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A B S T R A C T   

Large bone defects resulting from fractures and disease are a major clinical challenge, being often unable to heal 
spontaneously by the body’s repair mechanisms. Lines of evidence have shown that hypoxia-induced over-
production of ROS in bone defect region has a major impact on delaying bone regeneration. However, replen-
ishing excess oxygen in a short time cause high oxygen tension that affect the activity of osteoblast precursor 
cells. Therefore, reasonably restoring the hypoxic condition of bone microenvironment is essential for facilitating 
bone repair. Herein, we designed ROS scavenging and responsive prolonged oxygen-generating hydrogels (CPP- 
L/GelMA) as a “bone microenvironment regulative hydrogel” to reverse the hypoxic microenvironment in bone 
defects region. CPP-L/GelMA hydrogels comprises an antioxidant enzyme catalase (CAT) and ROS-responsive 
oxygen-releasing nanoparticles (PFC@PLGA/PPS) co-loaded liposome (CCP-L) and GelMA hydrogels. Under 
hypoxic condition, CPP-L/GelMA can release CAT for degrading hydrogen peroxide to generate oxygen and be 
triggered by superfluous ROS to continuously release the oxygen for more than 2 weeks. The prolonged oxygen 
enriched microenvironment generated by CPP-L/GelMA hydrogel significantly enhanced angiogenesis and 
osteogenesis while inhibited osteoclastogenesis. Finally, CPP-L/GelMA showed excellent bone regeneration effect 
in a mice skull defect model through the Nrf2-BMAL1-autophagy pathway. Hence, CPP-L/GelMA, as a bone 
microenvironment regulative hydrogel for bone tissue respiration, can effectively scavenge ROS and provide 
prolonged oxygen supply according to the demand in bone defect region, possessing of great clinical therapeutic 
potential.  
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1. Introduction 

Critical-sized bone defects, caused by trauma, infection, tumor 
resection, and bone abnormalities in orthopedic surgery, cannot heal 
spontaneously within a patient’s lifetime. Although bone grafts have 
widely been used in the clinic to augment bone regeneration and repair, 
bone tissue engineering (BTE) holds the promise in the treatment of 
large bone defects due to advancement of novel biomaterial with facile 
fabrication and wide accessibility [1]. Tissue regeneration is a dynamic 
process involving a bidirectional interplay between cells and their sur-
rounding matrix, and this dynamic reciprocity is encouraged by 
biomaterial designs that are adaptive to local cellular changes and can 
alter their properties in response to local biological signals. Additionally, 
bone defects are often accompanied by local microvascular ruptures, 
and the bone regeneration in the hypoxic microenvironment caused by 
the interruption of blood supply is still a challenge [2,3]. It is 
well-known that low-oxygen level can not only affect the proliferation 
and viability of bone marrow mesenchymal stem cells (BMSC) in vitro, 
but also inhibit the metabolic transformation and osteogenesis of BMSC, 
which in turn significantly reduce the expression of osteogenic markers 
and mineralization [4,5]. Study of Huang et al. showed that 2% oxygen 
reduction can affect mineralization and alkaline phosphatase (ALP) ac-
tivity during osteogenesis [6]. Therefore, hypoxia will reduce the ther-
apeutic effect of bone regeneration and repair. In addition to directly 
reducing cell activity, hypoxia is also conducive to the increase of 
pro-inflammatory mediators such as reactive oxygen species (ROS) [7]. 
High concentration of ROS can induce cell death in osteoblast precursor 
cells and mature osteoblasts, and can interfere with the osteogenic dif-
ferentiation of BMSC and osteoblast precursor MC3T3-E1 cells by 
inhibiting the expression of osteogenic markers of ALP, osteocalcin 
(OCN) and runt-related transcription factor 2 (RUNX2) [8–10]. On the 
contrary, ROS can trigger the oxidation of tyrosine kinase and protein 
tyrosine phosphatase 1 to regulate Akt and ERK, so as to improve the 
proliferation and activity of osteoclast progenitor cells, and finally affect 
the regulation of bone homeostasis [11,12]. Therefore, reasonable ox-
ygen supply and ROS scavenging are of great significance to promote the 
regeneration of bone tissue. 

However, current treatment strategy for overcoming hypoxic con-
ditions within a tissue engineering scaffold is to increase the level of 
oxygen within the scaffold by using perfluorocarbons (PFCs) [13–15]. 
Based on the outstanding characteristics of PFC, these systems possess 
high oxygen carrying capacity with good biosafety. However, the oxy-
gen release rate of these PFC based systems is mostly very fast, which 
lasts only a few days or even hours. More importantly, hypoxia caused 
redox imbalance, like ROS overproduction, almost not be taken into 
consideration in these studies. Therefore, some other studies focus on 
ROS and apply components such as manganese dioxide or catalase to 
convert ROS into oxygen [7,16–19]. These materials show excellent ROS 
scavenging capacity, but they do not contain additional oxygen reserves, 
and the amount of released oxygen is highly dependent on the concen-
tration of ROS. Moreover, current oxygen-releasing scaffolds can hardly 
change the release rate and provide prolonged oxygen supply according 
to the demand in defect region. Therefore, smart BTE materials for 
regulating oxygen microenvironment that holds the great promising for 
promoting bone regeneration in clinic are still expected. 

Hyperbaric oxygenation therapy, which elevates oxygen levels in 
tissues, was found to increase osteoblast activity and accelerate bone 
formation. However, if a large amount of oxygen is supplied blindly in a 
short time, it is easy to cause high oxygen tension and reduce the pro-
liferation ability of osteoblast precursor cells [20]. Therefore, it is 
necessary to build an intelligent sustained-release system to achieve the 
controllable release of O2. Poly (propylene sulphide) (PPS) is a hydro-
phobic block in the conventional state. Interestingly, after triggering by 
ROS, the sulphide in the central region of PPS can partially oxidized to 
sulphoxides and finally oxidized to sulphones, so as to increase the hy-
drophilicity of the initial hydrophobic central region, which drives 

micelle decomposition and lead to drug release [21]. This process only 
occurs in pathological sites where the concentration of ROS is much 
higher than that of normal tissues [22], which gives the potential to 
achieve the controllable release of oxygen at the hypoxia site of bone 
defect. In terms of oxygen carrying materials, the van der Waals’ force 
between PFC molecules is very weak, so that liquid PFC can dissolve a 
large amount of O2 and transport it to anoxic tissues through passive 
diffusion [23]. Unlike the directional chemical binding in hemoglobin, 
the gas dissolution in PFC follows Henry’s Law (i.e. proportional to the 
partial pressure of the gas) [24]. Therefore, hypoxic tissue can quickly 
and massively extract oxygen from PFC [25–27]. More importantly, PFC 
related products have achieved remarkable results in the phase III 
clinical trials of islet hypoxia protection and surgical blood transfusion 
[26,28,29]. Despite smart oxygen production could relief hypoxia, the 
hypoxia induced ROS could also affects osteoclastogenesis, which can 
induce bone reabsorption, inhibit bone formation, and even cause 
osteoporosis. Catalase (CAT) is an important member of antioxidant 
enzyme system, the function of which is to promote the decomposition 
of H2O2 into O2 and H2O, so as to protect the function of antioxidant 
enzyme system to prevent the invasion of H2O2 to cells [30,31]. It is also 
of great significance for human growth, development, and metabolic 
activities. Hence, the combination of CAT and PFC could efficiently 
regulate the vicious cycle of hypoxia-ROS, and recovering the micro-
environment of bone defect by oxygen therapy. Therefore, we integrate 
these aspects together, and a new material is expected to be developed to 
meet the requirements. 

At present, the commonly used oxygen-generating materials possess 
fast oxygen release rate so that are commonly used for wound treatment 
[32–34]. More importantly, these materials can hardly accelerate the 
oxygen supply rate according to the degree of hypoxia in the damaged 
area. Herein, we employed a composite hydrogel material with the po-
tential of ROS-scavenging and prolonged oxygen supply according to the 
demand in bone defect region (Fig. 1). The novel composite hydrogel 
material could convert ROS into O2 and further response to the super-
fluous ROS, which was caused by the uncorrected hypoxia, to accelerate 
O2 generation according to the demand in defect region. The oxygen 
loaded PFC was encapsulated in PLGA/PPS nanoparticles to construct 
the oxygen loaded nanoparticles with intelligent release property. 
Subsequently, PFC@PLGA/PPS nanoparticles combined with CAT were 
loaded in liposomes (Lip), and finally encapsulated with GelMA 
hydrogel to construct the novel material of CPP-L/GelMA. The abilities 
of the CPP-L/GelMA hydrogel in scavenging ROS and generating O2 
were investigated in vitro. Then, we examined the effect of the 
CPP-L/GelMA hydrogel on promoting vascular ring formation, inhibit-
ing osteoclast differentiation, and promoting osteoblast differentiation 
under hypoxia condition. The possible mechanism during osteogenesis 
was also explored concurrently. Finally, a mice skull defect model was 
used to detect the ability of the CPP-L/GelMA hydrogel in promoting 
bone regeneration. By closely following the challenge of hypoxic 
microenvironment in bone defect area and skillfully utilizing the rela-
tionship between hypoxia and ROS production, this study innovatively 
constructs an ROS-scavenging and O2 intelligent prolonged release 
hydrogel, which is expected to construct a new concept of BTE material 
and provide an effective and intelligent strategy for bone defect repair. 

