
Journal of Orthopaedic Translation 32 (2022) 103–111
Contents lists available at ScienceDirect

Journal of Orthopaedic Translation

journal homepage: www.journals.elsevier.com/journal-of-orthopaedic-translation
Favorable osteogenic activity of iron doped in silicocarnotite bioceramic: In
vitro and in vivo Studies

Jingwei Zhang a,1, Fanyan Deng c,1, Xiaoliang Liu a,1, Yuwei Ge d, Yiming Zeng a, Zanjing Zhai a,
Congqin Ning b,**, Huiwu Li a,*

a Shanghai Key Laboratory of Orthopaedic Implants, Department of Orthopaedic Surgery, Shanghai Ninth People's Hospital, Shanghai Jiaotong University School of
Medicine, 639# Zhizaoju Road, Shanghai, 200011, PR China
b The Education Ministry Key Lab of Resource Chemistry and Shanghai Key Laboratory of Rare Earth Functional Materials, Shanghai Normal University, 100# Guilin
Road, Shanghai, 200234, China
c State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Institute of Ceramics, Chinese Academy of Sciences, 1295# Dingxi Road, Shanghai,
200050, China
d Department of Orthopedic Surgery, Shanghai Jiao Tong University Affiliated Sixth People's Hospital, 600# Yishan Road, Shanghai, 200233, China
A R T I C L E I N F O

Keywords:
Bioceramic
Bone formation
Iron
Osteogenic activity
Silicocarnotite
* Corresponding author.
** Corresponding author.

E-mail addresses: zjw_ys@163.com (J. Zhang), de
com (Y. Zeng), zanjing_zhai@163.com (Z. Zhai), cq
1 Both authors equally contributed to this work.

https://doi.org/10.1016/j.jot.2021.12.002
Received 15 August 2021; Received in revised form

2214-031X/© 2021 Published by Elsevier (Singapor
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A B S T R A C T

Background: Calcium phosphate silicate (Ca5(PO4)2SiO4 or CPS) is a promising bioceramic for bone grafting. Iron
(Fe) is a trace element in the human body that has been reported to enhance the mechanical strength of CPS
ceramics. However, the exact biofunctions of Fe, combined with another human trace element, viz. silicon (Si), in
CPS and the optimal dose for Fe addition must be further investigated.
Methods: In vitro: the morphology, structure and cell adhesion were observed by SEM; the ability to promote
osteogenic differentiation and mineralization was explored by ALP and alizarin red staining; the expression of
osteogenic-specific genes and proteins was detected by PCR, WB and immunofluorescence. In vivo: Further
exploration of bone regeneration capacity by establishing a skull defect model.
Results: In vitro, we observed increased content of adhesion-related proteins and osteogenic-related genes
expression of Fe-CPS compared with CPS, as demonstrated by immunofluorescence and polymerase chain reaction
experiments, respectively. In vivo micro-computed tomography images, histomorphology, and undecalcified bone
slicing also showed improved osteogenic ability of Fe-CPS bioceramics.
Conclusion: With the addition of Fe2O3, the new bone formation rate of the Fe-CPS scaffold after 12 weeks
increased from 9.42% to 43.76%. Moreover, both in vitro and in vivo experimental outcomes indicated that Fe
addition improved the CPS bioceramics in terms of their osteogenic ability by promoting the expression of
osteogenic-related genes. Fe-CPS bioceramics can be employed as a novel material for bone tissue engineering on
account of their outstanding new bone formation ability.
The translational potential of this article: This study suggests that Fe-CPS bioceramics can be employed as a novel
material for bone tissue engineering on account of their outstanding new bone formation ability,which provides
promising therapeutic implants and strategies for the treatment of large segmental bone defects.
1. Introduction

Bone defects arising from tumors, infections, trauma, and other bone
diseases constitute one of the most difficult problems in orthopaedics
[1–3] and can interfere with process of the formation of new bones.
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Improving new bone formation in patients with bone defects is therefore
one of the major challenges faced by orthopedic surgeons. In response, a
large variety of bone grafts, for instance, allografts, autografts and xe-
nografts, have been proposed, that can substantially increase bone for-
mation and improve clinical outcomes [4]. However, these bone grafts
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have certain disadvantages, such as donor-site morbidity, difficulty in
obtaining autografts, and disease spread and rejection in allografts and
xenografts [5–9]. Tissue engineering is a novel method for overcoming
the limitations associated with bone grafts and for improving the healing
process in bone defects, with artificial bone repair biomaterials currently
receiving increasing attention [8].

