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Oxygen is essential for cell survival and tissue regeneration. Scaffolds releasing oxygen
have been hypothesized as an ideal strategy for bone repair. However, excessive oxygen
supply will disturb the redox balance, lead to oxidative stress, and affect bone
regeneration. In this study, we synthesized a hydrogel from sodium alginate and
loaded it calcium peroxide nanoparticles as an oxygen generating material and vitamin
C as a pH regulator and antioxidant. The composite hydrogel, with a pH value close to
physiological humoral fluid, could release oxygen to alleviate hypoxia in the bone defect
and reduce the side effects of excessive hydrogen peroxide. In in vitro experiments, the
composite hydrogel promoted the osteogenic differentiation and ALP and mineralization
ability of rat bone marrow mesenchymal stem cells in a hypoxic environment (2% O2). In
animal experiments, the composite hydrogel was applied in rat skull defect models. It
promoted the healing of bone defects. These results suggest that sodium alginate
hydrogel releasing oxygen and vitamin C is suitable for cell survival and tissue
regeneration in a hypoxic environment and has good application prospects in bone
defect repair.
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INTRODUCTION

Bone loss caused by tumors, inflammation, and trauma is very common in clinical visits (Ferretti
et al., 2016; Soluk Tekkesin et al., 2016). The lack of bone not only affects the physical health of
patients but also causes serious psychological problems. Autografts, allografts, and xenografts are
common methods for bone repair and regeneration (Ehrler and Vaccaro, 2000; Develioglu et al.,
2009; Kitzinger et al., 2012). However, the lack of donor sources and immune rejection limit the
clinical applications (Brown et al., 2009; Oryan et al., 2014).

Bone tissue engineering (BTE) using scaffolds-seeding cells, genes, proteins, drugs, cytokines, and
growth factors to promote bone healing and regeneration is believed to be a promising method for
bone repair (MorenoMadrid et al., 2019; Bedair et al., 2020). Currently, the most widely used scaffold
materials include polymer hydrogels (Jiang et al., 2019; Edri et al., 2019; Yue et al., 2020), polymer
films (Holzwarth and Ma, 2011; Qu et al., 2018; Pillai et al., 2020), and 3D printed polymer blocks
(Kankala et al., 2018; Shao et al., 2019; Celikkin et al., 2019; Wu et al., 2020). A hydrogel is a unique
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scaffold material with three-dimensional hydrophilic network
structure and high moisture content of more than 90%. It is
similar to the native extracellular matrix and helps to exchange
oxygen and substances effectively, thus providing supporting
living conditions for cell survival (Yue et al., 2020). Hydrogels
have the characteristics of a high biocompatibility, low
immunogenicity, and adjustable physical and chemical
properties; therefore, they have received increasing attention in
tissue engineering medicine (Xavier et al., 2015).

However, one of the main challenges hindering the clinical
application of bone tissue engineering scaffolds, including
hydrogels, is the lack of an oxygen supply (Alemdar et al.,
2016; Kim et al., 2019; Touri et al., 2020). The scaffolds lack a
functional vascular network, so cells in the scaffolds can only
receive oxygen and nutrition from capillaries in the surrounding
tissue. The diffusion of oxygen from capillaries is 100–200 μm in
tissues (Carmeliet and Jain, 2000; Farris et al., 2016), but the cells
in the central regions of the scaffolds can be several hundred
microns away from oxygen sources. Therefore, the simple
diffusion of oxygen is insufficient and numerous cells in the
center experience hypoxia, which can cause cell death, tissue
necrosis, and eventually result in inadequate bone regeneration
(Boutilier and St-Pierre, 2000). It has been commonly accepted
that a maximum volume of 1 cm3 is the limit to prevent necrotic
centers in nonvascularized bone tissue engineered scaffolds
(Wendt et al., 2006; Kim et al., 2014). To overcome the
insufficient oxygen supply in scaffolds, several strategies have
been studied extensively, including promoting the formation of a
vascular network in scaffolds by the use of vascular endothelial
growth factor, basic fibroblast growth factor, endothelial cells, and
tissue-engineered constructs with vascular networks (Yoon et al.,
2006; Fuchs et al., 2006; Nillesen et al., 2007; Hong et al., 2017).
However, the slow growth of vessels and lack of function of the
formed vessels in the scaffolds are the main obstacles to the
application of this strategy (Griffith et al., 2005; Camci-Unal et al.,
2013).