2. Materials and methods 

2.1. Materials 

Polyvinyl alcohol (PVA) was purchased from Beijing Solarbio Sci-
ence & Technology Co. Ltd. (China). was Soy phosphatidylcholine (SPC) 
and cholesterol were purchased from Aladdin Industrial Corporation 
(China), and DSPE-PEG2000 was obtained from A.V.T. Pharm. Ltd. 
(China). Anaeropack was from Mitsubishi Gas Chemicals (Japan). Poly 
(D, L-lactide-co-glycolide) (PLGA) (lactide: glycolide = 50 : 50, MW =
7000) and Tartrate-resistant acid phosphatase (TRAP) staining kits were 
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purchased from Sigma-Aldrich (USA). Perfluoro-15-crown-5-ether (PFC, 
99%, MW = 580.08) was obtained from J&K Scientific Ltd.. All chem-
icals used in this work were of analytical grade and were used as 
received. Catalase Assay Kit was from KeyGen Biotec Co. Ltd. (China). 
Cell culture mediums and fetal bovine serum were purchased from 
Wisent Corporation (China). Transwell (0.4 μm) was from Corning 
(USA). Macrophage colony-stimulating factor (M-CSF) and receptor 
activator of nuclear factor-kappa B ligand (RANKL) were purchased 
from R&D (USA). The 2′,7′-Dichlorodihydrofluorescein diacetate 
(H2DCFDA) was purchased from MedChemExpress (USA). Phalloidin 
was from ThermoFisher Scientific (USA). The CellTiter 96® AQueous 
One Solution Cell Proliferation Assay (MTS) was purchased from 
Promega (USA). OriCell® mouse MC3T3-E1 cells osteogenic differenti-
ation kit and rlizarin red staining (ARS) kit were from Cyagen (China). 
ALP staining kits and 3,3′-diaminobenzidine (DAB) horseradish perox-
idase color development kits were purchased from Beyotime (China). 
Lipofectamine 3000 was from Thermo Fisher (USA). Type I collagen (Col 
I), osteopontin (OPN), brain and muscle arnt-like Protein 1 (BMAL1), 
nuclear factor (erythroid-derived 2)-like 2 (NRF2), Beclin1, 
microtubule-associated proteins light chain 3 (LC3), CD31, β-actin pri-
mary antibodies, peroxidase-conjugated secondary antibodies, fluores-
cent secondary antibodies, and HRP-conjugated secondary antibody 
were purchased from Proteintech (USA). RUNX2 primary antibody was 
from Cell Signaling Technology (USA). Fetal liver kinase-1 (Flk-1) pri-
mary antibody was purchased from Abcam (USA). Hypersensitive 
enhanced chemiluminescent chemiluminescence kit was from New Cell 
& Molecular Biotech Co., Ltd (China). Bovine serum albumin (BSA) was 
purchased from Biosharp (China). Goat serum (10%) was from Boster 
(China). The 4′,6-diamidino-2-phenylindole (DAPI) was purchased from 
KeyGEN Bio TECH (China). ROS Brite™ 700 was from AAT Bioquest 

(USA). Hypoxyprobe™-1 Plus Kit was purchased from Chemicon Inter-
national (USA). 

2.2. Fabrication and characterization of CPP-L/GelMA 

2.2.1. PFC@PLGA/PPS nanoparticles synthesis 
The PFC loaded nanoparticles were prepared using a double emul-

sion (water/oil/water) solvent evaporation process [13,14]. Briefly, PFC 
solution (20 μL) was added to PLGA/PPS (2.4 mg, W/W = 1:1) dissolved 
in dichloromethane (100 μL), into which 5% PVA solution (w/v) (1 mL) 
was then added. The mixture was sonicated using a sonifier equipped 
with microtip in an ice water bath for 5 min. Then another 0.6 mL PVA 
solution was added to homogenize the emulsion. The product was then 
centrifuged at 14800 rpm for 10 min at 4 ◦C, and washed several times 
with purified water to remove PVA. The final product of 
PFC@PLGA/PPS nanoparticles were collected and stored in deionized 
water at 4 ◦C for future use. 

2.2.2. CAT-PFC@PLGA/PPS@Lip nanoparticles (CPP-L) synthesis 
CAT loaded liposomes were prepared using the film dispersion 

method [35]. CAT loaded liposomes containing SPC, cholesterol, and 1, 
2-distearoyl-sn-glycero-3-phosphoethanolamine 2000 (DSPE-PEG 2000) 
were dissolved in 1 mL of chloroform at a molar ratio of 10:1:3. They 
were then dried under vacuum to remove residual chloroform and 
obtain a thin lipid film. The thin lipid films were dispersed in 2 mL of 
phosphate-buffered saline (PBS) containing 3 mg CAT for hydration. 
CAT-Liposomes were prepared after filtration through 200 nm poly-
carbonate membrane filters (Millipore, Billerica, USA). Next, 0.6 mL 
PFC@PLGA/PPS was incubated with 1 mL CAT-Liposome at 4 ◦C over-
night. After centrifuged, CAT-PFC@PLGA/PPS@Lip (CPP-L) was 

Fig. 1. Schematic illustration of bone microenvi-
ronment regulative hydrogels with ROS scav-
enging and prolonged oxygen-generating for 
enhancing bone repair. (A) The PFC loaded in 
PLGA/PPS nanoparticles to form PFC@PLGA/PPS 
nanoparticles. Liposomes was used to co-load 
PFC@PLGA/PPS nanoparticles and CAT to construct 
CPP-L, which further encapsulated in a GelMA 
hydrogel and finally build up the CPP-L/GelMA 
intelligent response oxygen-releasing hydrogel. (B) 
The CPP-L/GelMA can act as a “bone microenviron-
ment regulative hydrogel” to reverse the hypoxic 
microenvironment in bone defects region to promote 
osteogenesis. In detail, after implanted into the bone 
defect site with CPP-L/GelMA, the release of CAT can 
generate oxygen by the enzymatic hydrolysis of ROS 
caused by the hypoxic microenvironment. Moreover, 
the superfluous ROS triggers PFC@PLGA/PPS nano-
particles to release oxygen which then burst the 
liposome and disperse into the surrounding environ-
ment for a further oxygen supply. ROS scavenging 
and oxygen production promote osteoblast differen-
tiation through the BMAL1-autophagy pathway and 
inhibit osteoclast formation, as well as promote neo-
vascularization, which finally accelerate bone 
regeneration.   
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obtained after strained 50 times through a 100 nm filter at 4 ◦C. 
Then we measured the oxygen carrying ability of CPP-L nano-

particles following pervious report [13]. Firstly, 200 μL of CPP-L solu-
tion stored in a 15 mL sample tube was diluted to 2 mL with deionized 
water, and then placed in an aseptic oxygen chamber (O2 flow rate = 5 
L/min) for 20 s for oxygenation. Afterwards, the oxygen concentrations 
in aqueous solutions (4 mL) were measured with an oxygen probe 
(OX-NP, Unisense A/S CO.LTD) [15] before and after adding 2 mL CPP-L 
solution. In addition, CPP-L solution without oxygenation, 
PFC@PLGA/PPS solution with oxygenation, H2O with oxygenation, and 
H2O without oxygenation were used as control groups. 

2.2.3. Preparation of composite hydrogels 
CPP-L/GelMA composite hydrogels were fabricated by adding CPP-L 

into 5% w/v GelMA solution with 0.25% w/v photoinitiator lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), then irradiated with 
a UV light source flashlight (with a wavelength of 405 nm) for 1 min. A 
5% GelMA hydrogel was used as control group. 

2.2.4. Mechanical tests 
To test the mechanical property of composite hydrogels, cylindrical 

samples of the hydrogels (diameter, 4.5 mm; height, 5 mm) were 
fabricated, and subsequently subjected to a Young’s modulus test which 
was calculated as the slope of the linear region in the stress-strain curve 
obtained by an universal mechanical testing system (68SC, Instron, 
Boston, USA) [36,37]. 

2.2.5. Degradability of CPP-L/GelMA 
CPP-L/GelMA were suspended in neutral (pH 7.4) phosphate buffer 

solutions. Samples were incubated in a shaker at 37 ◦C. The lost weight 
was measured after freeze drying at 0, 0.2, 0.3, 0.5, 1, 2, 3, 6, 8, 12, 14, 
16, 18, 20, 22, 24 days. 

2.2.6. Morphology of nanoparticles, hydrogels, and composite hydrogels 
(CPP-L/GelMA) 

The morphology of nanoparticles (PFC@PLGA/PPS and CPP-L) was 
examined using a transmission electron microscopy (TECNAI G2 F20, 
FEI, USA) at an accelerating voltage of 30 kV. The GelMA hydrogels and 
CPP-L/GelMA composite hydrogels were dried using a freeze dryer. 
Platinum was sprayed at 20 mA for 45 s, and the cross-sectional 
morphology of the samples was observed using a scanning electron 
microscopy (SEM: Quanta 250, FEI, Hillsboro, OR, USA). 

2.2.7. In vitro release property assay 
In vitro release study was performed in PBS (0.1 M, pH 7.4) solution 

containing H2O2 at a concentration of 10 mM at 37 ◦C [38]. Typically, 
CPP-L/GelMA (2 mg) was dispersed into PBS at 37 ◦C. The solutions 
were centrifuged to collect the supernatants at different time points (0, 
1, 2, 4, 8, 10, 12, and 14 d). The CAT in the supernatant was determined 
with Catalase Assay Kit. 

2.2.8. Measurement of O2 production 
A portable dissolved oxygen meter was utilized to detect the O2 

concentrations in aqueous solutions. After co-incubated with H2O2 (10 
mM), the catalytic ability of CPP-L/GelMA hydrogel (containing 100 μL 
CPP-L and 5% Gelma hygrogel) was evaluated at different times, CPP-L 
and PFC@PLGA/PPS was taken as control. Then an oxygen probe (OX- 
NP, Unisense A/S CO.LTD) [15] was inserted to measure the O2 con-
centration of the solution in real time. 