Calcium phosphate silicate (Ca5(PO4)2SiO4, CPS) is a novel bio-
ceramic [10] that has been widely recognized as a promising bone graft
biomaterial, given its good cytocompatibility and potentially good oste-
ogenic activity, as revealed by in vitro experiments [10,11]. Owing to the
presence of Si, which has a positive influence on bone formation [12,13],
CPS shows better apatite formation ability and bone formation ability
than calcium phosphate bioceramics. However, the mechanical proper-
ties and osteoinductivity of CPS bioceramics, along with cytocompati-
bility and osteoconductivity, which are critical properties of artificial
bone repair materials [14,15], need to be improved further. Previously
employed biomaterials, such as hydroxyapatite, tricalcium phosphate
(TCP), and calcium phosphate cement, have proven to have sufficient
biocompatibility and acceptable osteoconductivity, but lack osteoin-
ductivity [16–18]. Improving biomaterial osteoinductivity and bioac-
tivity is a major challenge associated with the development of artificial
bone repair biomaterials.

One solution to the above-mentioned problems is to add trace ele-
ments, such as Zn, Mg, Fe, Mn, and Sr, with several articles reporting
their use in tricalcium phosphate scaffolds and calcium phosphate
[18–22]. Iron (Fe) is one of the most abundant fundamental trace ele-
ments in humans, especially in bone tissues [23]. As one of the important
trace elements present naturally in bones, Fe plays a vital role in bone
metabolism [23,24]. Bio-iron is an indispensable constituent of enzymes
and cytochromes and regulates various physiological processes simulta-
neously [23]. It has been reported that the bone density of mice increases
with increasing Fe content in the breeding environment [25,26]; when
the intake of Fe-containing food is reduced, the bone density decreases,
and the bone fragility increases, which can easily lead to osteoporosis. It
has also been found that insufficient Fe intake affects the differentiation
and mineralization of osteoblasts, and the prerequisite for its minerali-
zation must be the synthesis of collagen fibers [25,27]. As has been
previously reported, Fe can affect collagen synthesis and vitamin D
metabolism [28], while abnormal iron concentrations can affect osteo-
blast activity and cause abnormal bone metabolism [23,29]. Therefore, it
is speculated that Fe affects bone regeneration by affecting the synthesis
of collagen fibers.

A previous study conducted by our team showed that Fe could
improve CPS ceramics in terms of their mechanical strength and preserve
the excellent capability of apatite formation simultaneously [30]. It has
recently been reported that appropriate amounts of Fe added to bio-
materials are safe and promote biomaterial bioactivity [18,31–33]. A
correlation study showed that adding Fe to TCP can promote osteoblast
proliferation and differentiation in an in vitro test [18]. Therefore, Fe is a
promising element that is expected to improve the osteoinductivity of
artificial bone repair biomaterials. However, the exact biofunction of Fe
when added to the CPS remains unclear. Another important factor gov-
erning the behavior of biomaterials is the content of Fe added, both in
vitro and in vivo. A small number of studies have also shown that excess Fe
can cause cytotoxicity [29,33]. Excessive amounts of Fe can adversely
affect the biological properties of materials [23,29,33]. Determining the
appropriate Fe content is therefore a crucial problem that must be solved
when modifying this specific ceramic. Therefore, the exact biofunction
and the appropriate content of iron ions added to CPS require further
investigation.

In this study, we studied Fe-CPS bioceramics to improve biocompat-
ibility by the formation of adhesion proteins to simultaneously promote
the ability of new bone formation by the released iron ions. This study
speculates that iron ions can be released slowly from Fe-CPS, and the
released ions enter osteoblasts to promote the formation of adhesion
proteins and osteoblast differentiation. Thus, the increased adhesion of
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osteoblasts to the Fe-CPS surface and promoted osteoblast differentiation
resulted in enhanced bone regeneration.