In recent years, bone tissue engineering scaffolds
incorporating oxygen releasing materials have been shown to
provide sufficient oxygen for cell survival until blood vessel
ingrowth occurs, thus offering an alternative strategy (Lv et al.,
2016; Pape et al., 2018). Liquid hydrogen peroxide, which
decomposes into oxygen and water, and solid peroxides, such
as calcium peroxide, which dissociate into calcium ions and
hydrogen peroxide in aqueous solution and subsequently
dissociate to form oxygen, are the two main kinds of oxygen
releasing materials (Abdi et al., 2011; Khodaveisi et al., 2011).
Adequate oxygen release of scaffolds augments extracellular
matrix synthesis, angiogenesis, cell differentiation,
proliferation, and migration (Rodriguez et al., 2008). However,
uncontrolled and excessive oxygen release leads to increased
levels of cytotoxic reactive oxygen species (ROS), peroxides,
and peroxide byproducts, which can exhaust antioxidants in
cell, destroy the redox balance of cells, and cause cell death
(Sthijns et al., 2018).

Cells need oxygen to survive, but the supplied oxygen carries a
sizeable risk of disturbing the redox balance and leading to
oxidative stress. Two effective strategies to solve this problem

are limiting the oxygen release and adding antioxidants to the
scaffolds. For example, the encapsulation of oxygen-releasing
peroxides, such as hydrogen peroxide, in polydimethysiloxane
or poly(methylmethacrylate) has been shown to temper excessive
and rapid release of oxygen and prevent cytotoxic oxidative stress
to cells (Pedraza et al., 2012; Mallepally et al., 2014). In addition,
the application of solid peroxide, such as calcium peroxide, is also
a good choice for limiting oxygen release (Alemdar et al., 2016;
Touri et al., 2020). Unlike hydrogen peroxide, which releases
oxygen too quickly, calcium oxide produces oxygen more slowly
for a longer duration, which is more conducive to maintaining the
redox balance.

Another promising approach is directly incorporating
antioxidant enzymes, such as catalase, in scaffolds to maintain
the redox balance even in the presence of oxygen (Luo et al.,
2017). Vitamin C is an effective and widely used antioxidant. It
can neutralize ROS and inhibit the expression of gene-related
apoptosis in extravillous trophoblasts (EVTs) under increasing
oxygen concentrations (Kawashima et al., 2014). It is also proven
that vitamin C compensates for reduced glutathione (GSH)
depletion to protect against H2O2-induced cell death (Shang
et al., 2003). Vitamin C can also reduce the toxicity of
hydrogels, promote the survival of bone marrow mesenchymal
cells encapsulated in hydrogels, and promote collagen production
and bone regeneration (Yang et al., 2017).

Based on the above background information, we prepared a
sodium alginate hydrogel incorporating calcium peroxide
nanoparticles and vitamin C as a scaffold material to repair a
defect in rat skull and measure the effect of the hydrogel scaffold
on bone regeneration.

EXPERIMENTAL PROCEDURES

Materials
Calcium chloride (99.5%), hydrogen peroxide aqueous solution
H2O2 (35%), PEG 200, ammonia (25%), and sodium hydroxide
(NaOH) were purchased from Beijing Chemical Co., Ltd. The cell
culture medium, fetal bovine serum (FBS), trypsin-EDTA, cell
counting kit-8 (CCK-8), alizarin red S staining solution (1%, pH
4.2), and hematoxylin-eosin (H&E) staining kit were purchased
from Beijing Solarbio Science & Technology Co., Ltd. The
primers used in qRT-PCR were purchased from Takara. ALP
staining solution was purchased from Sigma-Aldrich.

