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Abstract
Autogenous bone grafting has long been considered the gold standard for treating critical bone defects. However, 
its use is plagued by numerous drawbacks, such as limited supply, donor site morbidity, and restricted use for 
giant-sized defects. For this reason, there is an increasing need for effective bone substitutes to treat these defects. 
Mollusk nacre is a natural structure with outstanding mechanical property due to its notable “brick-and-mortar” 
architecture. Inspired by the nacre architecture, our team designed and fabricated a nacre-mimetic cerium-doped 
layered nano-hydroxyapatite/chitosan layered composite scaffold (CeHA/CS). Hydroxyapatite can provide a certain 
strength to the material like a brick. And as a polymer material, chitosan can slow down the force when the 
material is impacted, like an adhesive. As seen in natural nacre, the combination of these inorganic and organic 
components results in remarkable tensile strength and fracture toughness. Cerium ions have been demonstrated 
exceptional anti-osteoclastogenesis capabilities. Our scaffold featured a distinct layered HA/CS composite structure 
with intervals ranging from 50 to 200 μm, which provided a conducive environment for human bone marrow 
mesenchymal stem cell (hBMSC) adhesion and proliferation, allowing for in situ growth of newly formed bone 
tissue. In vitro, Western-blot and qPCR analyses showed that the CeHA/CS layered composite scaffolds significantly 
promoted the osteogenic process by upregulating the expressions of osteogenic-related genes such as RUNX2, 
OCN, and COL1, while inhibiting osteoclast differentiation, as indicated by reduced TRAP-positive osteoclasts and 
decreased bone resorption. In vivo, calvarial defects in rats demonstrated that the layered CeHA/CS scaffolds 
significantly accelerated bone regeneration at the defect site, and immunofluorescence indicated a lowered 
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Introduction
A bone defect is a common feature occurring in frac-
tures and diseases that originated from infection, tumor, 
trauma and osteotomies which decreases bone mechani-
cal strength and impairs bone biological function [1–3]. 
The natural regeneration mechanism of the body enables 
the healing of bone defects without medical intervention, 
especially in young patients [2, 4]. However, for patients 
with larger defects or attenuated bone self-regenerative 
function, surgical intervention is required [3, 5, 6]. Criti-
cal bone defects not only bring motor disability, but also 
cause economic impacts and wear long-term outcome 
for patients [7–9]. Although, there has been several clini-
cal managements for bone defects, the ultimate treat-
ment was still controversial [7, 10, 11]. The gold standard 
in current bone defect management is autogenous bone 
grafting. However, with drawbacks of supply and morbid-
ity from bone harvest, limitations on giant-sized defects, 
complications in donor sites, etc., there has raised a need 
for other bone substitutes [7, 12]. One of the main con-
cerns regarding repairing bone defects is to maintain 
mechanical strength to avoid secondary injury, which 
requires the bone architecture to be stable enough when 
bearing mechanical force [13, 14]. Besides, the bone 
needs a method to promote new bone formation at the 
defect site by promoting the proliferation of osteogenic 
tissues, materials involved in the treatment should be 
associated with bone formation process [15, 16].

In recent years, various bone scaffolds such as bio-
glass (BG), hydroxyapatite (HA), β-tricalcium phosphate 
(β-TCP) and chitosan (CS) have been proposed [2, 17–
22]. With noticeable biocompatibility and osteoconduc-
tivity, those scaffolds have been widely used in attempts 
of building composite bioscaffolds [23, 24]. Natural 
bone is a combination of organic-inorganic materials in 
which HA mineralized on collagen fibrils and it exhibits 
remarkable mechanical strength as well as natural nacre 
architecture [25, 26]. The preparation of natural high-
performance structural materials such as nacre is highly 
promising for next-generation composites [27–30]. The 
nacre-inspired design is based on the formation of an 
ordered structure of hard-boosted platelets and soft 
polymers (natural mother-of-pearl contains 95 vol% 
inorganic platelets) [31–34]. Natural nacre has excellent 
mechanical properties due to its special structure, which 
is attributed to platelet pullout, crack bridging and flex-
ing mechanism [32–34]. Primarily, a bone repair mate-
rial should be biocompatible with native tissues [35, 
36]. CS is a natural cationic aminopolysaccharide and 

recognized with its biocompatibility in tissue engineering 
[37, 38]. However, single CS scaffold lacks the strength to 
bear weight force in critical bone defects [39]. Inspired 
by natural nacre layer, our team combined the prepared 
HA and CS in previous studies to create an HA/CS com-
posite material that mimics nacre layer and verified its 
strength [40]. HA/CS scaffolds are recognized for their 
biodegradability and present excellent biocompatibility 
to biological tissues [41]. HA/CS scaffold can provide an 
appropriate environment for newly formed bone tissues, 
making it highly promising for bone tissue engineering 
[42–44].

Despite the nacre-mimetic HA/CS composite scaf-
fold satisfies the strength requirement for bone tissue 
engineering. To promote bone regeneration, the mate-
rials involved should be promotive in bone formation. 
Although there are many chemicals which have been 
demonstrated playing significant roles in osteogenic 
process, like insulin-like growth factor-1 (IGF-1), trans-
forming growth factor-β1 (TGF-β1), these chemicals are 
highly fragile when exposed outside the vivo environ-
ment and unstable when constructed into scaffold [45–
47]. Alternatively, a small number of rare earth elements 
exist in the human body, such as lanthanum (La), cerium 
(Ce) and gadolinium (Gd), participating in stem cell dif-
ferentiation and tissue regeneration [48]. Studies have 
shown that cerium deposition in the human bone is rel-
atively high, indicating that bones may be the preferred 
precipitation sites for elemental cerium [49–51]. Cerium 
ions are associated with bone metabolism, inflammation 
toleration, antioxidation and antitumor [52–56]. Cerium 
ions have been studied for their anti-inflammatory effects 
in rheumatoid arthritis (RA) patients in which cerium 
particles acted as a reactive oxygen species (ROS) scav-
enger in the cellular environment to relieve the inflam-
matory level and reduce bone loss [54]. Besides, it’s 
reported that as the ROS level reduces, processes of 
macrophages releasing inflammatory factors are abated, 
which is an essential pathway to activate inflammatory 
processes and promote bone resorption [55]. Previous 
studies have demonstrated that bio-scaffolds associated 
with cerium nanoparticles were able to inhibit RANKL-
induced osteoclast differentiation to prevent bone 
resorption [57]. In addition, researchers also revealed the 
promotive capacity of Cerium element in osteogenic pro-
cess, such as J. M. Li et al. found that ceria nanoparticles 
accelerated bone formation and enhanced endochondral 
ossification–based bone regeneration [53], and B. Lu et 
al. revealed that cerium oxide nanoparticles promoted 

RANKL/OPG ratio. Overall, our results demonstrate that CeHA/CS scaffolds offer a promising platform for bone 
regeneration in critical defect management, as they promote osteogenesis and inhibit osteoclast activation.
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osteoblast differentiation and proliferation through the 
ERK pathway [52].

In this study, we constructed the nacre-mimetic 
cerium-doped layered hydroxyapatite/chitosan (CeHA/
CS) layered composite scaffolds and validated its poten-
tial for regulating osteogenic process and osteoclast dif-
ferentiation in vivo and in vitro. we investigated the 
potential of CeHA/CS layered composite scaffolds for 
bone repair and regeneration, tested the biocompatibility 
of the scaffolds for hBMSCs in vitro and revealed osteo-
genic promotions on osteoblast differentiation by qPCR 
and western blot. The inhibitions on RANKL-induced 
osteoclast differentiation were also studied in vitro. 
Animal models were used to characterize their defect-
repairing ability in vivo. The CeHA/CS layered compos-
ite scaffolds exhibited extraordinary potentials for bone 
regeneration.