2. Methods

2.1. Preparing the Fe-CPS scaffolds

To prepare the Fe-CPS bioceramics, the sol–gel method was used to
fabricate the CPS powders, and the specific process was described in
another article [30]. Briefly, tetraethyl orthosilicate (TEOS; Si(OC2H5)4,
AR, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), triethyl
phosphate (TEP; OP(C2H5O)3, CP, Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China), and Ca(NO3)2⋅4H2O (AR, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) were hydrolyzed in a solution of
deionized water and ethanol (VWater:VEtOH ¼ 3:1) in sequence, and 2 N
HNO3 was used as the catalyst. After aging and drying, the obtained
powders were calcined for 6 h at 1350 �C to achieve CPS. Fe2O3 (AR,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was employed
as an additive to prepare 0, 0.5, 1, and 1.5 wt% Fe2O3-CPS solutions
(indicated as CPS, 0.5Fe-CPS, 1Fe-CPS, and 1.5Fe-CPS, respectively)
using a mechanical mixing method, and 1 wt% polyvinyl alcohol (PVA)
as a binder. To reduce the impact of different porosities on the biological
attributes of bioceramics based on Fe-CPS in vitro and in vivo, 40–65 wt%
polyethylene glycol (PEG) particles of size 150–300 μm was added as
pore formers to produce porous Fe-CPS bioceramics, and the porosity of
all scaffolds was ~65%, as estimated by the Archimedes method. All the
Fe-CPS scaffolds were heated for 2 h at 500 �C, with a heating rate of 2
�C/min to exhaust the PEG and later sintered for 2 h at 1300 �C at a
heating rate of 5 �C/min.

2.2. Characterizing the Fe-CPS scaffolds

The composition of the Fe-CPS bioceramics was investigated through
X-ray diffraction (XRD, D/MAX-RBX, Rigaku, Japan) analysis in the 2θ
range of 10�–60� employing a step size of 5�/min. To observe the
morphology of the Fe-CPS porous scaffolds, we employed a tungsten
filament scanning electron microscope (SEM, S–3400 N Type I, HITACHI,
Japan).

2.3. Extract preparation of Fe-CPS bioceramics

To investigate the element concentration of the Fe-CPS bioceramics,
we immersed all the samples in 5.0 mL basic minimum essential medium
alpha (MEM-α; Gibco, Invitrogen, Inc.). The medium (1.0 mL) was
extracted and the same volume of MEM-α was added at a specified time
point. The ISO 10993-5 standard was followed while prepare the ex-
tracts. The mass-to-extraction-medium ratio was 0.2 g/mL, and the
immersed samples were kept at 37 �C for 24 h in a moisturized ambient
with 5% CO2. We determined the calcium, phosphorus, Si, and Fe con-
centrations using inductively coupled plasma atomic emission spectros-
copy (Vista AXE, Varian, Palo Alto, CA).

2.4. Cell culture and viability

The Shanghai Institutes for Biological Science, Chinese Academy of
Science (Shanghai, China) provided cells from the osteoblastic cell line
MC3T3-E1. Shanghai Rochen Biotechnology Co(Shanghai, China) pro-
vided human bone marrow mesenchymal stem cells (hBMSCs). An ani-
mal hospital affiliated with Shanghai Jiao Tong University signed the
approval document. The hBMSCs were grown in a medium comprising
1% penicillin/streptomycin and 10% foetal calf serum in 5% CO2 at 37
�C. For cell viability assays, we planted 1 � 104 MC3T3-E1 cells in the
plates containing 96 wells and incubated them for 24 h. As a cultivation
milieu, we used CPS or Fe-CPS bioceramic extract. After culturing for 1,
2, and 3 days in the extracted CPS or Fe-CPS bioceramic solutions,
cytotoxicity was assessed employing the Cell Counting Kit-8 (CCK-8,
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Dojindo, Kumamoto, Japan).

2.5. Alkaline phosphatase activity and alizarin staining

hBMSCs were seeded in the plates containing 24 wells for 24 h.
Extraction of the CPS or Fe-CPS bioceramic was used as the culture
medium. Following the cultivation for 7 days, the hBMSCs were fixed
with 4% paraformaldehyde, rinsed twice with phosphate-buffered saline,
and then stained with an alkaline phosphatase (ALP) kit or alizarin
(Hongqiao, Shanghai, China). Subsequently, we detected hBMSCs using
optical microscopy.