2.3. In vitro performance 

2.3.1. Cell culture 
Cell culture medium contains cell basal medium (88%), fetal bovine 

serum (10%), and penicillin-streptomycin (1%). Cells were cultured in 
an incubator at 37 ◦C and 5% CO2 with 95% relative humidity. Culture 

media was changed every three days. When reaching 80% confluence, 
MC3T3-E1 cells, RAW264.7 cells, and human umbilical vein endothelial 
cells (HUVEC) were trypsinized to passage. In the subsequent experi-
ment of co-culture with materials, the cells were placed in the bottom 
chamber of a 0.4 μm Transwell, while the materials were placed in the 
upper chamber. 

2.3.2. Intracellular ROS measurement 
The MC3T3-E1 cells with GelMA hydrogel, CPP-L nanoparticles, or 

CPP-L/GelMA hydrogel were cultured under a hypoxic condition by 
using an Anaeropack anaerobic system previously described in other 
studies. Briefly, the Anaeropack system could absorb oxygen and pro-
duces carbon dioxide through the sodium ascorbate, and currently 
absorb excess carbon dioxide through a carbon dioxide scavenger. 
Through these components, the oxygen concentration in the Anaeropack 
anaerobic system could decrease to less than 1% within 1 h and the 
carbon dioxide concentration maintained around 5% [39–41]. After 12 
h of hypoxic culture, cells were incubated with 5 μM of H2DCFDA at 
37 ◦C for 30 min, and then washed with PBS. Intracellular ROS level was 
measured by a fluorescence microscope (ECLIPSE Ti2; Nikon, Tokyo, 
Japan). All images were captured under the same conditions, and the 
fluorescence was quantified by ImageJ software (National Institutes of 
Health, Bethesda, MD, USA). 

2.3.3. In vitro cell proliferation assay 
Cell proliferation was observed by Phalloidin/DAPI staining and 

MTS assay. In brief, after being cultured in hypoxic environment with 
the Anaeropack anaerobic system for 5 days, cells of each group were 
fixed with 4% paraformaldehyde (PFA) for 30 min and then blocked 
with 1% bovine serum albumin (BSA) overnight. Then the cells were 
washed with PBS and incubated with Phalloidin solution (6.6 μM, 100% 
methanol) for 30 min at room temperature avoiding light. Finally, the 
samples were incubated with ready-to-use DAPI staining solution for 5 
min at room temperature. The morphology and number of cells were 
observed under a fluorescence microscope (ECLIPSE Ti2; Nikon, Tokyo, 
Japan). Subsequently, the quantitative analysis was performed by the 
MTS assay. The MTS solution and culture medium were added to the 96- 
well plate (120 μL per well) with a rate of 1:5. After 2 h of culture in the 
cell incubator, 100 μL of the reacted medium was aspirated from each 
well to a new 96-well plate. The absorbance value at 490 nm wavelength 
was read by microplate reader (MK3; ThermoFisher Scientific, Waltham, 
USA). 

2.3.4. In vitro angiogenesis characterization 
In order to detect the effect of oxygen release on HUVECs migration 

under hypoxic microenvironment by using the Anaeropack anaerobic 
system, the Transwell test was used. HUVECs were implanted into the 
upper chamber of Transwell at a concentration of 5 × 104 cells per hole. 
Then the GelMA hydrogel, CPP-L nanoparticles, and CPP-L/GelMA 
hydrogels were added to the lower layer of a 24-well plate. Then the 
plate was into an Anaeropack anaerobic system. The next day, the 
chamber was fixed with 4% paraformaldehyde and then stained by the 
crystal violet solution. The cells on the upper surface of the membrane 
were gently wiped with a cotton swab, and the cells on the lower surface 
of the membrane were observed with a microscope. 

To detect the formation of tubes, 200 μL of HUVECs were seeded into 
48-well plate at a concentration of 3 × 104 cells/mL with material of 
each group (no material control group, GelMA group, CPP-L group, and 
CPP-L/GelMA group). The plate was pre-laied with 4 ◦C Matrigel. Then 
the plate was incubated at an anaerobic bag system to form tubes. After 
12 h of culture, HUVECs were photographed by microscope to count the 
number of tubes. 

2.3.5. In vitro osteoclast differentiation and characterization 
RAW264.7 cells were cultured in high glucose DMEM containing 

10% fetal bovine serum and 1% penicillin-streptomycin for 3 days. Then 
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the adherent cells were cultured with M-CSF (50 ng/mL) and RANKL 
(100 ng/mL) for 3 days in a hypoxic environment by using the Anae-
ropack anaerobic system. Cultured cells were fixed with 4% para-
formaldehyde and stained by a TRAP kit. Osteoclasts were defined as 
TRAP-positive cells with more than three nuclei under a microscope. 

2.3.6. In vitro osteoblast assay 
The MC3T3-E1 cells were seeded on the bottom of each well, and the 

materials were immersed in the upper chamber. Then the plate was 
incubated at an Anaeropack anaerobic system. When the cell fusion 
degree reached 70%, the OriCell® mouse MC3T3-E1 cells osteogenic 
differentiation kit was used. The differentiation medium was exchanged 
every three days.  

(1) ALP staining 

After 7 days of co-culture and induction, the cells were fixed by 4% 
PFA for 30 min. Then the ALP activity was detected by the ALP staining 
through an ALP staining kit. After incubating MC3T3-E1 with ALP 
chromogenic agent for 30 min from the light, the microscope was used 
to observe the result.  

(2) Alizarin red staining 

The calcium nodules generated by the cells were stained by an ARS 
kit. After 21 days of co-culture, the cells were washed with PBS and fixed 
with 4% PFA for 30 min, followed by the ARS staining for 15 min. The 
calcium nodules were observed by the camera and microscope. Then, 
the ARS was dissolved by the alkyl hexadecpyridine solution and the OD 
values at 562 nm were measured with a microplate reader (MK3; 
ThermoFisher Scientific, Waltham, USA). 

2.3.7. Study on the mechanism of materials promoting osteogenic 
differentiation  

(1) Short interfering RNA (siRNA) transfection 

To explore the role of BMAL1 in material promoting osteogenic 
differentiation, a short interfering RNA (siRNA) against the mice BMAL1 
gene (sequence: 5′-CCACAGCACAGGCUAUUUGAATT-3’/5′- 
UUCAAAUAGCCUGUGCUGUGGTT-3′) was designed and synthesized. 
Before transfection, the MC3T3-E1 cells were seeded in 6-well plates. 
After reaching to about 70% confluence, the cells were transfected with 
50 nM siRNABMAL1 or negative control loaded in Lipofectamine 3000 for 
12 h according to the manufacturer’s instruction. Then the cells with or 
without transfection were all continued to be co-cultured with each kind 
of materials in an Anaeropack anaerobic system and underwent the 
osteogenic differentiation.  

(2) Western blot analysis 

After 10 days of induction, the proteins of cells in each group were 
extracted by a whole protein extraction kit according to the instruction 
and then centrifuged for 10 min at 12,000 g at 4 ◦C. Then the proteins 
were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis using 4–20% gels and transferred to nitrocellulose membranes. 
The membranes were blocked for 1 h and then incubated with primary 
antibodies (Col I, OPN, BMAL1, NRF2, Beclin1, LC3, and β-actin) over-
night at 4 ◦C. The membranes were subsequently washed by PBS with 
0.1% Tween 20 (PBST) for six times in 30 min. After further incubated 
with peroxidase-conjugated secondary antibodies for 1 h, immunore-
active bands were detected with a hypersensitive enhanced chemilu-
minescent chemiluminescence kit.  

(3) Immunofluorescence staining 

Cells were fixed with 4% PFA for 30 min and then permeabilized 
with 0.2% Triton-100 in PBS for 20 min. Then, the BSA (5% w/v) was 
used for blocking at room temperature for 1 h. After the blocking, cells 
were incubated with primary antibody against BMAL1 or RUNX2 at 4 ◦C 
overnight and further stained with secondary antibody with green or red 
fluorescence respectively at room temperature for 1 h. Finally, DAPI was 
used to stain the nuclei. The results were observed under a fluorescence 
microscope (ECLIPSE Ti2; Nikon, Tokyo, Japan). 

2.4. In vivo study 

All procedures followed the Chinese national guidelines for the care 
and use of laboratory animals. C57BL/6 wild type mice aged 8 weeks 
were obtained from the Model Animal Research Center of Nanjing 
University. Before and after operation, they were maintained in a spe-
cific pathogen-free (SPF) environment with freely available water and 
standard mouse chow. All surgical procedures and perioperative 
handling were conducted in accordance with protocols approved by the 
Ethics Committee of the Drum Tower Hospital, Medical School of 
Nanjing University. 

2.4.1. Mice skull defect model and implantation of materials 
Before surgery, mice were fed for 1 week in separate cages to adapt to 

the environment. Anesthesia was performed by inhalation of isoflurane. 
After incising the skin on the top of head, a circular full thickness bone 
defect with a diameter of 2.5 mm was created by a drill. Then the defect 
areas of mice in different groups were filled with different kinds of 
materials, and the wounds were sutured layer by layer. For the first 3 
consecutive days postoperatively, an intramuscular injection of peni-
cillin along with iodine disinfection on the incisions was performed. 

2.4.2. Detection of in vivo ROS expression in skull defect area 
All the mice skull defect model at 1, 2, 4 or 6 weeks after surgery 

were probed with ROS Brite™ 700 [42]. Bioluminescence images were 
recorded to assess the production of ROS in skull defect area. To acquire 
the in vivo bioluminescence signal, mice were firstly anesthetized with 
isoflurane and ROS Brite™ 700 (in vivo imaging solutions, 100 μM in 
Hanks with 20 mM HHBS) were injected with into the cranial region. 
Bioluminescence images were acquired using an in vivo imaging system 
(PerkinElmer, Boston, USA). 