Materials and methods
Preparation of CeHA/CS layered scaffolds
CeHA/CS layered composite scaffolds were prepared as 
follows: First, 2 g CS (≥ 75%, Shanghai RichJoint Chemi-
cal Reagents Co., Ltd., Shanghai, China) was added to 50 
ml 2% acetic acid (Shanghai RichJoint Chemical Reagents 
Co., Ltd., Shanghai, China) and stirred for 3  h until CS 
was completely dissolved. After that, the bubbles were 
removed, and the solution was heated for 30 min, and the 
sonicated solution was poured into a 24-well plate and 
frozen in a refrigerator at − 20 oC. The frozen CS solu-
tion was placed in a freeze-dryer and dried for 72 h. The 
dried CS scaffolds were then immersed in a mixed solu-
tion containing 0.09 M CaCl2 (≥ 96%, Shanghai RichJoint 
Chemical Reagents Co., Ltd., Shanghai, China), 0.01  M 
Ce(NO3)3·6H2O (≥ 99%, Shanghai RichJoint Chemical 
Reagents Co., Ltd., Shanghai, China), and 0.09 M Na2CO3 
(≥ 99.8%, Shanghai RichJoint Chemical Reagents Co., 
Ltd., Shanghai, China) to deposit calcium carbonate on 
the CS scaffold. To form HA by mineralization, the com-
posite was finally immersed in 0.02 M phosphate buffer 
solution (PBS, Tianjin haoyang Biological Manufacture 
Co., Ltd, Tianjin, China) for 7 days to obtain CeHA/CS 
layered scaffolds, cerium is compounded into the scaffold 
in the form of ions.

Characterization
The morphologies and layered structures of CS, HA/
CS, CeHA/CS and were detected by scanning electron 
microscopy (SEM; JSM-6380LV, JEOL, Japan). X-ray dif-
fractometer system (XRD, D/max-III C, Rigaku, Japan) 
was performed at an acceleration voltage of 40  kV in 
the range 5°–60° (2θ). Fourier transform infrared (FTIR) 
spectroscopic analyzes (PerkinElmer, USA) were per-
formed to detect functional groups in the range 4000–
550 cm− 1. The compressive strengths of the HA/CS and 

CeHA/CS scaffolds (r = 0.75  cm, h = 1.1  cm) were tested 
using a microcomputer-controlled electronic universal 
testing machine (WDW-0.5 C, Shanghai Hualong Micro-
electronics Co. Ltd., China) at a compression speed of 
5  mm/min. Calculate the compressive strength of the 
material according to the formula:

σ= F
A (1)

σ—compressive strength (MPa).
F—Material stress load (N).
A—Stressed area (mm2).
The pore size distribution of CeHA/CH layered com-

posites was measured by an automated capillary flow 
porometer (CFP-1500AX, PMI, USA). Thermo gravimet-
ric analysis of CeHA/CS scaffolds was determined over 
the temperature range of 20 to 800 ℃ with a heating rate 
of 10 ℃⋅min− 1 .

Ion release testing of CeHA/CS layered scaffolds
0.4  g CeHA/CS layered scaffolds was added to 10 ml 
deionized water; then, an ion release experiment was 
performed in a constant temperature shaker at 37  °C. 
At the corresponding time, 4 ml supernatant was taken 
out to measure its ion concentration by electron coupled 
plasma mass spectrometer, and then 4 ml deionized 
water was added to continue the experiment.

Cell viability and adhesion
Cells were cultured with Dulbecco’s modified eagle 
medium (DMEM) formulated with the addition of 10% 
fetal calf serum (FCS) and 1% penicillin/streptomycin 
at 37 ℃. The MC3T3-E1 cells (Shanghai Institutes for 
Biological Science, Chinese Academy of Science Shang-
hai, China) were seeded into a 96-well plate with a den-
sity of 1 × 104 cells per well. Extraction solution was 
collected from medium which was used to soak HA/CS 
and CeHA/CS scaffolds after 24  h to conduct in vitro 
experiments. Cells in the control group were cultivated in 
regular media as blank control. The media of extraction 
solution of HA/CS and CeHA/CS were used to substitute 
DMEM after 24 h. Cell counting kit-8 (CCK-8, Dojindo, 
Kumamoto, Japan) was used to detect cell proliferation 
after cultivated for 1, 2 and 3 days. Human bone marrow 
mesenchymal stem cells (hBMSCs) (Shanghai Rochan 
Biotechnology CO. Shanghai, China) were seeded in a 
24-well plate along with a scaffold for the observation 
of cell adhesion. Each well contained one scaffold with 
1 × 104 cells and after 12-hour cultivation, cell-adhered 
scaffolds were washed with PBS and soaked in 2.5% glu-
taraldehyde (Beijing Solarbio Science & Technology Co., 
Ltd, Beijing, China) for 20  min for fixation. Then, scaf-
folds were washed with PBS three times and progres-
sively dehydrated using 75%, 85%, 95% and 100% ethanol. 
The morphologies of hBMSCs were characterized by 
SEM (Siri on 200, Fei, Hillsboro, USA).
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Osteogenic capacity in vitro
hBMSCs were seeded in a 24-well plate at a density of 
1 × 104 per well and cultivated for 7 days with hBMSCs 
osteogenesis differentiation medium (Cyagen Biosci-
ences, Guangzhou, China), which was also prepared as 
the extraction solution of HA/CS and CeHA/CS. Then, 
hBMSCs were fixed with 4% paraformaldehyde (Biosharp 
Life Sciences, Anhui, China) and washed with PBS three 
times, followed with ALP staining (ALP kit Hongqiao, 
Shanghai, China) and optical microscopy. Quantita-
tive determination of ALP activity was performed with 
alkaline phosphatase assay kit (Beyotime Biotechnology, 
Shanghai, China). 50  µl/well samples were mixed with 
same volume of chromogenic substrate (p-nitrophenyl 
phosphate, Beyotime Biotechnology, China) and then 
incubated at 37 °C for 10 min. Finally, quantitative analy-
sis on ALP protein was carried out by an enzyme-labeled 
instrument at 405  nm. Total proteins were assayed by 
BCA Protein Assay Kit. The ALP activity was determined 
by normalizing to the total proteins. Also, alizarin red 
staining was conducted at day 20 with alizarin red stain-
ing kit (Hongqiao, Shanghai, China) and was quantified 
by an enzyme-labeled instrument at 550  nm after dis-
solved in cetylpyridinium chloride. 4 × 106 hBMSCs were 
seeded in a 6-well plate per well with osteogenic differ-
entiation media of extraction solution of HA/CS and 
CeHA/CS and cultivated for 7 days. A real-time quantita-
tive polymerase chain reaction (RT-PCR, Applied Biosys-
tems, Foster City, CA) was used to analyze the expression 
levels of osteogenic genes. The total RNA was collected 
with a RNeasy Mini kit (Qiagen: Valencia, CA, USA). 
The mRNA expressions of genes including collagen type 
I (COL-1), runt-related transcription factor 2 (RUNX2) 
and bone morphogenetic protein 2 (BMP-2) as well as 
a standard reference gene (GAPDH) were detected and 
analyzed by 2-ΔΔCt method. The designed primers were as 
follows:

GAPDH forward 
5’-CACCACCATGGAGAAGGCCG-3’.