Preparation of CaO2 Nanoparticles
The method to prepare calcium peroxide is from the literature
(Khodaveisi et al., 2011). We dissolved 6 g of calcium chloride in
60 ml distilled water, and 30 ml ammonia solution (1 mol/L) and
240 ml of PEG 200 were added while stirring at ambient
temperature. Then, 30 ml of 30% H2O2 was added to the
stirring mixture at the rate of 3 drops per minute. The
solution was adjusted to a pH of 10 using ammonia solution,
resulting in precipitation of pale-yellow precipitates. The
precipitate was separated by centrifuge, washed three times by
NaOH solution (pH � 13) and twice by distilled water, and then
dried at 80°C for 2 h in an evacuated oven.
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Preparation of Polyacrylamide-sodium
Alginate Hydrogel
We dissolved 1.169 g of NaCl in 47.83 ml distilled water in a
250 ml beaker, and 1 g of sodium alginate was added to the water
several times while stirring continued for 4 h at ambient
temperature. The solution in the beaker was placed in a hot
water bath (50°C) for 30 min and then removed and rested
overnight. 16 g of acrylamide was added to the solution and
stirred for 2 h. Finally, 0.016 g of ammonium persulfate, 40 µL of
tetramethylethylenediamine, and 0.0096 g of N, N-methylene
bisacrylamide were added to the solution and stirred for
15 min in an ice bath. After removing the bubbles by
centrifugation, the mixed solution was injected into the glass
plate, put into the oven and heated for 3 h. Then, the sodium
alginate hydrogel film was obtained.

Preparation of Polyacrylamide-sodium
Alginate Hydrogel Loaded With Calcium
Peroxide and Vitamin C
The steps were the same as the preparation of sodium alginate
hydrogel before centrifugation to remove bubbles. At this time,
the pH value of the mixed solution was 9.8. Then, 10 mg of
calcium peroxide nanoparticles and 15 mg of vitamin C were
added to the mixed solution and stirred well. After this step, the
pH of the mixed solution was reduced to 7.4, which is close to the
physiological environment. Then, the drug-loaded hydrogels
were obtained after centrifugation and heating like before.

Characterization of Calcium Peroxide
Nanoparticles and Hydrogels
The morphology of calcium peroxide nanoparticles was observed
by scanning electron microscopy (SEM, JSM-6700F), and the
crystal structure of calcium peroxide was determined by X-ray
diffraction (XRD, PANalytical B.V.). The morphology of the two
hydrogel membranes obtained from the methods in Sections
Preparation of Polyacrylamide-Sodium Alginate Hydrogel and
Preparation of Polyacrylamide-Sodium Alginate Hydrogel
Loaded with Calcium Peroxide and Vitamin C were lyophilized
and observed by scanning electron microscopy. Fourier
transform infrared spectroscopy (FTIR, Nicolet AVATAR 360)
of calcium peroxide nanoparticles, vitamin C, sodium alginate
hydrogel, and sodium alginate hydrogel loaded with calcium
peroxide and vitamin C was performed, and the presence of
each component in the composite hydrogel was confirmed by
comparing the characteristic peak positions.

Oxygen Generating Capacity and
Degradation Test of Composite Hydrogel
First, the oxygen generating capacity and rate after mixing of
calcium peroxide nanoparticles and vitamin C were studied in
solution. We simultaneously added 10 mg of calcium peroxide
nanoparticles and 15 mg of vitamin C to 100 ml of water, and
then placed this mixture in a vacuum device with a gas collector

connected to a gas chromatograph (GC-7900 gas
chromatograph). After removing the air from the vacuum
device, the amount of oxygen was detected by
chromatographic analysis of the generated gas, which is
detected every half hour. After successfully demonstrating the
generation of oxygen, sodium alginate hydrogel loaded with
calcium peroxide (10 mg) and vitamin C (15 mg) was added
into 100 ml simulated body fluid. The amount of oxygen
production during hydrogel degradation was measured once a
day according to the above method.

The composite hydrogel was made into a circular film with a
diameter of 5 mm and a thickness of 1 mm. After weighed, the
film were placed in several times volume of water for natural
degradation. The pH value of the degrading liquid was detected
every 2 days. Then the liquid was discarded and the residual
hydrogel was dried by filter paper, weighed and calculated the
percentage of total weight.

