magnesium degradation properties, and the
effect on osteogenesis was not analyzed (Naujokat et al., 2017).
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The preparation of biodegradable microspheres using MgO and
MgCO3 had a certain bone regeneration effect (Yuan et al.,
2019). The composite hydrogel scaffold made by bisphosphonate-
magnesium can improve the adhesion and differentiation ability
of mesenchymal stem cells and promote osteogenesis (Zhang
et al., 2017). Different from the magnesium ion compounds
commonly used in the past, in our study, atomized magnesium
alloy was applied with hydrogel, which could be slowly released
through the degradation of hydrogels and magnesium alloys,
and thus promoted bone regeneration and osteogenesis. Unlike
chemical compound of magnesium, Mg–Zn alloy degraded more
moderately and would release magnesium ion constantly to
promote bone regeneration. On the other hand, Mg-IHC is
convenient to fabricate and can be used to fill irregular calvarial
defects after injection, which grants it advantages for application.
However, the use of Mg-IHC requires photo-crosslinking, but
the usual UV light cannot penetrate the muscle and skin. This
may lead to limited subsequent injections, if the degradation
of the material is too fast while the bone defect has not been
completely repaired. Therefore, the subsequent natural cross-
linking solidification of multiple injectable Mg-IHC requires
further research and development.

CONCLUSION

In this study, we have successfully fabricated an Mg-IHC, which
was prepared by mixing magnesium alloys with GelMA. We
confirmed that 1% mixing ratio is suitable according to the
release of magnesium ions and cell viability detection. We further
confirmed continuously release of magnesium ion from Mg-
IHC could improve osteogenesis by promoting the expression
of osteogenesis-related genes in vitro. In the mouse critical-
sized calvarial defect model, Mg-IHC could be injected and fixed
in situ at the skull absorption and defect site. We observed
Mg-IHC could significantly promote the bone regeneration and
repair calvarial defects. All of these results indicated that the
application of Mg-IHC could be an effective strategy for repairing
calvarial defects in bone tissue engineering applications; and our
methodology provided a convenient and effective new approach
for calvarial defect repair.
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