And reverse 5’-ATGATGTTCTGGGCAGCCCC-3’.
RUNX2 forward 

5’-GACTGTGGTTACCGTCATGGC-3’.
And reverse 5’-ACTTGGTTTTTCATAACAGC-

GGA-3’.
COL-1 forward 5’- GAGGGCCAAGACGAAGACATC 

− 3’.
And reverse 5’- CAGATCACGTCATCGCACAAC − 3’.
BMP2 forward 5’- GGAACGGACATTCGGTCCTT 

− 3’.
And reverse 5’- CACCATGGTCGACCTTTAGGA − 3’.
The osteoblast-associated proteins of osteocalcin 

(OCN), RUNX-2, COL1 and P-Smad1/5 were charac-
terized by the western blot method. hBMSCs were cul-
tivated in a media of DMEM and extraction solution of 

HA/CS and CeHA/CS for three days. Then, radioim-
munoprecipitation assay (RIPA) lysis buffer solution 
(Biosharp Life Sciences, Anhui, China) was used to soak 
cells for 20  min, and the lysed samples were collected 
in 1.5-ml microcentrifuge tubes. Samples were centri-
fuged at 12,000  rpm for 10  min, and supernatants were 
collected. Bicinchoninic acid assay (BCA, Biosharp Life 
Sciences, Anhui, China) was used to detect the concen-
tration of supernatants. Detected samples were loaded 
in SDS-PAGE gel for electrophoresis and transferred 
to polyvinylidene difluoride (PVDF) membranes. After 
blocking in 5% milk for 1 h, the membranes were incu-
bated with primary antibodies at room temperature for 
4  h and then washed by TBST (Beyotime Biotechnol-
ogy, Shanghai, China) three times. These membranes 
were incubated with secondary antibodies (Cell Signal-
ing Technology, Shanghai, China) for 1 h. Finally, blotting 
results were checked by the Odyssey infrared imaging 
system (LI-COR Biosciences, Lincoln, NE).

Inhibition of osteoclast differentiation in vitro
Bone marrow macrophages (BMMs) were flushed out 
from the tibiae and femurs of 4–6-week-old c57BL/6 
mice (16–18 g) bought from the Animal Centre Research 
Committee of the Shanghai Ninth People’s Hospital 
(Shanghai, China). Cells were collected and cultured in 
α-MEM (Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) with 30 ng/ml M-CSF (R&D Systems, Inc., 
Minneapolis, MN, USA), 10% FCS and 1% penicil-
lin‑streptomycin (Hyclone Laboratories Inc., Logan, UT, 
USA) at 37 ˚C. Media were changed every 3 days. After 
7 days, cells were dissociated and reseeded in the plates 
of each experimental group, and 30 ng/ml M-CSF and 50 
ng/ml RANKL (R&D Systems, Inc., Minneapolis, MN, 
USA) were used as media to stimulate osteoclast differ-
entiation. After 7 days, cells were fixed with 4% parafor-
maldehyde and washed three times by PBS. Osteoclastic 
differentiation was observed by TRAP staining (Sigma 
Aldrich, Merck KGaA). The radiographs of TRAP-posi-
tive areas were reserved using Image-Pro Plus 6.0 (Media 
Cybernetics, Inc., Rockville, MD, USA). For f-actin analy-
sis, cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.1% (v/v) Triton-100 (Sigma Aldrich, 
Merck KGaA) and then stained with rhodamine-conju-
gated phalloidin (Cytoskeleton, Inc., Denver, CO, USA) at 
37 ℃ for 1 h. F-actin rings were characterized by LSM5 
confocal microscope (magnification: 10x; Carl Zeiss AG, 
Oberkochen, Germany).

Animal experiments
15 Sprague-Dawley (SD) female rats (200–250  g, 6/
group) were bought from Shanghai Experiment Animal 
Research Centre, and all experimental procedures were 
approved by the Animal’s Hospital of Shanghai Jiao Tong 
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University. After injected intraperitoneally with sodium 
pentobarbital for anesthesia, SD rats were shaved over-
head, and 5-mm diameter holes were drilled on the skull 
to create a bilateral critical-size calvarial-defect model. 
the scaffolds of HA/CS and CeHA/CS were then filled 
into the drilled space before the scalps were sutured. 
All rats were sacrificed after 12 weeks, and the calvaria 
skull caps were dissected and soaked in 4% phosphate-
buffered formalin solution for 7 days. Then, micro-CT 
was performed using a micro-CT system (mCT-80, 
Scanco Medical AG, Switzerland) on soaked samples 
with parameters of a voltage of 90 kV, current of 88 uA 
and voxel size of 28 μm. 3d reconstruction was made by 
the micro-CT images. Bone mineral density (BMD) and 
new bone volume/tissue volume (BV/TV) values were 
analyzed as well. 3 and 21 days before the rats were sac-
rificed, fluorescent-labeled alizarin red (30 mg/kg, Sigma 
Aldrich) and calcein (30  mg/kg, Sigma Aldrich) had 
been injected into each rat. Labeled rats’ skulls were cut 
into 150-nm-thick slices by a microtome (Leica, Ham-
burg, Germany) and analyzed by confocal laser scan-
ning microscope (Leica, Heidelberg, Germany, Alizarin 
red: 543/580–670  nm, calcein: 488/500–550  nm). The 
PC-based analysis system was used to quantify the min-
eralization rate (MAR). For morphologic observation, 
cranium samples were impeded in paraffin and stained 
with Masson’s trichrome.

Statistical analyses
All data were from at least three independent repli-
cated experiments and values were presented as the 
mean ± standard deviation (SD). Statistically significant 
differences were determined by Student’s t-test using 
the SPSS 16.0 software (SPSS Inc., USA). (* P < 0.05 or ** 
P < 0.01).

Results
Morphology of CeHA/CS layered scaffolds
By rapidly freezing CS at a higher temperature, the CS 
molecules will exhibit a certain orientation, and then 
placing the frozen CS solution in a freeze dryer to dry 
for 72  h to obtain a layered CS scaffold (Fig.  1a and b). 
The CS scaffold exhibits a layered structure (Fig. 1a). The 
high-resolution SEM image (Fig.  1b) indicates that the 
CS layer has a smooth surface. The EDS spectrum shows 
that CS mainly contains C and O elements. CS is a semi-
crystalline organic matrix, which is confirmed by the 
peaks at 2θ = 20º and 28° in the XRD pattern (Fig. 2c). The 
FTIR spectrum of the CS layered scaffold also shows the 
characteristic vibration peaks of CS at 3400 cm− 1 caused 
by the OH- tensile vibration, and the band at 1648 cm− 1 
corresponds to the amide I vibration, amino N–H defor-
mation and oscillating vibration. The absorption peaks 
appear at 1595 and 895 cm− 1, while the absorption peaks 
at 1420 cm− 1 can be attributed to the vibration of C–N in 

Fig. 1  (a, b) SEM images of CS scaffold; (d, e) SEM images of HA/CS scaffold; (g, h) SEM images of CeHA/CS scaffold; (c, f, i) EDS spectrum
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the main group, the vibration at 1030 and 1066 cm− 1 to 
the tensile vibration of C–O, and the peak at 1150 cm− 1 
to the tensile vibration of C–O–C group (Fig. 2d) [58].