Cell Cytotoxicity and Proliferation Assay
Rat bone marrow mesenchymal stem cells (rBMSCs) were used
for the cell viability assay. rBMSCs were extracted from sterile
femur of the rats, and the third passage cells that had grown well
were used for further experiments. Due to the short duration of
the cell viability assay and the long degradation duration of the
solidified hydrogel, we chose the unsolidified hydrogel solution
for the cytotoxicity tests. The rBMSCs were seeded in 96-well
plates cultured for 24 h in an incubator under normoxic
condition (21% O2) and co-cultured with the hydrogels and
the composite hydrogels at different doses (0, 25, 50, 100,
200 μg/ml) for another 24 h. Then all the cell culture mediums
were changed and the CCK-8 staining solution was added. After
3 h, the optical density values at 490 nm were tested by a
microplate reader to further calculate the cell survival rates. In
the cell proliferation assay, rBMSCs were seeded in 24-well plates
and cultured for 24 h in an incubator (37°C, 2%O2), where cells in
the control group were directly inoculated on the plate and cells in
the experimental groups were inoculated on hydrogel films and
composite hydrogel films of 1 mm thickness, respectively. After
culturing for another 24, 48, and 96 h, the cells were stained by
CCK-8 solution. The cell survival rates were calculated as before.

mRNA Expression of Osteogenic Genes
The effects of oxygen generating hydrogels on Runx2, OCN, Sp-7,
andCol I gene expression in rBMSCswere investigated. In the control
group, the rBMSCs were inoculated directly into a 6-well plate. For
experimental groups, the hydrogel films and composite hydrogel
films (1mm in thickness) were laid flat on 6-well plates. Then, the
rBMSCswere seeded on the hydrogels and cultured for 7 and 14 days
in vitro under hypoxia conditions (2% O2). After 7 and 14 days of
incubation at 37°C with 2% O2, the total RNA of the rBMSCs was
extracted and qRT-PCR tests were performed to investigate the
mRNA expression of Runx2, OCN, Sp-7, and Col I.

Alkaline Phosphatase Staining Assay
The effects of oxygen generating hydrogels on osteogenic
differentiation of rBMSCs were evaluated through the
qualitative and quantitative analysis of ALP activity. The
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rBMSCs were seeded in 24-well plates and cultured for 24 h in an
incubator (37°C, 2% O2). Cells in the control group were directly
inoculated on the plate, while cells in the experimental groups
were inoculated on hydrogel films and composite hydrogel films
of 1 mm in thickness, respectively. After culturing for 7 and
14 days, ALP activity of the three groups was detected
qualitatively and quantitatively by an alkaline phosphatase
staining kit.

Alizarin Red S Staining Assay
To further evaluate the effect of oxygen generating hydrogels on
osteogenic differentiation of rBMSCs, the Alizarin Red S staining
assay was used to identify calcium nodules in control and
experimental groups. In the control group, the rBMSCs were
seeded directly into 12-well plates. For the experimental groups,
the rBMSCs were inoculated on hydrogel films and composite
hydrogel films (1mm in thickness). After 21 days of incubation at
37°C with 2%O2, all themediums in the plates were discarded. Then,
all the cells were fixed with 4% paraformaldehyde for 10min and
washed by distilled water. After staining for 1 hwith 1% (w/v) alizarin
red S solution, the cells were washed by water for three times and
photographed by microscope.

Animal Experiments
Thirty male SD rats of 6-week-old were randomly divided into three
groups, namely a control group, hydrogel group, and composite
hydrogel group (10 rats/group). The rats were anesthetized, and then
we created a critical bone defect with diameter of 5 mm on the left
side of the rat skulls. In the hydrogel group, the defects were filled
with hydrogel films (5mm in diameter and 1mm in thickness).
Similarly, the same-sized oxygen generating hydrogel films were filled
in the corresponding group. As a control, the defects in the control
group had no fillers. The rats in each group were euthanized (5 rats/
month) one, two and 3months after the operation, respectively. The
skulls, heart, liver, spleen, and lungs of the rats were surgically
removed and fixed with 4% paraformaldehyde solution for further
histopathological or CT analysis. Venous blood was taken from rats
for the test of the liver and kidney functions. All animal procedures
were performed in accordance with the Guidelines for Care and Use
of Laboratory Animals of Jilin University and approved by the
Animal Ethics Committee of Jilin University.