2.6. Quantitative polymerase chain reaction for ALP, osteopontin, and
runt-related transcription factor 2

We seeded and cultured 4 � 106 MC3T3-E1 cells/well in 24-well
plates using the extracted CPS and Fe-CPS bioceramic solutions. After
culturing the plates for 5 days, total RNA was collected employing the
RNeasy Mini kit (Qiagen, Valencia, CA, USA), which was then synthe-
sized into cDNA through reverse transcriptase (TaKaRa). We employed
SYBR1 Premix ExTaqTM II (TaKaRa) and an ABI 7500 Sequencing
Detection System (Applied Biosystems, Foster City, CA, USA) in real-time
polymerase chain reaction (RT-PCR). The PCR primers were designed as
given below:

Runx2 forward 50-GACTGTGGTTACCGTCATGGC-3'.
and reverse 50-ACTTGGTTTTTCATAACAGCGGA-3'.
ALP forward 50-AGAAGTTCGCTATCTGCCTTGCCT-3'.
and reverse 50-TGGCCAAAGGGCAATAACTAGGGA -3'.
OPN forward 50-ACCCAGATCCTATAGCCACATG-3'.
and reverse 50-TGGAATTGCTTGGAAGAGTTTC-3'.

2.7. Cell adhesion

For the immunofluorescence of the adhesion-related proteins, Rho-
protein, vinculin, and myosin, hBMSCs were seeded into the plates
containing 24 wells (1 � 104 cells/well) and co-cultured them with CPS
or Fe-CPS bioceramics for 12 h. The cells were fixed with 2.5% glutar-
aldehyde for 20 min, dehydrated with a concentration gradient of 75, 85,
95, and 100% ethanol, and then dried. We observed the results using a
SEM (Sirion 200, FEI, Hillsboro, OR).

2.8. Micro-computed tomography analysis

Female Sprague–Dawley rats (200–250 g, 6/group) were obtained
from the Shanghai Ninth People's Hospital Animal Center Research
Committee of Shanghai Ninth People's Hospital (Shanghai, China).
Approval documents for all the animal processes were signed by the
animal hospital affiliated with Shanghai Jiao Tong University. The sur-
gical plan was as follows. Twenty female rats (200–250 g) were used as
animal models. A skull defect model of bilateral critical size was imple-
mented to assess bone regeneration. The height and diameter of the bone
defect were 2 mm and 5 mm, accordingly. After the rat was anesthetized,
the hair of the skull was removed, the skin was cut, and the fascia was
removed. The scaffolds (n ¼ 10) were filled in the defect sites, and the
scalps were sutured.

Twelve weeks following the surgery, the rats were euthanized by
dislocation after an intraperitoneal injection of sodium pentobarbital.
After soaking in the solution of 4% phosphate-buffered formalin, the
samples were discerned employing a micro-CT system (mCT-80, Scanco
Medical AG, Switzerland) with a current of 88 μA, voltage of 90 kV, and
voxel size of 28 μm. Finally, the 3D image was reconstructed based on CT
images.

2.9. Histological analysis

We performed fluorescent double-labeling of the new bone formation
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with calcein (30 mg/kg, Sigma–Aldrich) and alizarin red (30 mg/kg,
Sigma–Aldrich), which were injected 21 and 3 days before the samples
were harvested, accordingly. Cranium samples containing CPS or Fe-CPS
bioceramic materials were harvested and soaked in 4% para-
formaldehyde for 7 days. We performed fluorescent labeling (alizarin
red, 543/580–670 nm; calcein, 488/500–550 nm) observation with a
confocal laser scanning microscope (Leica, Heidelberg, Germany) after
the undecalcified specimens were inserted in polymethyl methacrylate
and sliced into 150-mm-thick sections employing a microtome (Leica,
Hamburg, Germany). The mineralization rate was simultaneously
quantified. Other specimens were decalcified in 10% ethyl-
enediaminetetraacetic acid for 30 days and subsequently inserted in
paraffin. After being sliced to a thickness of 5 μm, the sections were
mounted on polylysine-coated microscope slides. The sections were then
stained with hematoxylin and eosin (H&E) or Masson's trichrome.
Finally, we performed morphological analysis using optical microscopy.

2.10. Immunohistochemistry for bone morphogenetic protein 2,
osteoprotegerin, and type 1 collagen protein

We obtained monoclonal antibodies against bone morphogenetic
protein-2 (BMP-2), osteoprotegerin (OPG), and human type I collagen
(COL1) from Sigma–Aldrich (Castle Hill, NSW, Australia). The samples
were blocked with 0.1% bovine serum albumin using 10% swine serum
and allowed to incubate at 4 �C overnight with primary antibodies for
BMP-2, OPG, and COL1, which were diluted to 1:200. Finally, we per-
formed morphological analysis by optical microscopy.