In PBS, since there will be some hydrated calcium ions 
on the surface of CaCO3, these calcium ions will react 
with HPO4

2− to directly generate HA. The reaction equa-
tion is shown in (2). As the reaction proceeds, CaCO3 is 
converted to HA. Because a large amount of HPO4

2− is 
contained in PBS and the dissolution constant of HA is 
greater than CaCO3, CaCO3 will be converted to HA in 
situ in PBS. Therefore, we can immerse the CaCO3/CS 
layered composite in PBS so that CaCO3 attached to the 
layer can be converted into HA in situ. After doping with 
rare earth elements, the morphology of CeHA/CS lay-
ered scaffolds did not change, preserving a well-layered 
structure (Fig.  1g). High-resolution SEM images show 
that the HA converted by CaCO3 shows a flaky structure 
and 1–5 μm long (Fig. 1e h). The EDS chart shows that 
CeHA/CS layered scaffolds detected Ce elements com-
pared to HA/CS. This indicates that rare earth elements 
have been successfully added to HA/CS scaffolds.

The transformed HA matched well with JCPDS card 
no. 09-0432 (Fig.  1i). By comparing the XRD (Fig.  2c) 
and FTIR (Fig.  2d) plots of HA/CS and CeHA/CS lay-
ered composites, the positions of the peaks and vibration 
peaks have not changed, indicating that the addition of 

rare earth elements will not change the scaffold crystal 
structure and composition. The FTIR plots of HA/CS 
and CeHA/CS layered composite show that the vibra-
tion of PO4

3− appears at 603  cm− 1 (v4), 960  cm− 1 (v1), 
1025 cm− 1 (v3), 1648 cm− 1. And 1420 cm− 1 can be attrib-
uted to the amide I vibration and the vibration in the 
primary amide group of CS respectively [58, 59]. Inter-
estingly, the vibrational fractions of CO3

2− were detected 
in the FTIR of HA/CS and CeHA/CS layered composite 
at 1475 cm− 1 and 875 cm− 1, respectively. This is because 
HA is converted from CaCO3, while CO3

2− may be par-
tially retained in the crystal lattice of HA.

Compression properties, ion release and TG analysis of 
CeHA/CS layered scaffolds
Figure  3a shows that the force required to break the 
material structure is approximately 0.13 Mpa, deforma-
tion percentage is 18%. The main reason here is that HA 
can provide a certain support when the layered structure 
is destroyed. After that, the compressive force increases 
rapidly with the increase of deformation, because CS is 
a plastic material. When the deformation of CeHA/CS 
reaches about 80%, the compressive strength is 1.5 Mpa. 
HA/CS and CeHA/CS do not show much difference 
in compression performance, mainly because they are 
similar in structure. Table 1 shows the Young’s modulus 

Fig. 2  (a, b) Ce, Ca element distribution image respectively; (c) XRD and (d) FTIR spectra of CS, HA/CS, CeHA/CS.
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of various materials, in which the Young’s modulus of 
CeHA/CS is 11.06 Mpa. This indicates that CeHA/CS 
can provide certain mechanical properties and is benefi-
cial to bone tissue repair.

The pore size distribution of CeHA/CS scaffold is 
shown in Fig.  3b. It shows that the pore size distribu-
tion of the CeHA/CS scaffold is mainly concentrated in 
5–120 μm. Among them, the pore sizes of 5–50 mainly 

come from the voids between the lamellar HA, which 
is consistent with Fig.  1  h. The pore size of 50–120  μm 
mainly comes from the distance between the CS layers, 
which is consistent with Fig.  1  g. Meanwhile, according 
to Fig. 1 g, it can be seen that the maximum layer spac-
ing is about 200 μm. Therefore, the distance between lay-
ers of HA/CS scaffolding is approximately 50 ~ 200  μm. 
Figure 3c is the TG analysis diagram of scaffold materi-
als, and the quantitative analysis TG curve shows that 
the weight loss of materials mainly consists of two parts. 
Among them, the first part lost 7%, which is mainly due 
to the loss of water in the materials. The weight loss of the 
second part is 30%, which is mainly due to the decom-
position of chitosan. The remaining weight is mainly 
hydroxyapatite, which is 63%. This is mainly because 
hydroxyapatite can exist stably at 800 ℃.

The release characteristics of the Ca2+ and Ce3+ of 
CeHA/CS layered composite were studied by the ICP 
technique (Fig. 4). After soaking in ultra-pure water, Ca2+ 
and Ce3+ ions are released rapidly. With the increase of 
release time, the cumulative release of the Ca2+ and Ce3+ 
tends to be flat (Fig. 4a and b). After 144 h, the cumula-
tive release of Ca2+ ions were 260.82 µM, and the cumu-
lative release of Ce3+ ions was 0.36 µM. The relative 
ion release rates of Ca2+ and Ce3+ are 1.28% and 0.85% 
respectively (Fig. 4c and d).

Cytotoxicity and adhesion of CeHA/CS scaffolds
The MC3T3-E1 cells were cultured in 96-well plates at a 
density of 1 × 104 cells per well with an extraction solu-
tion of HA/CS and CeHA/CS for 1, 2 and 3 days and then 
tested for viability by CCK-8 kit. In the curve, cell num-
bers were continuously increased with time (Fig. 5a), and 
the number of cells nearly tripled after 96  h compared 
to that at 24 h. Intergroup curves have no distinct differ-
ences, indicating that these scaffolds did not attenuate 
MC3T3-E1 cell proliferation (Fig. 5a). The hBMSCs were 
seeded onto scaffolds and observed by SEM. The results 
showed hBMSCs adhered to the surface of scaffolds with 
protruded filopodia, and similar adhesions were found in 
each group; thus, scaffolds provided a suitable condition 
for cell-adhering capacity (Fig. 5b).

Osteogenic promotion of CeHA/CS scaffolds in vitro
ALP staining was used to analyze the osteogenic effects 
of the scaffolds. In the control group, hBMSCs were cul-
tivated with regular osteogenic differentiation media and 
meanwhile the cells in the HA/CS and CeHA/CS scaf-
folds groups were cultivated with the media of extraction 
solution of HA/CS and CeHA/CS scaffolds respectively. 
After cultivated with scaffolds and osteogenic differen-
tiative solution for 7 days, the CeHA/CS scaffolds gained 
the highest ALP activity in comparison with HA/CS 
and control (Fig. 5c and e). Similar results were seen in 

Table 1  Young’s modulus of various materials
Samples Young’s modulus 

(MPa)
Ref-
er-
ence

CeHA/CS 11.06 —

Chitosan biguanidine 3.2 [60]

Polyurethane/Chitosan scaffold 2.06 [61]

Gelatin 0.74 [62]

Gelatin-graft-poly (trimethylene carbonate) 2.43 [62]

Fig. 4  (a, b) Ion release curves of Ca2+ and Ce3+ for CeHA/CS respectively;(c, 
d) release rates of Ca2+ and Ce3+ for CeHA/CS respectively

 

Fig. 3  (a) Composite compression performance; (b) Pore size distribu-
tions of CeHA/CS; (c) TG analysis diagram of HA/CS and CeHA/CS.
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alizarin red staining in which cells were cultivated with 
scaffolds for 20 days, the HA/CS and CeHA/CS scaf-
folds gained better alizarin activity than control, and the 
CeHA/CS scaffolds promoted the highest activity (Fig. 5d 
and f ). Furthermore, the osteogenic capacity of scaffolds 
was investigated by RT-PCR, and the results revealed 
that HA/CS scaffolds doped with cerium promoted the 
expression of BMP-2, COL1 and RUNX2 compared with 
control group (Fig.  6f h). The osteogenic capacity was 
also validated by western blot analysis. CeHA/CS scaf-
folds presented the highest expression of OCN, COL1, 
RUNX2, P-Smad1/5 genes (Fig. 6a and e), which demon-
strated osteogenesis-associated genes expressions were 
promoted.