Statistical Analyses
Statistical differences between distinct groups were analyzed using
one-way ANOVA. To determine whether there were significant
differences in the data, the Tukey test was utilized as a
comparison test. Statistical significance was set to p < 0.05 and
<0.01, indicated with single and double asterisks, respectively. All
results are presented as mean ± standard deviation (SD).

RESULTS AND DISCUSSION

Preparation and Characterization of
Calcium Peroxide Nanoparticles
Sufficient oxygen availability is essential for cell survival,
differentiation, and function in tissue engineering applications.

Hydrogen peroxide and calcium peroxide are the two most
commonly used oxygen-producing materials in tissue
engineering medicine at present (Coronel et al., 2017).
Compared to the bursts of oxygen related by hydrogen
peroxide, calcium peroxide releases oxygen relatively mildly
and slowly, which is more suitable for tissue engineering
medicine. In this study, we synthesized calcium peroxide
nanoparticles according to the method reported by literatures
(Khodaveisi et al., 2011), which uses calcium chloride, hydrogen
peroxide, and PEG200 as raw materials and is a simple and
effective synthetic method. As shown in scanning electron
microscopy, the morphology of the synthesized products was
particles of varying sizes, ranging in size from tens to hundreds of
nanometers (Figure 1A). To further verify the elemental
composition of the synthesized products, we analyzed the
elements mapping of the products by SEM energy
spectroscopy. In Supplementary Figure S1, calcium is shown
in green and oxygen is shown in yellow, which indicates that the
product was composed of calcium and oxygen elements. Then,
X-ray diffraction analysis was used to identify the product. As
shown in Figure 1B, the characteristic peaks in the XRD spectra
of the samples were highly consistent with those of calcium
peroxide (Khodaveisi et al., 2011). In addition, according to
one study (Sasnovskaya and Razumova, 2002), calcium
peroxide will undergo a thermal decomposition reaction at
350°C, generating calcium oxide and oxygen. Therefore,
thermogravimetric analysis on the prepared calcium peroxide
nanoparticles were performed (Figure 1C). As shown in
Figure 1C, the product had a weight loss peak at 350°C,
which corresponds exactly to the decomposition of calcium
peroxide, which further illustrates that the nanoparticles we
prepared were calcium peroxide.

Preparation andCharacterization of Oxygen
Generating Hydrogel
Hydrogels are ideal scaffolds in tissue engineering medicine, with
excellent histocompatibility and similar characteristics to an
actual tissue matrix (Buwalda et al., 2017). The loaded drug
with different effects can be released during the slow
degradation of the hydrogel. Therefore, by adjusting the
degradation time and the loaded drugs, the hydrogel can be
controlled to meet different needs in tissue engineering medicine
(Kolambkar et al., 2011; Buwalda et al., 2017; Qiao et al., 2020). In
addition, some cytokines produced by cells encapsulated in
hydrogel can be released to the surrounding area through the
three-dimensional pore of the hydrogel, and promoting tissue
regeneration (Schwieger et al., 2020). In this study, acrylamide and
sodium alginate, two hypotoxic organic compounds, was used to
synthesize a hydrogel scaffold for the repair of a rat skull defect. As
shown in SEM images, the hydrogel had a porous structure
(Figure 2A), and the skeleton of the hydrogel also contained pores
of different sizes (Figure 2B), which proves that the polyacrylamide-
sodium alginate hydrogel was successfully synthesized.