2.4.3. Labeling of in vivo hypxic cells in skull defect area 
In vivo hypoxic cells were labeled by the Hypoxyprobe™-1 Plus Kit 

according to the instructions [43,44]. In brief, mice were injected with 
the Hypoxyprobe (pimonidazole hydrochloride) hypoxia marker at a 
dose of 100 mg/kg into the cranial region at 4 weeks after surgery and 
euthanized 1 h after injection. Skull tissues were then snap frozen and 
processed for histology. After incubation with fluorescein 
isothiocyanate-labeled Hypoxyprobe™-1 monoclonal antibody 1 
(mAb1, 1:100 dilution) for 30 min, anti-fluorescein isothiocyanate 
monoclonal antibody conjugated to horseradish peroxidase provided by 
the kit was used as a secondary antibody. Finally, the nuclei were 
stained with DAPI, and a laser confocal microscopy (FV3000; Olympus, 
Tokyo, Japan) was used for the observation. 

2.4.4. Detection of residual oxygen in the CPP-L/GelMA in vivo 
At 0 day, 7 days, and 14 days after implanting the CPP-L/GelMA 

hydrogel in mouse skull defect model, the contents of the bone defect 
area were taken out and immersed in H2O2 solution to promote the 
release of residual oxygen. Then the oxygen probe (OX-NP, Unisense A/S 
CO.LTD) [15] was used to detect the concentration of the residual 
oxygen. 

2.4.5. Analysis of microcomputed tomography 
Mice were euthanatized at 4 and 8 weeks postoperatively, and the 

skull specimens were harvested. The specimens were fixed with 10% 
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formalin, and then scanned by the microcomputed tomography (micro- 
CT, SkyScan 1176; Bruker, Kontich, Belgium) to evaluate the regener-
ative condition of the defect areas. The mimic software was used to 
reconstruct the three-dimensional (3D) structures of the calvarium, and 
the bone volume/tissue volume (BV/TV) and bone mineral density 
(BMD) were also calculated. 

2.4.6. Histological assessment 
The specimens were decalcified with 0.5 M ethylenediaminetetra-

acetic acid (EDTA) for 2 weeks at room temperature. After embedding in 
paraffin blocks, the samples were sectioned at a thickness of 5 μm and 
stained with hematoxylin and eosin (H&E) for histological assessment. A 
bright field microscope (Zeiss Axiovert 200; Carl Zeiss Inc., New York, 
USA) was used to capture the images. 

2.4.7. Immunohistochemistry staining 
The antigen retrieval was first performed on the slices. Then the 

specimens were incubated with primary antibody against CD31, NRF2, 
Col I, BMAL1, and LC3 at 4 ◦C overnight. The next day, HRP-conjugated 
secondary antibody was added, and the samples were processed with a 
DAB horseradish peroxidase color development kit and counterstained 
with hematoxylin. In the CD31 Immunohistochemistry staining assay, 
the number of blood vessels in each field was also quantitatively 
analyzed to present the blood vessel density following previously re-
ported methods [45]. 

2.4.8. Immunofluorescence staining 
Immunofluorescence staining of slices was similar to that of cells 

described previously. Briefly, after antigen retrieval, the slices were 
blocked with 10% goat serum for 1 h and then incubated with primary 
antibodies (flk-1, BMAL1, beclin1, and OPN) at 4 ◦C overnight. The next 
day, the slices were washed by PBST and then incubated with anti-rabbit 
fluorescein-conjugated antibody at room temperature for 1 h, followed 
by nuclei staining with DAPI. A fluorescence microscope was used for 
capturing the images. 

2.5. Statistical analysis 

The data analyzed with normalization are specified in the figure 
legends. All data are presented as the mean ± SD. For in vivo imaging 
studies, n = 6 mice in each group; otherwise, n = 3 (e.g. BV/TV, Tb. Th, 
Tb. N, Relative gray value). An unpaired two-tailed t-test was used to 
calculate the significance of differences (p value). p < 0.05 was 
considered to demonstrate statistically significant differences. Statistical 
analysis was performed using SPSS software (version 13.0; Social Inc. IL, 
Chicago, USA). 

3. Results and discussion 

3.1. Characterizations of CPP-L and composite hydrogels 

PFC@PLGA/PPS nanoparticles, which serviced as the ROS triggered 
oxygen-regenerative nanoparticles, were prepared using a double 
emulsion (water/oil/water) solvent evaporation process [46]. As shown 
in Figs. S1 and S2, PFC@PLGA/PPS particles possessed of a core-shell 
structure with about 40 nm, with a negative Zeta potential about − 20 
mV (Fig. S3). In addition, CAT, one of the most important antioxidant 
enzymes, can decompose two hydrogen peroxide molecules into one 
oxygen molecule and two water molecules through a two-step reaction, 
making it an effective ROS scavenger and oxygen generator [30,47]. 
However, the stability of CAT is so poor that it can be quickly scavenged 
in vivo, while being encapsulated in liposomes can effectively improve 
the stability of CAT [48,49]. Liposomes are a closed phospholipid 
bilayer vesicle system, which can encapsulate hydrophilic and hydro-
phobic drugs. Owning to their excellent biocompatibility and biode-
gradability, liposomes are attractive in the field of drug delivery [50]. In 

this study, after co-loaded PFC@PLGA/PPS and CAT into liposomes by 
using avanti Mini-Extruder, CPP-L were obtained. The CPP-L were 
spherical and uniform with diameters about 100 nm (Figs. S4 and S5). 
Moreover, after liposome encapsulation, the CPP-L still revealed a 
negative Zeta potential (Fig. S6), indicating its good biosafety. Lines of 
evidence have proven that PFC has high oxygen carrying ability when 
they flow through blood vessels, we further evaluated the amount of 
dissolving oxygen inside the PFC core of CPP-L/GelMA hydrogel by 
using an oxygen probe. After preoxygenated in an aseptic oxygen 
chamber, the oxygen concentration in PFC@PLGA/PPS were about 10 
mg/L, which is nearly the same as CPP-L (Fig. S7), indicating that the 
additional loading of CAT did not affect the oxygen carrying ability of 
PFC in CPP-L. 

GelMA is a photosensitive hydrogel with biocompatibility and 
biodegradability, which has been widely used in tissue engineering 
applications [51]. The high-water content of GelMA hydrogel provides a 
tissue-like and biocompatible 3D environment for the culture of bone 
related cells, and its internal relaxed environment is conducive to the 
formation of bone tissue [52]. In order to further enhance the osteo-
conductivity, we introduced the GelMA hydrogel to finally form the 
CPP-L/GelMA by adding CPP-L into GelMA solution to obtain composite 
hydrogels. Pore size in the composite hydrogels increased with the 
loading of CPP-L (Fig. 2B). The pores in CPP-L/GelMA allowed for 
effective oxygen, nutrient, and waste diffusion in a 3D environment, and 
cell motility, which hold great potential for facilitating bone generation. 
In addition, the mechanical test results show the Young’s modulus of 
composite hydrogels is relatively decreased (15.14%) with CPP-L con-
tent (Fig. 2C). Furthermore, the degradability of CPP-L/GelMA was also 
evaluated. As shown in Fig. 2D, the degradation period of CPP-L/GelMA 
hydrogel in neutral solution was as long as 24 days, exhibiting its 
promising biodegradability in vitro. More importantly, after the addition 
of H2O2 the weight of CPP-L/GelMA decreased significantly after 1 day, 
while CPP-L/GelMA completely decomposed after 12 days. The degra-
dation of CPP-L/GelMA hydrogel in ROS environment suggested that 
CPP-L/GelMA hydrogel possessed of the durative release of internal 
functional components (CAT and CPP-L) under hypoxic microenviron-
ment, which could be used for purifying the hypoxic microenvironment 
of bone defect region [53]. 

Burst release of growth factors or drugs is easy to cause poisoning or 
waste due to high local concentration, or be quickly eliminated due to 
lake of protection [54,55]. Many studies have showed that the addition 
of GelMA in systems of microcarriers or nanocarriers can provide 
long-term release of growth factors, GelMA therefore can be used for 
local factor or drug delivery with excellent bioavailability in vivo [56]. 
As shown in Fig. 2E, compared to CPP-L, the release of CAT from 
CPP-L/GelMA were obviously slowdown, which is only 36% under 
physiological condition (pH 7.4) within 15 days, indicating that GelMA 
can effectively prolonged the release of CAT. Meanwhile, as to the 
release characteristics of oxygen in our study, it could be found that the 
release rate of oxygen from CCP-L was significantly decreased after 
loading in GelMA (Fig. 2F). The oxygen release of CPP-L group gradually 
entered the plateau stage at 10 days, while the oxygen release in 
CPP-L/GelMA group still showed low concentration and continuous 
delivery at 2 weeks, indicating that the oxygen release rate was signif-
icantly slowed down with the help of GelMA hydrogel. 