3. Results

3.1. Morphology and structure of Fe-CPS

Fig. 1 shows the fracture morphology of porous Fe-CPS scaffolds. The
achievements illustrated that with the addition of PEG, most of the pores
formed were larger than 150 μm, which favors cell migration, bone
formation, and vascularization [34].

3.2. Phase composition and release of Fe-CPS bioceramics

The patterns of XRD for the Fe-CPS bioceramics (Fig. 2) show that all
the diffraction peaks of Fe-CPS bioceramics referred to CPS (PDF#
40–0393), and no evident ferric oxide phase was detected owing to the
restriction of XRD detection with the increase in ferric oxide content. Fe-
CPS bioceramics were investigated thoroughly for determining their
phase composition in our previous work [30], and the results showed
that the calcium silicate phase appeared with the addition of ferric oxide.
Table 1 shows the calcium, phosphate, silicon, and iron concentrations of
MEM-α after immersion. After the immersion of the Fe-CPS bioceramics,
the calcium, phosphate, silicon, and iron concentrations in MEM-α
changed clearly. With the addition of ferric oxide, the calcium and silicon
concentrations in MEM-α decreased, indicating that ferric oxide could
inhibit the release of calcium and silicon. With the increase in ferric oxide
content, however, there were no significant trends in calcium, phosphate,
silicon, and iron concentrations. Moreover, MEM-α immersed in the
1.0Fe-CPS bioceramic solution showed the maximum Fe concentration.

3.3. Cytotoxicity of Fe-CPS bioceramics

We observed the cytotoxicity of the Fe-CPS bioceramic using CCK-8
and SEM images of hBMSC adhesion on the surface. The results of the
CCK-8 test demonstrated no significant difference between CPS and each
group of Fe-CPS bioceramics, as demonstrated in Fig. 3. The SEM images
of hBMSC adhesion on the surface of the CPS and each group of Fe-CPS
bioceramics also showed that the cells were spread widely on each ma-
terial and that the morphologies of the cells were similar, as shown in
Fig. 4.



Figure 1. Fracture morphologies of the porous CPS and 0.5, 1.0, 1.5 Fe-CPS scaffolds, respectively.

Figure 2. XRD patterns of the Fe-CPS bioceramics.

Table 1
Ion concentrations of the culture medium after immersed with Fe-CPS bioceramics for
24 h.

Name Ca(μg/mL) P(μg/mL) Si(μg/mL) Fe(μg/mL)

MEM-α 66.27 31.06 4.19
0Fe-CPS 99.36 22.42 43.49
0.5Fe-CPS 92.10 22.81 38.20 0.013
1.0Fe-CPS 94.14 31.48 26.61 0.063
1.5Fe-CPS 94.32 27.60 32.23 0.033

Figure 3. Results of the CCK-8 test for Fe-CPS bioceramics with different
iron addition.

J. Zhang et al. Journal of Orthopaedic Translation 32 (2022) 103–111

106
3.4. Immunofluorescence of adhesion-related proteins on Fe-CPS
bioceramics in vitro

To investigate the expression of adhesion-related proteins in the early
stage of cell adhesion after culturing on Fe-CPS bioceramics, immuno-
fluorescence staining of the adhesion-related proteins, including rho-
protein, vinculin, and myosin, was performed. The extract of the scaf-
fold materials (CPS, 0.5Fe-CPS, 1.0Fe-CPS, and 1.5Fe-CPS) was used to
culture 3T3-E1 cells for 24 h. The cells of each group were rinsed three
times with PBS for 10 min each time. Next, the cells were fixed with 4%
paraformaldehyde for 10 min. PBS was used to wash the cells thrice
following which they were allowed to incubate with the primary anti-
body at 4 �C overnight. Finally, each group was incubated with a fluo-
rescent secondary antibody for 2 h. An LSM5 confocal microscope (Carl
Zeiss AG) was employed for observing the fluorescence intensity. The
results showed that the fluorescence intensity of the cells co-cultured
with Fe-CPS was substantially superior to that of the pure CPS group,
indicating that Fe-CPS bioceramics could promote the adhesion of
hBMSCs. The 1.0Fe-CPS group once again showed the most obvious
result, as shown in Fig. 5.
3.5. Osteogenic potential of Fe-CPS bioceramics in vitro