To overcome hypoxia during bone regeneration in the bone
defect area, calcium peroxide nanoparticles were added into the
hydrogel as oxygen generating material. When reacted with water in
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tissue fluid, calcium peroxide produces hydrogen peroxide and
calcium hydroxide, which further generates oxygen and water.
However, hydrogen peroxide, a strong peroxide, will consume the
surrounding antioxidants, interfere with cellular redox homeostasis,
and be harmful to bone regeneration (D’Agostino et al., 2009;
Wijeratne et al., 2005). In addition, calcium hydroxide, a product
of calcium peroxide, is strongly alkaline and can destroy the acid-base
balance of the bone defect area, thus further inhibiting bone
regeneration (Kraut, 2010). Therefore, vitamin C was
simultaneously added to the hydrogel to overcome the side effects
of calcium peroxide, which can catalyze hydrogen peroxide and
reduce the production of ROS, and also can neutralize the alkaline
environment of calcium hydroxide (Scheme 1).

In the SEM images (Figures 2C,D), nanoparticles of different
sizes on the surface of the hydrogel skeleton were clearly observed.
Elementalmapping under SEMwas used to prove the components of
the nanoparticles and hydrogel. As shown in Figures 2E,F, the
content of carbon and oxygen in the hydrogel skeleton was high,
which was consistent with the main elements of hydrogel. In the

position of nanoparticles, the oxygen content was slightly higher than
in the hydrogel skeleton (Figure 2F). The content of calcium was
very high and no calcium in other places was observed (Figure 2G),
which indicates that the nanoparticles were calcium peroxide. In
addition, the FTIR of the composite hydrogel contained
characteristic peaks of PAM-SA hydrogel, calcium peroxide, and
vitamin C, indicating that calcium peroxide and vitamin C were
successfully loaded into the hydrogel (Figure 2H).

After loaded with calcium peroxide and vitamin C, the
composite hydrogel retained its porous structure. Nitrogen
adsorption and desorption experiment results showed an

FIGURE 1 | (A) SEM images of CaO2 NPs. (B) XRD pattern of CaO2 NPs. (C) TGA curve of CaO2 NPs.

FIGURE 2 | (A) SEM image of PAM-SA hydrogel at low magnification. (B) SEM image of PAM-SA hydrogel at a high magnification. (C) SEM images of the
composite hydrogel at a low magnification. (D) SEM images of the composite hydrogel at a high magnification. (E) Element distribution mapping image of carbon under
SEM. (F) Element distributionmapping image of oxygen under SEM. (G) Element distribution mapping image of calcium under SEM. (H) FTIR spectra of vitamin C, CaO2,
the PAM-SA hydrogel, and the composite hydrogel.

SCHEME 1 | Reaction mechanism between CaO2 and vitamin C.
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obvious hysteresis, which indicated that there were mesoporous
pores in the hydrogel (Supplementary Figure S2A). And the
pore diameter of hydrogel structure is in the range of 9–22 nm
(Supplementary Figure S2B), specific surface area is 4.7 m2/g.
Based on the special structure of hydrogel, its mechanical
properties were further studied by rheometer. The storage
modulus of the scaffold was larger than the loss modulus,
which proved that the gel was successfully prepared. At the
same time, the energy storage modulus of the scaffold is high,
and the scaffold is in a strong gel state, which is not easy to be
destroyed and has certain elasticity (Supplementary Figure
S3A). With the increase of shear rate, the stress did not
change significantly, and when the fixed shear rate was 10, the
stress remained stable for as long as 10 min, indicating that the
structure stability of hydrogel was good (Supplementary Figures
S3B,C).

When the mass ratio of calcium peroxide to vitamin C was 1:
1.5, the pH value of the oxygen generating hydrogel was 7.4,
which is close to the pH of physiological body fluids. Similarly,
oxygen generation was less and more stable than calcium
peroxide alone, as shown in Supplementary Figure S4A. To
simulate the oxygen generating capacity in vivo, the composite
hydrogel was placed in simulated body fluids, and oxygen levels
were measured daily for 12 days. As shown in Supplementary
Figure S4B, oxygen was released slowly and steadily with the
degradation of the hydrogel, which ensured a stable oxygen
supply to the surrounding cells in vivo. The degradation time
and the acid-base balance of the composite hydrogel were further
tested (Supplementary Figure S5A), and the results showed that
the weight of hydrogel decreased gradually with time, and the
hydrogel was completely degraded on the 16th day
(Supplementary Figure S5B). In the process of hydrogel
degradation, the pH value of the degradation products
remained neutral, which was close to the pH value of
physiological humoral fluid (Supplementary Figure S5C). At
the same time, the decrease of hydrogel was accompanied by the
release of loading components. Basically corresponding to the
degradation data, the release of vitamin C gradually increased
over time and was almost complete at 16 days (Supplementary
Figure S6).