BMM differentiation inhibition of CeHA/CS scaffolds in 
vitro
Cells in the control group and HA/CS scaffold obtained 
the highest TRAP activity but in the CeHA/CS scaffolds 
groups, it was relatively lower (Fig. 7a and c). Thus, the 
CeHA/CS scaffolds reduced osteoclast differentiation. 
However, HA/CS scaffolds didn’t affect the TRAP activity 
compared with control. CeHA/CS scaffolds also gained 
fewer f-actin rings compared with control and HA/CS 
scaffolds (Fig.  7d and f ), which revealed the inhibitions 
on bone resorption activity. Generally, bone resorption 
process would be activated when pre-osteoclasts were 
differentiated into mature osteoclasts and induce bone 
loss. However, BMM cultivated with the CeHA/CS scaf-
folds were keep inactivated towards bone slices and the 
surfaces in CeHA/CS scaffolds group were obviously 

Fig. 5  (a) CCK-8 analysis for control, HA/CS, and CeHA/CS scaffolds; (b) SEM images for HA/CS and CeHA/CS scaffolds adhered by hBMSCs for 12 h; (c) 
ALP staining and (d) alizarin red staining images of hBMSCs cultivated with control medium and extraction solution of HA/CS and CeHA/CS scaffolds for 
7 and 20 days; Quantitative analysis of (e) relative ALP and (f) alizarin red activities of hBMSCs cultivated with control medium and extraction solution of 
HA/CS and CeHA/CS scaffolds. * P < 0.05, ** P < 0.01
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Fig. 7  (a) TRAP staining in control, HA/CS and CeHA/CS scaffolds; (b) TRAP positive cell number per well and (c) osteoclasts percentage area measured by 
ImageJ; (d) F-actin immunofluorescence staining of cells in control, HA/CS and CeHA/CS scaffolds. (e) Measured area of f-actin ring compared to control 
by ImageJ; (f) SEM images of bone resorption area; (g) measured relative bone resorption area to control by ImageJ. * P < 0.05, ** P < 0.01

 

Fig. 6  Western-blot analysis for expressions of osteogenic genes in hBMSCs cultured with control medium, extraction solution of HA/CS and CeHA/CS 
scaffolds: (a) Western-blot scanning images, quantitative western-blot analysis of (b)OCN, (c)P-SMAD 1/5, (d) RUNX-2, (e) COL-1 by ImageJ; qPCR analysis 
of relative expressions levels of osteogenesis-related genes: (f) BMP-2, (g) COL-1, (h) RUNX-2. * P < 0.05, ** P < 0.01
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smooth (Fig.  7f ). These results indicate that CeHA/CS 
scaffolds have inhibited osteoclast differentiation.

In vivo rat calvarial defect models
The micro-CT images of calvarium revealed that rats 
with CeHA/CS scaffolds generated the most volume of 
newly formed bone compared with rats with control and 
HA/CS scaffolds (Fig.  8a). The same was observed for 
BMD: the BMDs in the CeHA/CS scaffolds were much 
higher than those in the other two groups (Fig. 8b). Also, 
the BV/TV values were higher in the CeHA/CS scaffolds, 
indicating CeHA/CS scaffolds remarkably contributed to 
the new bone formation in vivo (Fig. 8c). Fluorochromes 
marks indicated the growth in 18 days and rats with 
CeHA/CS scaffolds obtained the best growth rate (Fig. 8d 
and e).

Histomorphology observations were made 3 months 
after calvarium defects were implanted with scaffolds 
by H&E staining. From the sagittal plane of the defects, 
it was observed that CeHA/CS scaffolds were acceler-
ated in new bone formation inside the defects (Fig.  9a). 
Moreover, the influences of scaffolds on osteoclasts were 
analyzed by immunofluorescence labeling. The RANKL/
OPG ratio was reduced in the CeHA/CS scaffolds in 
comparison with control and HA/CS scaffolds (Fig. 9b), 
which demonstrated the CeHA/CS scaffolds reconstruct 
bone tissue by promoting osteogenic activities and atten-
uated osteoclast differentiation.

Discussion
Large bone defects have always been a major challenge in 
orthopedic procedures [1–3], and with damaged physi-
cal stability and impaired biofunction, defected bones are 

easy to cause fractures and difficult to perform surgical 
procedures [5, 6]. Various types of scaffolds have been 
studied for healing large bone defects, and scaffolds that 
promote new bone formation have been regarded as a 
prospective strategy [2, 3, 17–22].

Herein we created a scaffold with the strength of releas-
ing osteogenesis-related elements to explore the possi-
bilities of promoting bone regeneration. The CeHA/CS 
layered composite scaffolds were firstly prepared by dis-
solving CS into acetic acid, and after stirring and heating, 
the mixed solution was frozen and dried to form solid CS 
scaffolds. Then, dried CS scaffolds were immersed into 
the solutions of CaCl2, Ce(NO3)3·6H2O and Na2CO3, 
and calcium carbonate was generated on the CS scaf-
fold doped with cerium. Fabricated scaffolds were then 
deposited with HA mineralization by immersing with 
PBS. Ultimately, the CeHA/CS layered composite scaf-
folds were successfully produced. SEM showed the scaf-
folds of CeHA/CS were arranged as layered structures 
(Fig. 1g), which shows that the addition of rare elements 
does not affect the original structure. The layered struc-
tures provided appropriate sites for osteoblast cells to 
contact and adhere (Fig.  5b). HA/CS scaffolds are bio-
compatible with living tissues, and no toxic effects were 
observed in this research (Fig. 5a). The layered structure 
provided an applicable bridge for cell migration and pro-
liferation. CCK-8 results suggested that the CeHA/CS 
layered scaffolds have no toxic effects on MC3T3-E1 cells 
proliferation (Fig. 5a), and the SEM results indicate hBM-
SCs were stretched on the sheet-like surface and main-
tained steadily, adhering to the scaffolds (Fig. 5b). In the 
animal model, the sagittal plane of the defects displayed 
substantial penetrated connective tissues and newly 

Fig. 8  (a) Micro-CT images of rat calvarial defects in control, HA/CS and CeHA/CS scaffolds; (b) Bone mineral density; (c) Bone volume against tissue 
volume; (d) Fluorochromes marks of calcein (green) and alizarin red (red) injected 3 weeks and 3 days before euthanasia; (e) statistical analysis of miner-
alization rate. * P < 0.05, ** P < 0.01
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formed bone structures (Fig.  9a), indicating the lay-
ered scaffolds provide excellent space for tissue growth 
in scaffolds. Penetrated tissues adhered to the scaffolds 
and proliferated (Fig.  9a), contributing to the growth of 
regenerated bones. Our work demonstrated that the 
regenerated bone tissues could prospectively adapt to our 
layered scaffolds.