Hypoxia is one of the main reasons for reducing the therapeutic ef-
fect of bone regeneration. In addition, hypoxia is conducive to the in-
crease of pro-inflammatory mediators such as reactive oxygen species 
(ROS) [7]. The designed CPP-L/GelMA hydrogel was hoped to catalyze 
ROS by CAT in high ROS environment and trigger the hydrophilic 
change of PPS to release oxygen for a supplementary provision. Under 
normal conditions, the greater hydrophobicity of PPS block versus to the 
poly(propylene sulphide) block of poloxamers enhances the stability of 
the resulting vesicles. In the ROS environment, the sulphide in the PPS 
central block is partially oxidized to sulphoxides and eventually to sul-
phones, increasing the hydrophilicity of the initially hydrophobic 

H. Sun et al.                                                                                                                                                                                                                                     



Bioactive Materials 24 (2023) 477–496

483

central block. This reaction induces morphological changes in highly 
stable vesicles from wormlike micelles to spherical micelles, and finally 
to unassociated monomolecular micelles, resulting in release of internal 
drugs [21]. We therefore evaluated the ROS responsive drug release of 
CPP-L/GelMA under H2O2 condition. As show in Fig. 2E and G, both the 
release rate of CAT and O2 were apparently increased after the addition 
of H2O2 with 15 days. The increase of CAT release rate in ROS 

environment may be due to ROS triggering PFC@PLGA/PPS particles to 
release oxygen, which then in turn stretching liposome and leading to 
the delivery of CAT. Many studies have shown that CAT, as an anti-
oxidative enzyme, is responsible for catalyzing the dismutation of H2O2 
into H2O and O2. CAT-L/GelMA also have good oxygen generation 
ability (7.5 mg/L), which accounts for about 40% of the total amount of 
oxygen supply of CPP-L/GelMA (Fig. S8). Therefore, the enhanced 

Fig. 2. Characterizations of composite hydrogels. (A) Schematic illustration of the CPP-L/GelMA hydrogel in ROS scavenging and intelligent oxygen supply. (B) 
Representative SEM image of the GelMA hydrogel and CPP-L/GelMA hydrogel. (C) The Young’s modulus of hydrogels (n = 3). (D) Degradation of CPP-L/GelMA 
hydrogel under different conditions (n = 3). (E) Release of CAT from CPP-L/GelMA hydrogel under different conditions (n = 3). (F) Oxygen release rate of CPP- 
L/GelMA hydrogel (n = 3). (G) Oxygen release rate of CPP-L/GelMA hydrogel under different conditions (n = 3). Scale bars: 20 μm for GelMA and low magnifi-
cation of CPP-L/GelMA in B, and 10 μm for high magnification of CPP-L/GelMA in B. *p < 0.05. 
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oxygen supply was not only attributed to the fact that the CAT catalyzed 
H2O2 to improve the oxygen supply but also relied on the superfluous 
ROS responsive oxygen release from PFC@PLGA/PPS (Fig. 2A) [21,22]. 

3.2. CPP-L/GelMA hydrogel could facilitate angiogenesis in vitro 

Although the CPP-L/GelMA hydrogel can provide a controlled- 
release of oxygen at the early stage of repair, the repair process of ves-
sels and tissues is so long that the oxygen carried by the material can 
hardly meet the demand [23,57]. Therefore, it is necessary to rely on 

Fig. 3. CPP-L/GelMA hydrogel could facilitate angiogenesis in vitro. (A) Schematic illustration of the CPP-L/GelMA hydrogel in promoting angiogenesis. (B) 
Representative images of HUVECs migration in different treatments. (C) Statistics of migrated cell number (n = 3). (D) Representative images network formation in 
HUVECs of different groups. (E) Number of tubes in different treatments (n = 3). (F) Total number of junctions in different treatments (n = 3). (G) Total vessels length 
in different treatments (n = 3). Scale bars: 100 μm for B and C. **p < 0.01, ***p < 0.005. 
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neovascularization to achieve long-term oxygen and nutrition supply. 
Fortunately, studies have found that increasing oxygen concentration 
can promote the formation of new blood vessels [58,59]. So theoreti-
cally, the CPP-L/GelMA hydrogel should be able to promote angiogen-
esis. Firstly, results of fluorescence staining and MTS assay revealed that 
the CPP-L/GelMA could promote the proliferation of HUVEC in hypoxic 
environment (Fig. S9), which was consistent with literature reports [60]. 
We then tested the effect of CPP-L/GelMA hydrogel on HUVEC migra-
tion. The results showed that the number of migrated cells in the CPP-L 
group was about 2-fold higher than that in the Control (Con) group and 
GelMA group, but still lower than that in the CPP-L/GelMA group 
(Fig. 3B and C). These results indicated that oxygen release could induce 
cell migration, and the persistence of oxygen release was directly pro-
portional to the mobility of endotheliocyte. Then, a tube formation assay 
on Matrigel, which indicated the vascular capacity of endothelial cells, 
was performed to detect the angiogenesis of CPP-L/GelMA. It could be 
observed that in the two oxygen-releasing groups (CPP-L group and 
CPP-L/GelMA group), a large number of primary vascular-like network 
structure composed of tubular structures radiating from cell aggregates 
has been induced, and the number of tubes in CPP-L/GelMA group was 
more than that in CPP-L group. On the other hand, only incomplete 
tubes could be found in Con group and GelMA group (Fig. 3D and E). 
Moreover, the CPP-L/GelMA group exhibited the most outstanding re-
sults in total number of junctions (Fig. 3F) and total vessels length 
(Fig. 3G). These results demonstrated that continuous oxygen supply can 
effectively induce endothelial cells to form vascular like structures under 
a monotypic-cell and hypoxic environment in vitro (Fig. 3A). 

3.3. Effects of CPP-L/GelMA hydrogel on osteoblasts and osteoclasts in 
vitro 

Bone formation is closely related to the balance between osteoclasts 
and osteoblasts. Excessive bone loss is usually caused by the increased 
bone resorption carried out by osteoclasts or inhibition of osteoblasts 
which are related to the new bone formation [61]. Therefore, we 
explored the effects of CPP-L/GelMA hydrogel on osteoblasts and oste-
oclasts in vitro, so as to clarify the mechanism of the material in the 
process of bone regeneration (Fig. 4A). 

3.3.1. CPP-L/GelMA hydrogel could scavenge ROS and promote osteogenic 
differentiation in vitro 

Osteoblasts are differentiated from mesenchymal progenitor cells in 
the inner and outer periosteum or bone marrow matrix. Mature osteo-
blasts are monolayer cells located on the surface of bone, which are 
responsible for the synthesis, secretion and mineralization of bone ma-
trix and affect the process of bone formation and reconstruction. Studies 
found that hypoxia and excessive ROS hypoxia could delay the growth 
and differentiation of osteoblasts [62–64]. This may be due to the 
reduced expression and activity of RUNX2 under such conditions, 
thereby reducing the differentiation of pluripotent mesenchymal cells 
into immature osteoblasts [65]. In this situation, increasing the oxygen 
supply of cells can reverse the trend [66]. 

In this study, we detected the effect of the CPP-L/GelMA hydrogel on 
ROS scavenging and osteogenic differentiation by co-culture of hydrogel 
and MC3T3-E1 cells in a hypoxic environment. As show in Fig. 4B, ROS 
levels (green fluorescence signal) in MC3T3-E1 cells with CPP-L/GelMA 
treatment were significantly decreased compared to control group, 
indicating that the oxidative stress state of MC3T3-E1 under hypoxia 
condition was significantly recovered by CPP-L/GelMA. Moreover, 
quantitative analysis showed that the expression of ROS in the CPP-L/ 
GelMA group was down to 50% of that in the control (Con) group 
(Fig. 4C). Moreover, results of Western blot showed that at 10 days the 
CPP-L/GeLMA group held the highest expression levels of oxidative 
stress-related proteins NRF2 and HO-1, which were both about 2.5 times 
that of the Con group (Fig. 4D, G, and 4H). The CPP-L group also higher 
excellent expression levels of NRF2 and HO-1, but were still inferior to 

that of the CPP-L/GelMA group which possessed better release charac-
teristic of CAT and oxygen. Meanwhile, the highest expression level of 
RUNX2, which was one of the crucial transcription factors of osteogenic 
differentiation [67], could be found in the CPP-L/GelMA group (Fig. 4D 
and F). The CPP-L/GelMA group also showed absolute superiority in the 
expression of Col I, a major component of the extracellular matrix of 
bone tissue (Fig. 4D and E) [68]. These results showed that 
CPP-L/GelMA could do great help in scavenging ROS in MC3T3-E1 cells, 
which promoted the osteogenic differentiation in vitro. 

In order to further verify the effect of CPP-L/GelMA on the whole 
osteogenic cycle, ALP staining and alizarin red staining were used to 
examine the osteogenic differentiation in the early stage and calcium 
nodule formation in the late stage respectively. After 7 days, it could be 
found that the number of ALP positive MC3T3-E1 cells in CPP-L group 
and CPP-L/GelMA group was significantly higher than that in Con group 
and GelMA group (Fig. 4I). Concurrently, the result of ALP staining in 
CPP-L/GelMA group was superior to that in CPP-L group, indicating a 
better ALP expression at the early stage of osteogenic differentiation. 
Alizarin red staining of cells after 21 days of induction showed a similar 
trend, in which the absorbance value at 562 nm in the CPP-L group was 
double higher than that of the Con group, while in the CPP-L/GelMA 
group that was even up to 4 times higher than that of the Con group 
(Fig. 4J and K). Additionally, the CPP-L/GelMA could obviously 
enhance the proliferation of MC3T3-E1 cells (Fig. S10). By these ex-
periments it could be found that the ROS scavenging and continuous 
oxygen supply can promote the osteogenic differentiation of osteoblasts 
in hypoxic environment persistently and stably. 

3.3.2. CPP-L/GelMA hydrogel could inhibit the differentiation of osteoclast 
in vitro 

Osteoclasts are large multinucleated cells that are specifically used to 
absorb bone. Pre-osteoclasts from monocyte/macrophage lineages 
finally differentiate into mature cells with capability of absorbing bone, 
involving activation of nuclear factor-κB (RANK) receptor activator 
upon binding of its ligand (RANKL) [69]. Studies have shown that 
hypoxia can promote osteoclast differentiation and bone resorption in 
the presence of RANKL and M-CSF [70,71]. Further research showed 
that under hypoxic microenvironment the increase of osteoclast number 
was accompanied by the increase of gene and protein expression of 
osteoclast markers, including cathepsin K, matrix metalloproteinase-9, 
β3-integrin, calcitonin receptor, and TRAP [69,72]. 