Cell Survival and Osteogenic Differentiation
Genes’ Expression in Hypoxia
In cytotoxicity experiments, the toxicity of the PAM-SA hydrogel
and the composite hydrogel compared to rBMSCs were studied in
normoxia (21% O2). After 24 h of co-culturing with the PAM-SA
hydrogel and the composite hydrogel with different
concentrations, the survival rates of rBMSCs were not affected.
When the concentration reached 200 μg/ml, the cell survival rates
were still above 90%, indicating that the two types of hydrogel had
almost no toxicity (Figure 3A).

Although hypoxia can inhibit the proliferation and induce
apoptosis of most cells, it has little effect on the proliferation of
bone marrow mesenchymal stem cells, and even can promote the
proliferation of bone marrow mesenchymal stem cells (Li et al.,
2015). In our proliferation experiments, the PAM-SA hydrogel

and the composite hydrogel were co-cultured with rBMSCs for
24, 48, and 96 h in hypoxia (2% O2). As shown in Figure 3B,
hypoxia did not affect the proliferation of rBMSCs, and there
were no significant differences among the three groups with
respect to the cell viability of rBMSCs in a short time (before
48 h). However, the proliferation of rBMSCs in the composite
hydrogel group were accelerated compared to the other two
groups after 48 h, which may be associated with the supply of
oxygen.

Hypoxia has little effect on the proliferation of bone
mesenchymal stem cells, but hypoxia can inhibit the
differentiation of bone mesenchymal stem cells, which is
crucial for bone regeneration. It has been proven that hypoxia
(1% oxygen concentration) can inhibit the osteogenic
differentiation of bone mesenchymal stem cells, and when the
oxygen concentration increases from 1 to 3%, bone mesenchymal
stem cells resume osteogenic differentiation (Holzwarth et al.,
2010). In the present study, the results show that the composite
hydrogel, with its ability of oxygen generation, could significantly
promote the expression of osteogenic differentiation genes of
rBMSCs (Figures 3C,D). The results also showed that the PAM-
SA hydrogel without an oxygen supply could also promote the
osteogenic differentiation genes’ expression of rBMSCs
(Figure 3D).

Osteogenic Effects of Oxygen Generating
Hydrogel in Hypoxia
ALP staining and alizarin red S staining were performed to
measure the potential osteogenic capability of oxygen
generating hydrogel in hypoxia (2% O2). The ALP intensity
increased with the extension of culture time, and the ALP
activity of each group on the 14th day was significantly higher
than that on the 7th day (Figures 4A–F). The ALP activity of the
oxygen generating hydrogel group was the highest among the
three groups, while the ALP activity of the other two groups was
not significantly different.

Alizarin red S staining was employed to recognize the calcium
nodules formed by the rBMSCs (Figures 5A–C). After 21 days of
cultivation, increased calcium deposition on the cells was
observed in the three groups (Supplementary Figure S7).
Compared with the control group, the calcium nodules in the
other two groups increased significantly, especially in the oxygen
generating hydrogel group, which indicated that sodium alginate
hydrogel could promote mineralization of rBMSCs and the
oxygen generating hydrogel combined with calcium peroxide
and vitamin C had a better outcome in improving the
osteogenesis of rBMSCs.