Cerium is known as a rare element with significant pos-
itive functions, especially in the bone formation process 
[48]. It was reported that cerium can upregulate osteo-
genic gene expression and accelerate new bone formation 
[52, 53]. Herein, we generated the CeHA/CS scaffolds by 
incorporating cerium ions into the CeHA/CS scaffolds. 
In this way, cerium elements were within the CeHA/CS 
scaffolds, and meanwhile, the basic layered structure was 
preserved. We tested the CeHA/CS scaffolds’ osteogenic 
capacities and compared them with the previous scaf-
folds. It was shown that with cerium added to the HA/
CS scaffolds, there was an obvious increase in ALP stain-
ing activity (Fig.  5c and e), indicating that CeHA/CS 
scaffolds significantly promoted the osteogenic activity. 
Similar results were observed in the alizarin red analy-
sis. After 20 days of cultivation, the CeHA/CS scaffolds 
gained higher alizarin red activity (Fig.  5d and f ), indi-
cating improved calcium deposition. The results showed 
that the HA/CS and CeHA/CS scaffolds had excellent 
performances on ALP and alizarin red staining, while the 
CeHA/CS scaffolds performed better than the primary 
HA/CS scaffolds. Further, we studied the mechanism 
of osteogenic promotion in the presence of cerium by 

RT-PCR and western blot techniques. The expressions of 
osteogenic-associated genes of RUNX2, COL1, OCN and 
P-Smad1/5 significantly improved in the group cultivated 
with CeHA/CS scaffolds compared to the control and 
HA/CS scaffolds in western blots (Fig. 6a and e). The RT-
PCR results revealed the same trend in the osteogenic 
mechanism as it upregulated the expressions of RUNX-
2, BMP-2, COL1, indicating the osteogenic pathway was 
activated (Fig. 6f h). In the animal experiment, micro-CT 
showed the bone defects in the CeHA/CS group were 
better healed (Fig. 8a and c), and H&E staining indicated 
connective tissues and newly formed bones penetrated 
between layered structures (Fig. 9a).

In terms of bone resorption, cerium was known for 
acting as an ROS scavenger in the cellular environment 
[54, 56, 57, 63]. ROS in the cellular environment can lead 
to inflammation in tissues and may introduce osteoclast 
differentiation [55]. And cerium ions were proven to act 
as an anti-inflammation factor in macrophage polariza-
tion, which may inhibit pro-inflammation macrophage 
differentiation and eventually inhibited the osteoclast 
differentiation [54, 57]. In our study, CeHA/CS scaffolds 
attenuated the differentiation of BMMs into osteoclasts 
with downregulated TRAP activities (Fig.  7a) and suc-
cessfully reduced bone resorption activity on the sur-
face of bone slices (Fig. 7f ). Also, in calvarial-defect rats, 
immunofluorescence histochemistry staining displayed 
a reduced RANKL/OPG ratio in the rats with CeHA/
CS scaffolds implanted (Fig. 9b). The CeHA/CS scaffolds 

Fig. 9  (a) H&E staining of the calvarial defect rats; (b) Immunofluorescence staining of DAPI (blue), OPG (red) and RANKL (red) from the calvarial defect 
rats
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significantly accelerated new bone formation via osteo-
genic promotion and osteoclastic inhibition.

Conclusion
The layered composite scaffolds were constructed by a 
freeze-dry strategy with Ce(NO3)3·6H2O dispersed in the 
compound solution. The CeHA/CS scaffolds provided an 
appropriate environment for cell proliferation and were 
characterized for their osteogenic functions owing to the 
upregulation of osteogenesis-related genes in hBMSCs. 
In addition, the CeHA/CS scaffolds inhibited osteoclast 
differentiation with fewer TRAP positive cells and atten-
uated bone resorption activities. Results in vivo revealed 
the promotive effects on new bone formation and min-
eralization in a rat calvarial defect model, and reduced 
RANKL/OPG ratio was observed as well. The CeHA/CS 
scaffolds exhibit remarkable potential for bone healing 
and regeneration.

Author contributions
CJZ, XLL and JJS initiated the study, designed the experiments and wrote the 
paper. YWG and QFK performed the experiments and statistical analyses. ZAZ 
and YPG helped with animal experiments. All authors read and approved the 
final manuscript.

Funding
This research was supported by National Natural Science Foundation of China 
(No. 82002270, No. 81572158).

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All experimental procedures were approved by the Institutional Animal 
Care and Use Committee (IACUC) of the Shanghai Ninth People’s Hospital, 
Shanghai Jiao Tong University School of Medicine. All mice were provided 
by the Research Council of the Animal Center of the Shanghai Ninth People’s 
Hospital (China). Consent for publication All authors agree to publish this 
manuscript.

Competing interests
The authors declare no competing financial interest.

Author details
1Shanghai Key Laboratory of Orthopedic Implants, Department of 
Orthopedic Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao 
Tong University School of Medicine, Shanghai 200011, China
2The Education Ministry Key Lab of Resource Chemistry, Shanghai 
Key Laboratory of Rare Earth Functional Materials, Shanghai Normal 
University, Shanghai 200234, China
3Department of Orthopedic Surgery, Shanghai Jiao Tong University 
Affiliated Shanghai Sixth People’s Hospital, 600 Yishan Road,  
Shanghai 200233, China

Received: 30 April 2022 / Accepted: 7 July 2023

References
1.	 Fernandez de Grado G, Keller L, Idoux-Gillet Y, Wagner Q, Musset AM, 

Benkirane-Jessel N, Bornert F, Offner D. Bone substitutes: a review of their 
characteristics, clinical use, and perspectives for large bone defects manage-
ment. J Tissue Eng. 2018;9:2041731418776819.

2.	 El-Rashidy AA, Roether JA, Harhaus L, Kneser U, Boccaccini AR. Regenerating 
bone with bioactive glass scaffolds: a review of in vivo studies in bone defect 
models. Acta Biomater. 2017;62:01–28.

3.	 Lu H, Liu Y, Guo J, Wu H, Wang J, Wu G. Biomaterials with Antibacterial and 
Osteoinductive Properties to Repair infected bone defects. Int J Mol Sci. 
2016;17:334.

4.	 Safari B, Davaran S, Aghanejad A. Osteogenic potential of the growth fac-
tors and bioactive molecules in bone regeneration. Int J Biol Macromol. 
2021;175:544–57.

5.	 Toogood P, Miclau T. Critical-sized bone defects: sequence and planning. J 
Orthop Trauma. 2017;31(Suppl 5):23–S26.

6.	 Bezstarosti H, Metsemakers WJ, van Lieshout EMM, Voskamp LW, Kortram K, 
McNally MA, Marais LC, Verhofstad MHJ. Management of critical-sized bone 
defects in the treatment of fracture-related infection: a systematic review and 
pooled analysis. Arch Orthop Trauma Surg. 2021;141:1215–30.

7.	 Nauth A, Schemitsch E, Norris B, Nollin Z, Watson JT. Critical-size bone 
defects: is there a Consensus for diagnosis and treatment? J Orthop Trauma. 
2018;32(Suppl 1):07–S11.

8.	 Mauffrey C, Barlow BT, Smith W. Management of segmental bone defects. J 
Am Acad Orthop Surg. 2015;23:143–53.

9.	 Collaborators GBDF. Global, regional, and national burden of bone 
fractures in 204 countries and territories, 1990–2019: a systematic analysis 
from the global burden of Disease Study 2019. Lancet Healthy Longev. 
2021;2:e580–92.

10.	 Stahl A, Yang YP. Regenerative approaches for the treatment of large bone 
defects. Tissue Eng Part B Rev. 2021;27:539–47.

11.	 Auregan JC, Begue T. Induced membrane for treatment of critical sized 
bone defect: a review of experimental and clinical experiences. Int Orthop. 
2014;38:1971–8.

12.	 Sohn HS, Oh JK. Review of bone graft and bone substitutes with an emphasis 
on fracture surgeries. Biomater Res. 2019;23:9.