In this study, we co-cultured different kinds of materials (GelMA, 
CPP-L, and CPP-L/GelMA) with RAW264.7 cells in hypoxic environment 
with osteoclast differentiation induction. The TRAP staining was then 
performed to observe the morphology and number of osteoclasts in each 
treatment (Fig. 4L and M). The results showed that the Con group and 
GelMA group held similar outcomes, as a large number of multinucle-
ated giant cells indicating osteoclasts were observed. When it comes to 
the CPP-L group, due to the oxygen supply, the number of osteoclasts 
was reduced to half of the aforementioned 2 groups (Con group and 
GelMA group). While in the CPP-L/GelMA group, due to the further 
extension of oxygen supply time, osteoclasts were difficult to found and 
their size became much smaller than the CPP-L group. These results 
suggest that stable and continuous oxygen supply in hypoxic microen-
vironment has a significant inhibitory effect on osteoclasts. 

3.3.3. CPP-L/GelMA hydrogel could promote osteogenic differentiation 
through BMAL1-autophagy pathway in vitro 

Although oxygen delivery system is expected to improve the local 
hypoxic microenvironment and promote osteogenic differentiation, the 
relative specific mechanism has rarely been studied [2]. Exploring the 
internal mechanism is conducive to improving the cognition of the 
occurrence and development of the disease. Studies have shown that 
systemic stimuli (such as hormones, oxidative stress, and tissue local 
microenvironment) can affect the core clock transcription factor BMAL1 
in the heart, which further affect the cell survival [73]. BMAL1 also 
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Fig. 4. Effects of CPP-L/GelMA hydrogel on osteoblasts and osteoclasts in vitro. (A) Schematic illustration of the CPP-L/GelMA hydrogel in promoting osteoblast 
differentiation while inhibiting osteoclasts formation. (B) Representative images of ROS fluorescence staining in MC3T3-E1 cells treated with different formulations. 
(C) Quantitative analysis of ROS fluorescence staining (n = 3). (D) Western blot of Col I, OPN, RUNX2, NRF2, HO-1, and β-actin protein levels of MC3T3-E1 
differentiated osteoblast with different treatments. (E–H) Quantification analysis of the relative Col I (E), RUNX2 (F), NRF2 (G), and HO-1 (H) in MC3T3-E1 
differentiated osteoblast with different treatments (n = 3). (I) Representative images of ALP staining of MC3T3-E1-differentiated osteoblast with different treat-
ments. (J) Representative images of alizarin red staining of MC3T3-E1-differentiated osteoblast with different treatments. (K) Quantitative results of the alizarin red 
staining (n = 3). (L) Representative images of TRAP staining of RAW 246.7-differentiated osteoclasts with different treatments. (M) Statistics on the number of TRAP- 
positive cells (n = 3). Scale bars: 100 μm for B, I, J, and L. *p < 0.05, **p < 0.01, ***p < 0.005. 
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plays an important role in bone formation. BMAL1 deletion in BMSC 
inhibits osteoblast differentiation in vitro, while in osteoblasts with 
BMAL1 overexpression the expression of osteogenic related genes such 
as RUNX2 and OCN increased significantly [74]. It is worth noting that 
some studies have shown that the role of BMAL1 is not only limited to 
the regulation and oscillation of core clock genes, but also involved in 
maintaining redox homeostasis and improving cell survival under 
oxidative conditions [75,76]. On the other hand, ROS stress can reset the 
biological clock to coordinate survival promoting signals [77]. Thus, it 
can be seen that BMAL1 is closely related to ROS and oxidative stress. 
Moreover, BMAL1 can also play a positive role in many diseases by 
enhancing autophagy, and the relationship between autophagy and 
bone regeneration has also been confirmed in many studies [78]. 
Therefore, we hypothesize that our CPP-L/GelMA hydrogel may pro-
mote osteogenic differentiation through the regulation of 
BMAL1-autophagy pathway in the process of improving the hypoxic 
microenvironment. 

In order to verify this inference, the Western blot (WB) has been 
performed on the MC3T3-E1 cells treated with GelMA, CPP-L, or CPP-L/ 
GelMA under the induction of osteogenic differentiation. It could be 
observed that the hydrogels with oxygen releasing components, espe-
cially the CPP-L/GelMA group, could significantly enhance the expres-
sion of Col I (Fig. 5A and B) and OPN (Fig. 5A and C) in osteoblasts, 
which was consistent with the result of alizarin red staining. Subse-
quently, the expression level of BMAL1 protein in CPP-L group and CPP- 
L/GelMA group was significantly higher than that in the groups without 
oxygen releasing component (Con group and GelMA group) (Fig. 5A and 
D). The result of BMAL1 expression in CPP-L/GelMA group was even 
better than that in CPP-L group, indicating that the continuous correc-
tion of hypoxic microenvironment could indeed improve the expression 
level of BMAL1 in osteoblasts. Finally, we also detected the expression of 
NRF2, a key transcription factor of antioxidant stress [79], as well as the 
expression of autophagy related proteins in osteoblasts. The results 
showed that in the hypoxic environment, the expression level of NRF2 
increased with the prolongation of oxygen supply time (Fig. 5A and E), 
indicating that the continuous oxygen supply of the hydrogel slowed 
down the oxidative stress of cells. Additionally, after oxygen adminis-
tration in the CPP-L group and CPP-L/GelMA group, the up-regulation of 
autophagy effector protein Beclin1 could be observed (Fig. 5A and F), 
and the ratio between LC3 II and LC3 I also increased significantly 
(Fig. 5A and G). During the formation of autophagy, cytoplasmic LC3 
(LC3 I) could be enzymatically digested into a small segment of poly-
peptide and change into autophagosome membrane type (LC3 II). Thus, 
the increased ratio of LC3-II/I indicated the enhancement of autophagy 
level in MC3T3-E1 cells. These results suggested that the CPP-L/GelMA 
hydrogel could restore the BMAL1 expression of osteoblast, and simul-
taneously improve the autophagy and osteogenic potential of cells. 

To further clarify the regulatory effect of BMAL1 on autophagy, we 
concurrently transfected an siRNA against BMAL1 into MC3T3-E1 under 
hypoxic microenvironment (Fig. 5). When BMAL1 was inhibited, the 
expressions of Beclin1 and LC II/I were significantly decreased (about 
50%) in all groups after various kinds of materials treatment, indicating 
that BMAL1 has a regulatory effect on MC3T3-E1 autophagy in this 
process. Moreover, the osteogenic differentiation of cells was also 
inhibited after the transfection of the siRNA, as the expression levels of 
Col I and OPN decreased significantly in all groups. Among them, the 
expression of Col I and OPN in the siRNABMAL1/CPP-L/GelMA group was 
about a half of that in CPP-L/GelMA group. Subsequently, we also 
confirmed the aforementioned relationship between BMAL1 and the 
osteogenesis related protein under a hypoxic microenvironment by 
immunofluorescence staining. The results showed that the fluorescence 
intensity of BMAL1 and osteogenic related protein RUNX2 increased 
significantly in the CPP-L group and CPP-L/GelMA group, while the 
expression level of RUNX2 accordingly decreased after BMAL1 inhibi-
tion (Fig. 5H, S11, and S12). All these results preliminarily showed that 
efficient and continuous oxygen supply could significantly improve the 

BMAL1 expression of osteoblasts in hypoxic microenvironment, and in 
turn improve the efficiency of osteogenic differentiation by enhancing 
the autophagy (Fig. 5I). 

3.4. CPP-L/GelMA hydrogel can relieve hypoxia and scavenge ROS in the 
site of bone defect in vivo 

After implementing the mouse skull defect model and implanting the 
CPP-L/GelMA hydrogel, we used ROS Brite™ 700, Hypoxyprobe, and 
immunohistochemistry to detect hypoxic levels, ROS scavenging, and 
periosteal NRF2 expression each time point (Fig. 6A). 

Studies have proved that the rupture of blood vessels at the fracture 
site can lead to local hypoxia, and disuse can also aggravate osteocyte 
hypoxia in a reversible way [80,81]. Moreover, increasing evidence has 
shown that the hypoxic microenvironment in bone defect areas induces 
oxidative stress in cells, while ROS and endogenous antioxidant defense 
system are involved in the fate determination and functional regulation 
of bone-related cells [82]. We primarily detected ROS levels in mouse 
skull defects by using the ROS Brite™ 700 probe. The results of in vivo 
imaging (Fig. 6B) revealed that the cells in the bone defect area were 
indeed in a state of oxidative stress, and the ROS level was maintained at 
a high level during the subsequent process. The ROS level in GelMA 
group was lower than that in Con group in 2–4 weeks of regeneration, 
probably because the GelMA hydrogels provided space to support the 
growth and extension of vessel [83], which increased oxygen supply. 
Therefore, the ROS environment in the bone defect area of the GelMA 
group was easier to be alleviated. On the other hand, the CPP-L and 
CPP-L/GelMA significantly reduced ROS levels in bone defect after 1 
week of implantation, and kept decreasing in a time-dependent manner. 
Among all the groups, the CPP-L/GelMA group showed the most 
outstanding ROS scavenging ability, with the ROS level being 1/2 of the 
Con group at 1 week and only 1/8 of the Con group at 6 weeks (Fig. 6C). 
These findings suggest that cells in bone defect areas are under a high 
level of oxidative stress, which can be effectively scavenged by the 
CPP-L/GelMA hydrogel. 