Effects of Oxygen Generating Hydrogel on
Bone Generation in vivo
The oxygen generating hydrogels were applied to rat skull defect
models for investigating bone regeneration. Micro-CT data
showed that after 1 month of operation, there was almost no
new bone formation in the control group (Figure 6A). A small
amount of new bone had formed with no significant difference at
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FIGURE 3 | (A) Different concentrations of the hydrogel solution were obtained by placing different masses of the hydrogel in the culture medium. The cytotoxicity
after a 24 h co-culture with rBMSCs was calculated. (B) The proliferation of rBMSCs co-cultured with different hydrogels for 24, 48, and 96 h in hypoxia (2% O2). The
normalized osteoblastic gene expression of rBMSCs after incubation with different hydrogels in hypoxia (2% O2) for 7 days (C) and 14 days (D).

FIGURE 4 | ALP-stained photos of rBMSCs on the 7th and 14th days. (A) Control group, 7 days; (B) PAM-SA hydrogel group, 7 days; (C) Composite hydrogel
group, 7 days; (D) Control group, 14 days; (E) PAM-SA hydrogel group, 14 days; (F) Composite hydrogel group, 14 days. The scale bar is 100 µm.
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FIGURE 5 | Alizarin Red S-stained photos of rBMSCs on the 21st day. (A) Control group; (B) PAM-SA hydrogel group; (C) Composite hydrogel group. The scale
bar is 100 µm.

FIGURE 6 | Micro-CT images of the rat skulls 1, 2, and 3 months after the surgery. (A) Control group, 1 month; (B) Control group, 2 months; (C) Control group,
3 months; (D) PAM-SA hydrogel group, 1 month; (E) PAM-SA hydrogel group, 2 months; (F) PAM-SA hydrogel group, 3 months; (G) Composite hydrogel group,
1 month; (H) Composite hydrogel group, 2 months; (I) Composite hydrogel group, 3 months.
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the edge of the bone defects in the hydrogel and the oxygen
generating hydrogel groups (Figures 6D,G). In the oxygen
generating hydrogel group, new bone formation accelerated
notably at 2 months after operation. Some amount of new bone
had formed at the edge of the bone defects (Figure 6H) and half of
the defect areas had been covered by new generated bone at
3 months after operation (Figure 6I). However, in the control
and the hydrogel group, bone formation rates were still slow, and
only a small amount of new bone had formed at the edge of the bone
defects (Figures 6B,C,E,F), which may be related to hypoxia in the
bone defect area. In order to reflect the effect of bone regeneration
more directly, we carried out quantitative analysis and calculated the
percentage of new bone volume in the total volume of defect. The
new bone mass increased with time in all experimental groups. At
3 months, the volume fractions of new bone in the three groups were
13.7, 27.8 and 51.9%, respectively (Supplementary Figure S8).
These results suggest that the oxygen generating hydrogel
promoted bone regeneration, possibly due to oxygen release,
which reduced hypoxia in the bone defect area.

The possible toxicity of the oxygen generating hydrogel was also
analyzed by liver and kidney function tests and histopathological
analysis ofmajor organs. After 3months, themain function indexes of
liver and kidney of rats in each group were basically at the same level
(Supplementary Figure S9). As shown in Figure 7, there was no
histological abnormality in H&E-stained slices of heart, liver, spleen,
lung, and kidney among all the three groups, which suggested that the
oxygen generating hydrogel used in this work has a good safety profile.

CONCLUSION

This study investigated how an oxygen and vitamin C releasing
hydrogel affects bone regeneration. The composite hydrogel was
synthesized from sodium alginate, a non-toxic organic
compound. It was loaded with calcium peroxide nanoparticles,
which acted as oxygen generating material, and vitamin C, which
served as a pH regulator and antioxidant. The composite
hydrogel was porous with a pH value close to that of the
physiological humoral fluid; it could release oxygen to alleviate
hypoxia in the bone defect area and reduce the side effects of
excessive hydrogen peroxide. In vitro experiments showed that
the composite hydrogel promoted osteogenic differentiation, ALP
activity, and mineralization ability of rBMSCs in hypoxia. The
composite hydrogel was applied in rat skull defect models for
bone regeneration investigation. The results showed that the
composite hydrogel promoted the healing of bone defects.
Hence, the system of sodium alginate hydrogel releasing
oxygen and vitamin C can be regarded as an effective method
for accelerated repairing of bone.
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