13.	 Lee SH, Lee KG, Hwang JH, Cho YS, Lee KS, Jeong HJ, Park SH, Park Y, Cho YS, 
Lee BK. Evaluation of mechanical strength and bone regeneration ability of 
3D printed kagome-structure scaffold using rabbit calvarial defect model. 
Mater Sci Eng C Mater Biol Appl. 2019;98:949–59.

14.	 Hopp SG, Dahners LE, Gilbert JA. A study of the mechanical strength of long 
bone defects treated with various bone autograft substitutes: an experimen-
tal investigation in the rabbit. J Orthop Res. 1989;7:579–84.

15.	 Amini AR, Laurencin CT, Nukavarapu SP. Bone tissue engineering: recent 
advances and challenges. Crit Rev Biomed Eng. 2012;40:363–408.

16.	 Dimitriou R, Jones E, McGonagle D, Giannoudis PV. Bone regeneration: cur-
rent concepts and future directions. BMC Med. 2011;9:66.

17.	 Szczes A, Holysz L, Chibowski E. Synthesis of hydroxyapatite for biomedical 
applications. Adv Colloid Interface Sci. 2017;249:321–30.

18.	 Bohner M, Santoni BLG, Dobelin N. beta-tricalcium phosphate for bone 
substitution: synthesis and properties. Acta Biomater. 2020;113:23–41.

19.	 LogithKumar R, KeshavNarayan A, Dhivya S, Chawla A, Saravanan S, Selvam-
urugan N. A review of chitosan and its derivatives in bone tissue engineering. 
Carbohydr Polym. 2016;151:172–88.

20.	 Zhu Y, Kong L, Farhadi F, Xia W, Chang J, He Y, Li H. An injectable continuous 
stratified structurally and functionally biomimetic construct for enhancing 
osteochondral regeneration. Biomaterials. 2019;192:149–58.

21.	 Chen W, Shen X, Hu Y, Xu K, Ran Q, Yu Y, Dai L, Yuan Z, Huang L, Shen T, Cai 
K. Surface functionalization of titanium implants with chitosan-catechol 
conjugate for suppression of ROS-induced cells damage and improvement 
of osteogenesis. Biomaterials. 2017;114:82–96.

22.	 Zhao H, Wu C, Gao D, Chen S, Zhu Y, Sun J, Luo H, Yu K, Fan H, Zhang X. 
Antitumor Effect by Hydroxyapatite Nanospheres: activation of Mitochon-
dria-Dependent apoptosis and negative regulation of Phosphatidylinositol-
3-Kinase/Protein kinase B pathway. ACS Nano. 2018;12:7838–54.

23.	 Roseti L, Parisi V, Petretta M, Cavallo C, Desando G, Bartolotti I, Grigolo B. 
Scaffolds for bone tissue Engineering: state of the art and new perspectives. 
Mater Sci Eng C Mater Biol Appl. 2017;78:1246–62.

24.	 Yin S, Zhang W, Zhang Z, Jiang X. Recent advances in Scaffold Design and 
Material for Vascularized Tissue-Engineered Bone Regeneration. Adv Healthc 
Mater. 2019;8:e1801433.



Page 13 of 13Liu et al. Journal of Nanobiotechnology          (2023) 21:259 

25.	 Nair AK, Gautieri A, Chang SW, Buehler MJ. Molecular mechanics of mineral-
ized collagen fibrils in bone. Nat Commun. 2013;4:1724.

26.	 Nair AK, Gautieri A, Buehler MJ. Role of intrafibrillar collagen mineralization in 
defining the compressive properties of nascent bone. Biomacromolecules. 
2014;15:2494–500.

27.	 Woo JY, Oh JH, Jo S, Han CS. Nacre-Mimetic Graphene Oxide/Cross-Linking 
Agent Composite Films with Superior Mechanical Properties. ACS Nano. 
2019;13:4522–9.

28.	 Choi Y, Jeon D, Choi Y, Kim D, Kim N, Gu M, Bae S, Lee T, Lee HW, Kim BS, Ryu 
J. Interface Engineering of Hematite with Nacre-like Catalytic Multilayers for 
Solar Water Oxidation. ACS Nano. 2019;13:467–75.

29.	 Shi X, Wang H, Xie X, Xue Q, Zhang J, Kang S, Wang C, Liang J, Chen Y. 
Bioinspired Ultrasensitive and Stretchable MXene-Based strain Sensor 
via Nacre-Mimetic Microscale “Brick-and-Mortar” Architecture. ACS Nano. 
2019;13:649–59.

30.	 Zhang Y, Tian J, Zhong J, Shi X. Thin nacre-biomimetic coating with Super-
Anticorrosion Performance. ACS Nano. 2018;12:10189–200.

31.	 Eckert A, Rudolph T, Guo J, Mang T, Walther A. Exceptionally ductile and 
tough biomimetic Artificial Nacre with gas barrier function. Adv Mater. 
2018;30:e1802477.

32.	 Li T, Ma B, Xue J, Zhai D, Zhao P, Chang J, Wu C. Bioinspired Biomaterials with 
a Brick-and-Mortar microstructure combining mechanical and biological 
performance. Adv Healthc Mater. 2020;9:e1901211.

33.	 Cartwright JHE, Checa AG, Sainz-Diaz CI. Nacre is a Liquid-Crystal Thermom-
eter of the Oceans. ACS Nano. 2020;14:9277–81.

34.	 Wang J, Cheng Q, Tang Z. Layered nanocomposites inspired by the structure 
and mechanical properties of nacre. Chem Soc Rev. 2012;41:1111–29.

35.	 Kim HD, Amirthalingam S, Kim SL, Lee SS, Rangasamy J, Hwang NS. Biomi-
metic materials and fabrication approaches for bone tissue Engineering. Adv 
Healthc Mater 2017, 6.

36.	 Lopes D, Martins-Cruz C, Oliveira MB, Mano JF. Bone physiology as inspiration 
for tissue regenerative therapies. Biomaterials. 2018;185:240–75.

37.	 Muxika A, Etxabide A, Uranga J, Guerrero P, de la Caba K. Chitosan as a bioac-
tive polymer: Processing, properties and applications. Int J Biol Macromol. 
2017;105:1358–68.

38.	 Cui ZK, Kim S, Baljon JJ, Wu BM, Aghaloo T, Lee M. Microporous methacry-
lated glycol chitosan-montmorillonite nanocomposite hydrogel for bone 
tissue engineering. Nat Commun. 2019;10:3523.

39.	 Zhang M, Wan T, Fan P, Shi K, Chen X, Yang H, Liu X, Xu W, Zhou Y. Photopoly-
merizable chitosan hydrogels with improved strength and 3D printability. Int 
J Biol Macromol. 2021;193:109–16.

40.	 Zhang CJ, Hu M, Ke QF, Guo CX, Guo YJ, Guo YP. Nacre-inspired hydroxyapa-
tite/chitosan layered composites effectively remove lead ions in continuous-
flow wastewater. J Hazard Mater. 2020;386:121999.

41.	 Banerjee S, Bagchi B, Bhandary S, Kool A, Hoque NA, Biswas P, Pal K, Thakur 
P, Das K, Karmakar P, Das S. Antimicrobial and biocompatible fluorescent 
hydroxyapatite-chitosan nanocomposite films for biomedical applications. 
Colloids Surf B Biointerfaces. 2018;171:300–7.