The Hypoxyprobe was used to evaluate whether implantation of 
CPP-L/GelMA hydrogel could improve the hypoxic microenvironment 
at bone defect sites (Fig. 6D). First, our experiment confirmed that cells 
in the bone defect area are anoxic, which was consistent with previous 
literature [84], as high levels of Hypoxyprobe signal were detected in 
tissue sections of cranial defect sites in the Con group at 4 weeks. 
However, quantitative analysis of the Hypoxyprobe signal showed that 
relative fluorescence intensity in the skull defect area of mice implanted 
with CPP-L/GelMA hydrogel was significantly reduced compared with 
the Con group (Fig. 6E). Although the GelMA and CPP-L were observed 
to partly alleviate the hypoxic microenvironment of bone defects as 
well, there still exist disparity when compared with the CPP-L/GelMA 
group. The difference between the GelMA group and CPP-L/GelMA 
group was mainly due to the responsive purification effect of the 
CPP-L in CPP-L/GelMA group on hypoxic environment, while the higher 
expression of Hypoxyprobe in CPP-L group compared with 
CPP-L/GelMA group indicate that the rapid release of oxygen would 
affect the durability of the improvement of hypoxic microenvironment. 
An interesting phenomenon could be found after concurrently analyzing 
of the results of ROS and hypoxia, that the relative ROS level of 
CPP-L/GelMA was much lower than the relative expression level of 
Hypoxyprobe signal at 4 weeks. This may be because the CPP-L/GelMA 
significantly reduced the ROS level in bone defect site so that the 
ROS-responsive oxygen production is relatively weakened, reflecting 
that our hydrogel was also ROS-responsive in vivo. Our results revealed 
that the outstanding responsive oxygen-production characteristics of 
CPP-L/GelMA hydrogel could effectively improve the hypoxic micro-
environment in the skull defect area of mice. 

In addition, we have also performed oxygen measurement experi-
ment to evaluate the ROS-responsive oxygen-generation in vivo. After 
implanted the CPP-L/GelMA hydrogel in mouse skull defect model, we 
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Fig. 5. CPP-L/GelMA hydrogel could promote osteogenic differentiation through BMAL1-autograhpy pathway in vitro. (A) Western blot of Col I, OPN, 
BMAL1, NRF2, Beclin1, LC3 I and LC3 II, and β-actin protein levels of MC3T3-E1-differentiated osteoblast with different treatments. (B–G) Quantification analysis of 
the relative Col I (B), OPN (C), BMAL1 (D), NRF2 (E), Beclin1 (F), and LC3 II/I (G) in MC3T3-E1 differentiated osteoblast with different treatments (n = 3). (H) 
Representative images of BMAL1 and RUNX2 immunofluorescence staining on MC3T3-E1-differentiated osteoblast with different treatments at day 7. (I) Schematic 
illustration of bone microenvironment regulative hydrogels CPP-L/GelMA promoting the osteogenic differentiation of osteoblasts through activating the BMAL1- 
autophagy pathway. Scale bars: 50 μm for H. **p < 0.01, ***p < 0.005. 
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Fig. 6. CPP-L/GelMA hydrogel can relieve hypoxia and scavenge ROS in the site of bone defect in vivo. (A) Schematic illustration of the time line for treatment 
monitoring. (B) Representative images of in vivo imaging system at different time points after injection of ROS Brite™ 700. (C) Quantification analysis of the ROS 
Brite™ 700 (n = 6). (D) Representative fluorescence images of skull defect area at 4 weeks after injection of Hypoxyprobe. (E) Quantification analysis of the 
Hypoxyprobe staining (n = 3). (F) Relative residual oxygen concentration in implanted CPP-L or CPP-L/GelMA. (G) Representative immunohistochemical staining 
images of NRF2 of skull defect region from mice after different treatments at 8 weeks (the red arrow points to the periosteum where the osteoblasts are located). Scale 
bars: 200 μm for C and 50 μm for F. *p < 0.05, **p < 0.01, ***p < 0.005. 

H. Sun et al.                                                                                                                                                                                                                                     



Bioactive Materials 24 (2023) 477–496

490

collected the CPP-L/GelMA hydrogel at different time points to measure 
the residual oxygen concentration under H2O2 condition by using oxy-
gen probe to determine the oxygen release in vivo. As show in Fig. 6F, 
CPP-L/GelMA could continuously generate oxygen for more than two 
weeks in mouse skull defect model, which indicated that the hypoxia 
condition in vivo could promote the persistent and stable oxygen gen-
eration of CPP-L/GelMA. 

The NRF2 is a key gene in redox regulation, which plays an impor-
tant role in combating oxidative stress [85,86]. In addition to reflecting 
ROS levels, study has shown that the expression level of NRF2 is also 
related to the hypoxia of cells [87]. Therefore, the expression of NRF2 in 
the periosteum of newly formed bone, which mainly contained osteo-
blasts [88], was detected by the immunohistochemistry (Fig. 6G). The 
results showed that the expression of NRF2 was both low in the peri-
osteum of Con and GelMA groups. On the contrary, numerous positive 
osteoblasts could be observed in the CPP-L group and the CPP-L/GelMA 
group, and the NRF2 expression level of the CPP-L/GelMA group was 
much superior. Study of Sun et al. showed a similar result [87]. They 
found that the expression of NRF2 in bone marrow mesenchymal stem 
cells (BMSC), the precursor cell of osteoblast, was inhibited under 
hypoxia, which further affected the activity of BMSC through NQO-1 
and HO-1. The trends of NRF2 coincided with those of ROS and Hypo-
xyprobe signaling pathway, indicating that CPP-L/GelMA hydrogel 
could effectively scavenge ROS and improve hypoxic microenvironment 
in vivo, laying a foundation for subsequent bone regeneration. 

3.5. CPP-L/GelMA hydrogel can effectively promote osteogenesis and 
angiogenesis in vivo 

In order to explore the ability of CPP-L/GelMA hydrogel to repair 
bone defects, we constructed a mice skull defect model (Fig. 7A) and 
used micro-CT to detect bone regeneration at 4 and 8 weeks after im-
plantation. The results, as exhibited in Fig. 7B, showed that the areas of 
bone defects in the GelMA group, CPP-L group, and CPP-L/GelMA group 
were all decreased at 8 weeks compared with that at 4 weeks. The 
reduction in Con group was the smallest, which mainly reflected in the 
change of new bone tissue from granular newly formed bone at 4 weeks 
to cortical bone at 8 weeks. On the contrary, besides the change of tissue 
texture, the expansion of new bone was also the most obvious in the 
CPP-L/GelMA group. Subsequently, we used bone volume fraction (BT/ 
TV) and bone mineral density (BMD) to further quantitatively analyze 
the formation of new bone in each group. Through the BV/TV it could be 
more clearly observe that the growth rate of bone tissue at the defect site 
in the CPP-L/GelMA group was the fastest, while that in the Con group 
was the slowest (Fig. 7C). At 8 weeks, the percent bone volume in CPP- 
L/GelMA group was about 3 times higher than that in Con group with 
significant statistical difference (P < 0.005). In addition to the bone 
volume fraction, we also analyzed BMD the quality of new bone 
(Fig. 7D). The statistical results showed that BMD in GelMA group were 
better than those in Con group. The CPP-L group showed higher density 
than the two oxygen-free groups (Con group and GelMA group), but was 
still inferior to the CPP-L/GelMA group. It is worth noting that the re-
sults of micro-CT in GelMA group are better than those in Con group in 
vivo, which are different from the results of in vitro experiments. We 
attribute this phenomenon to the speculation that in a multicellular and 
multi growth factor environment in vivo the GelMA hydrogel, despite 
without any modification, could exhibit osteoconductivity and provide a 
space for cells proliferation, which ultimately leads to a better result 
than the Con group [89]. Overall, relying on the ROS scavenging and 
continuous oxygen supply, the CPP-L/GelMA hydrogel can effectively 
promote the bone regeneration in vivo, and the newly formed bone 
possesses excellent mineral density. 

Subsequently, a H&E staining was performed at 8 weeks to further 
observe the histomorphology of bone defect in each group after 
repairing. Numerous newly formed bone could be observed in GelMA 
group, CPP-L group, and CPP-L/GelMA group, in which the CPP-L/ 

GelMA group held the best result of new bone formation (Fig. 7E). 
Interestingly, although bone growth could be observed in all the three 
groups with material implantation, the growth direction of the CPP-L 
group was different from that of GelMA group or CPP-L/GelMA group. 
In the CPP-L group, bone tissue tended to grow vertically instead of 
horizontally. This may be due to the lack of large scaffolds in CPP-L 
group, which can hardly provide horizontal osteoconductivity [89,90]. 
Concurrently, the osteoinductivity provided by ROS scavenging and 
oxygen supply resulted in the growth of a certain amount of new bone 
tissues along the vertical direction. 