42.	 Zafeiris K, Brasinika D, Karatza A, Koumoulos E, Karoussis IK, Kyriakidou K, 
Charitidis CA. Additive manufacturing of hydroxyapatite-chitosan-genipin 
composite scaffolds for bone tissue engineering applications. Mater Sci Eng 
C Mater Biol Appl. 2021;119:111639.

43.	 Wang Q, Tang Y, Ke Q, Yin W, Zhang C, Guo Y, Guan J. Magnetic lanthanum-
doped hydroxyapatite/chitosan scaffolds with endogenous stem cell-
recruiting and immunomodulatory properties for bone regeneration. J Mater 
Chem B. 2020;8:5280–92.

44.	 Zhou D, Qi C, Chen YX, Zhu YJ, Sun TW, Chen F, Zhang CQ. Comparative study 
of porous hydroxyapatite/chitosan and whitlockite/chitosan scaffolds for 
bone regeneration in calvarial defects. Int J Nanomedicine. 2017;12:2673–87.

45.	 Yan J, Herzog JW, Tsang K, Brennan CA, Bower MA, Garrett WS, Sartor BR, 
Aliprantis AO, Charles JF. Gut microbiota induce IGF-1 and promote bone 
formation and growth. Proc Natl Acad Sci U S A. 2016;113:E7554–63.

46.	 Tang Y, Hu M, Xu Y, Chen F, Chen S, Chen M, Qi Y, Shen M, Wang C, Lu Y, et al. 
Megakaryocytes promote bone formation through coupling osteogenesis 
with angiogenesis by secreting TGF-beta1. Theranostics. 2020;10:2229–42.

47.	 Bonewald LF, Mundy GR. Role of transforming growth factor-beta in bone 
remodeling. Clin Orthop Relat Res 1990:261–76.

48.	 Zaichick S, Zaichick V, Karandashev V, Nosenko S. Accumulation of rare earth 
elements in human bone within the lifespan. Metallomics. 2011;3:186–94.

49.	 Fang X, Song H. Synthesis of cerium oxide nanoparticles loaded on chitosan 
for enhanced auto-catalytic regenerative ability and biocompatibility for the 
spinal cord injury repair. J Photochem Photobiol B. 2019;191:83–7.

50.	 Marino A, Tonda-Turo C, De Pasquale D, Ruini F, Genchi G, Nitti S, Cappello V, 
Gemmi M, Mattoli V, Ciardelli G, Ciofani G. Gelatin/nanoceria nanocomposite 
fibers as antioxidant scaffolds for neuronal regeneration. Biochim Biophys 
Acta Gen Subj. 2017;1861:386–95.

51.	 Zhao P-P, Hu H-R, Liu J-Y, Ke Q-F, Peng X-Y, Ding H, Guo Y-P. Gadolinium phos-
phate/chitosan scaffolds promote new bone regeneration via Smad/Runx2 
pathway. Chem Eng J. 2019;359:1120–9.

52.	 Lu B, Zhu DY, Yin JH, Xu H, Zhang CQ, Ke QF, Gao YS, Guo YP. Incorporation 
of cerium oxide in hollow mesoporous bioglass scaffolds for enhanced 
bone regeneration by activating the ERK signaling pathway. Biofabrication. 
2019;11:025012.

53.	 Li J, Kang F, Gong X, Bai Y, Dai J, Zhao C, Dou C, Cao Z, Liang M, Dong R, et al. 
Ceria nanoparticles enhance endochondral ossification-based critical-sized 
bone defect regeneration by promoting the hypertrophic differentiation of 
BMSCs via DHX15 activation. FASEB J. 2019;33:6378–89.

54.	 Kim J, Kim HY, Song SY, Go SH, Sohn HS, Baik S, Soh M, Kim K, Kim D, Kim HC, 
et al. Synergistic oxygen generation and reactive oxygen species scaveng-
ing by Manganese Ferrite/Ceria co-decorated nanoparticles for rheumatoid 
arthritis treatment. ACS Nano. 2019;13:3206–17.

55.	 Zeng F, Wu Y, Li X, Ge X, Guo Q, Lou X, Cao Z, Hu B, Long NJ, Mao Y, Li C. 
Custom-made Ceria Nanoparticles show a neuroprotective effect by modu-
lating phenotypic polarization of the Microglia. Angew Chem Int Ed Engl. 
2018;57:5808–12.

56.	 Celardo I, Pedersen JZ, Traversa E, Ghibelli L. Pharmacological potential of 
cerium oxide nanoparticles. Nanoscale. 2011;3:1411–20.

57.	 Yuan K, Mei J, Shao D, Zhou F, Qiao H, Liang Y, Li K, Tang T. Cerium Oxide 
Nanoparticles regulate osteoclast differentiation bidirectionally by modulat-
ing the Cellular production of reactive oxygen species. Int J Nanomedicine. 
2020;15:6355–72.

58.	 Turk S, Altinsoy I, Celebi Efe G, Ipek M, Ozacar M, Bindal C. 3D porous col-
lagen/functionalized multiwalled carbon nanotube/chitosan/hydroxyapatite 
composite scaffolds for bone tissue engineering. Mater Sci Eng C Mater Biol 
Appl. 2018;92:757–68.

59.	 Li M, Wang Y, Liu Q, Li Q, Cheng Y, Zheng Y, Xi T, Wei S. In situ synthesis and 
biocompatibility of nano hydroxyapatite on pristine and chitosan functional-
ized graphene oxide. J Mater Chem B. 2013;1:475–84.

60.	 Divband B, Aghazadeh M, Al-Qaim ZH, Samiei M, Hussein FH, Shaabani A, 
Shahi S, Sedghi R. Bioactive chitosan biguanidine-based injectable hydrogels 
as a novel BMP-2 and VEGF carrier for osteogenesis of dental pulp stem cells. 
Carbohydr Polym. 2021;273:118589.

61.	 Ahmadi P, Nazeri N, Derakhshan MA, Ghanbari H. Preparation and character-
ization of polyurethane/chitosan/CNT nanofibrous scaffold for cardiac tissue 
engineering. Int J Biol Macromol. 2021;180:590–8.

62.	 Brossier T, Volpi G, Vasquez-Villegas J, Petitjean N, Guillaume O, Lapinte V, 
Blanquer S. Photoprintable gelatin-graft-Poly(trimethylene carbonate) by 
stereolithography for tissue Engineering Applications. Biomacromolecules. 
2021;22:3873–83.

63.	 Hirst SM, Karakoti AS, Tyler RD, Sriranganathan N, Seal S, Reilly CM. 
Anti-inflammatory properties of cerium oxide nanoparticles. Small. 
2009;5:2848–56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Nacre-mimetic cerium-doped nano-hydroxyapatite/chitosan layered composite scaffolds regulate bone regeneration via OPG/RANKL signaling pathway
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Preparation of CeHA/CS layered scaffolds
	﻿Characterization
	﻿Ion release testing of CeHA/CS layered scaffolds
	﻿Cell viability and adhesion
	﻿Osteogenic capacity in vitro
	﻿Inhibition of osteoclast differentiation in vitro
	﻿Animal experiments
	﻿Statistical analyses

	﻿Results
	﻿Morphology of CeHA/CS layered scaffolds
	﻿Compression properties, ion release and TG analysis of CeHA/CS layered scaffolds
	﻿Cytotoxicity and adhesion of CeHA/CS scaffolds
	﻿Osteogenic promotion of CeHA/CS scaffolds in vitro
	﻿BMM differentiation inhibition of CeHA/CS scaffolds in vitro
	﻿In vivo rat calvarial defect models

	﻿Discussion
	﻿Conclusion
	﻿References