Angiogenesis is an important part during bone regeneration. We 
have preliminarily detected the ability of materials to promote angio-
genesis in vitro. In order to further verify the reliability of these results, 
we also characterized the angiogenesis of the skull defect in mice. CD31 
is a highly glycosylated Ig like membrane receptor expressed by leuko-
cytes, platelets, and endothelial cells, currently being the most abundant 
membrane glycoprotein constructively expressed on vascular endothe-
lial cells [91]. At present, CD31 is often used as a marker to identify 
tissue vascular endothelium. In this study, we used CD31 immunohis-
tochemistry to observe the in vivo angiogenesis. The results showed that 
the number of newly formed blood vessels in the bone defect area in the 
two oxygen-releasing groups was significantly higher than that in other 
two groups. Additionally, the mean number of blood vessels in 
CPP-L/GelMA group was 1.5 times that in CPP-L group (Fig. 7F and G). 
In order to further verify these results, we also performed Flk-1 immu-
nofluorescence staining on the samples. Flk-1, which is also called 
vascular endothelial growth factor receptor 2, exists in the endothelium 
of blood vessels and lymphatic vessels and plays a regulatory role in the 
formation of these two tissues [92,93]. Through the immunofluores-
cence staining it can be observed that the CPP-L/GelMA group still 
achieved the best outcome (Fig. 7I), the relative gray value of which was 
about 30% higher than that of Con group with significant statistic dif-
ference (p < 0.01) (Fig. 7H). These results indicates that ROS scavenging 
and oxygen supply at the defect site can promote angiogenesis, and the 
longer action time can stimulate more blood vessels formation, which 
were consist with previous literatures and clinical impression [18,59,94, 
95]. Additionally, a murine subcutaneous implantation model was used 
to evaluate degradation of CPP-L/GelMA in vivo [96]. Explanted 
CPP-L/GelMA and GelMA hydrogels decreased consistently until day 21 
(Fig. S13), indicated the good degradation ability of CPP-L/GelMA in 
vivo. It has also been found that the CPP-L/GelMA hydrogel held good in 
vivo biosafety (Fig. S14 and Table S1). 

3.6. CPP-L/GelMA hydrogel promotes bone regeneration in vivo by 
upregulated BMAL1 and autophagy 

Finally, we preliminarily explored the expression of BMAL1 and 
autophagy in bone tissue at the defect site in vivo. Because osteoblasts 
are generally distributed in the periosteum on the surface of new bone in 
vivo, we therefore investigated the expression of osteoblast related 
proteins in the periosteum of newly formed bone tissue [88]. Results of 
immunohistochemistry showed that the number of BMAL1 positive cells 
in periosteum of CPP-L/GelMA group were more than that of CPP-L 
group, Con group and GelMA group (Fig. 8A). The immunofluores-
cence staining also revealed a similar trend about the expression of 
BMAL1 in newly formed bone tissue (Fig. 8B and C), indicating that our 
oxygen-releasing hydrogel could improve the expression of BMAL1 
genes in osteoblasts. 

Subsequently, we also explored the autophagy of osteoblasts in vivo 
by the immunohistochemistry. As shown in Fig. 8A, the number of LC3 
positive cells in periosteum of GelMA group was more than that of Con 
group. Although the number of positive cells in CPP-L group was more 
than that in the two non-oxygen releasing group, it was still less than 
that in CPP-L/GelMA group due to the rapid release of oxygen (Fig. 8A). 
To further verify the accuracy of these results, we also performed the 
Beclin1 immunofluorescence staining. Beclin1 is an essential molecule 
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for the formation of autophagosomes, which can mediate the localiza-
tion of autophagy related proteins in phagocytic vesicles and react with 
a variety of proteins to regulate the formation and maturation of auto-
phagosomes [97]. It can be found that the number and intensity of red 
fluorescence in the CPP-L/GelMA group was more than that of the other 
3 groups (Fig. 8B). The relative gray value of CPP-L/GelMA group was 
about 1.8 times that of the Con group, and was about 15% higher than 
that of the CPP-L group, indicating the Beclin1 expressed by osteoblast 
in CPP-L/GelMA group with long-term oxygen administration were 
significantly higher than those in non-oxygen groups (Con group and 
GelMA group) and the oxygen burst release group (CPP-L group) (Fig. 8B 
and D). These results represent that after the purification conducted by 
the CPP-L/GelMA hydrogel, the reverse of hypoxic microenvironment 
significantly increased the autophagy level of osteoblasts in newly 
formed bone. 

The improvement of BMAL1 expression and autophagy caused by 
continuous oxygen administration played a positive role in bone for-
mation, as evidence of the up-regulated expression of Col I of the CPP-L/ 
GelMA group observed through the immunohistochemistry (Fig. 8A). 
Through OPN immunofluorescence staining, a large number of cord-like 
green fluorescence could be observed in the CPP-L/GelMA group, which 
constructed a lamellar bone like structure. Correspondingly, there was 
much less cord-like green fluorescence in the CPP-L group and GelMA 
group, while almost no similar fluorescence could be found in the Con 
group (Fig. 8B). The result of quantitative analysis showed that the ratio 
between the CPP-L/GelMA group and Con group was about 2:1 (Fig. 8E), 
indicating an outstanding outcome of the CPP-L/GelMA in inducing 
osteogenic differentiation in vivo. 

All these results preliminarily proved that the CPP-L/GelMA hydro-
gel can improve the local hypoxic microenvironment in the site of bone 
defect by continuous ROS scavenging and oxygen supply, thereby 
improving the expression of BMAL1 genes in osteoblasts, and further 
enhancing autophagy to promote bone regeneration (Fig. 8F). At pre-
sent, most studies considered that hypoxia microenvironment regulates 
bone regeneration through the hypoxia-inducible transcription factors 
(HIF) signal pathway [98]. Through this study it has been demonstrated 
that the novel BMAL1-autophagy pathway was also one of the key ele-
ments for the regulation of environmental oxygen content on osteo-
genesis. Regrettably, this study failed to expound the direct connections 
between BMAL1 and oxygen related functions. Peek et al. found that 
under hypoxia conditions, the gene destruction of BMAL1 in skeletal 
muscle tubes and fibroblasts increased the level of hypoxia inducible 
factor-1 α (HIF1 α) [99], while Wu et al. proposed that the clock plays 
functions in fine-tuning hypoxic responses under pathophysiological 
conditions [100]. In the subsequent studies, we will conduct in-depth 
research on oxygen-BMAL1. 

Recently, several studies have been devoted to the fabrication of 
oxygen-releasing scaffolds, but the release rate of oxygen in these scaf-
folds was so fast that most of them were used in the treatment of wounds 
[32–34]. The process of bone regeneration is much longer [101]. Our 
experiments also showed that the ROS level in mouse skull defects re-
gion was maintained at a high level within 6 weeks (Fig. 6B). Although 
some oxygen-producing scaffolds have been used in bone defect repair 
and achieved promising results, there still remains the problem of short 
oxygen-releasing time [84]. Hence, we designed the ROS scavenging 

and responsive prolonged oxygen-generating hydrogels (CPP-L/GelMA) 
as a bone microenvironment regulator to reverse the hypoxic microen-
vironment in bone defects region. Under hypoxic condition, 
CPP-L/GelMA can release CAT for degrading hydrogen peroxide to 
generate oxygen and be triggered by superfluous ROS to continuously 
release the oxygen for more than 2 weeks both in vitro and in vivo, which 
finally significantly enhanced angiogenesis and osteogenesis in skull 
defect area as previously showed. 

In the future, we intend to further improve our system to achieve 
more sustained oxygen release through photocontrol or responsive 
degradation. Moreover, loading bone marrow mesenchymal stem cells 
into the hydrogel is also expected to further increase the repair effect of 
the system. There have been a certain number of studies that revealed 
promising therapeutic outcomes through stem cell delivery systems 
[102,103]. However, cells obtention generally requires invasive har-
vesting, along with uncertain survival rate [104]. Therefore, we are 
more expectation to fabricate novel bone regenerative material which 
can restore, recruit, and mobilize the body’s own stem cells. 

4. Conclusion 

In summary, we developed an intelligent responsive oxygen- 
releasing hydrogel. The CPP-L/GelMA hydrogel, which acts as a 
microenvironment regulator during for bone tissue respiration, can de-
livery CAT to enzymatic hydrolyze the ROS in the hypoxic microenvi-
ronment of bone defects to form oxygen. Concurrently, the superfluous 
ROS can trigger the hydrophilic change of PPS, which locates on the 
surface of oxygen-carrying nanoparticles in hydrogel, to release oxygen 
so as to further improve the oxygen supply according to environmental 
requirements. The formation of oxygen enriched microenvironment 
promotes the formation of neovascularization and inhibits the formation 
of osteoclasts. More importantly, adequate oxygen supply can improve 
the expression of BMAL1 gene in osteoblasts, which further promote 
osteogenic differentiation by enhancing autophagy, and finally signifi-
cantly facilitate the bone regeneration. Therefore, the engineered novel 
oxygen-supply CPP-L/GelMA hydrogel is expected to provide a new and 
effective treatment strategy for clinical critical size bone defects. 
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Fig. 7. CPP-L/GelMA hydrogel could promote osteogenesis and angiogenesis in vivo. (A) Schematic illustration of the CPP-L/GelMA hydrogel implantation into 
the area of mice skull defect for enhancing bone repair. (B) Representative 3D reconstruction micro-CT images of skull defect region from mice after different 
treatments at 4 weeks and 8 weeks (the red circle indicates the range of original bone defect). (C–D) Calculated bone volume fraction (C) and bone mineral density 
(D) of skull defect region from mice after different treatments (n = 3). (E) Representative images of H&E staining of skull defect region from mice after different 
treatments at 8 weeks (the second row represents higher magnification images (200 × ) of the corresponding black square boxes in the upper row (40 × ). (F) 
Representative immunohistochemical staining images of CD31 of skull defect region from mice after different treatments at 8 weeks (the red arrow shows the blood 
vessel). (G) Quantitative analysis of vessel density based on the CD31 immunohistochemical staining (n = 3). (H) Quantification analysis of the Flk-1 immuno-
fluorescence staining (n = 3) of skull defect region from mice after different treatments. (I) Representative images of Flk-1 immunofluorescence staining of skull 
defect region from mice after different treatments at 8 weeks. Scale bars: 500 μm for B and the upper row of E; 50 μm for the second row of E, F, and I. *p < 0.05, **p 
< 0.01, ***p < 0.005. 
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