The effect of Fe-CPS bioceramics on osteogenesis in vitro by ALP and
alizarin staining and PCR for the ALP, OPN, and RUNX2 genes. After
culturing for 7 days, ALP staining results showed that all groups pre-
sented good ALP activity and the ALP activity of Fe-CPS bioceramics was
substantially superior to that of pure CPS, especially for the 1.0Fe-CPS
group, as shown in Fig. 6A. The results of Alizarin staining demon-
strated that the number of mineralization nodules on the surface of each
Fe-CPS group was greater than that of the CPS. Once again, the 1.0Fe-CPS
group showed themaximum number of mineralization nodules, as shown
in Fig. 6B. We further evaluated the positive effect of Fe-CPS bioceramic
on osteogenesis by RT-PCR for ALP, OPN, and RUNX2, which represent
osteoblast differentiation. The outcome revealed that the extent of
expression of these genes were significantly different among the CPS and
Fe-CPS groups, and the expression level for the 1.0Fe-CPS group was
almost 1.5 times higher in comparison to that of the other two Fe-CPS
groups, as shown in Fig. 7.
3.6. Osteogenic activity of Fe-CPS bioceramics in vivo

We investigated the new bone formation capability of Fe-CPS bio-
ceramics in vivo using the micro-CT test, fluorescent double-labeling of
alizarin red and calcein, HE, and Masson staining. We also investigated
the effect of Fe-CPS bioceramics on osteogenesis through immunohisto-
chemical analysis of BMP-2, OPG, and COL1, which represented osteo-
blast differentiation.

The 3D model reconstruction based on micro-CT images manifested a
clear increase in new bone formation around the bioceramics in the
1.0Fe-CPS group at 12 weeks, as shown in Fig. 8A. Quantitative analysis
revealed that the bone volume/total volume ratio of the Fe-CPS groups
was 3–5 times greater than that of the CPS group, and the ratio for the
1.0Fe-CPS group was considerably higher in comparison to that of the



Figure 4. SEM images of hBMSC adhesion on the surface of CPS and each group of Fe-CPS showed that the cells spread well on each material and the cell mor-
phologies were similar.

Figure 5. Results of immunofluorescence of the adhesion-related proteins Rho-protein, vinculin, and myosin. These proteins combined with certain antibodies
showed red under laser scanning confocal microscope.
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other two Fe-CPS groups. The bone mineral density of the 0.5Fe-CPS and
1.5Fe-CPS groups was superior to that of the CPS group, but the
discrepancy was not statistically meaningful. However, the bone mineral
density of the 1.0Fe-CPS group was substantially superior to that of the
other groups, as shown in Fig. 8C. These results revealed that the volume
of new bone formed in 1.0Fe-CPS mice was obviously faster than in other
groups, and Fe at certain concentrations in this group may have an
evident effect on new bone formation ability increasing to CPS.

The results of the fluorescent double-labeling were similar to those of
micro-CT. The fluorescent double-labeling images showed improved new
bone formation for Fe-CPS; however, the quantitative analysis showed
that the CPS group and the 0.5Fe-CPS and 1.5Fe-CPS groups were not
significantly different. In addition, the mineralization rate for the 1.0Fe-
CPS group was considerably higher in comparison to that of the other
groups. The mineralization rate for the 1.0Fe-CPS group was greater than
2.5 times greater than that of the CPS group, as shown in Fig. 8 B/C. The
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new bone morphology observed by HE and Masson staining demon-
strated improved new bone formation in the surrounding area of the Fe-
CPS bioceramics and in the materials, with the most obvious improve-
ment in the 1.0Fe-CPS group, as shown in Fig. 9. Compared with the
immunohistochemical analysis, both the images and the quantitative
analysis showed significantly higher expression of osteoblast differenti-
ation associated with BMP-2, OPG, and COL1, which were similar to
previous results. The most notable difference was again seen in the 1.0Fe-
CPS group, as shown in Fig. 10.

4. Discussion

Previous studies have shown that Fe is critical for bone metabolism
and that the lack of Fe can affect bone formation. Fe can affect collagen
synthesis, vitamin D metabolism, and maturation, which are critical for
bone formation [28]. Medeiros et al. observed significant reductions in



Figure 6. ALP and alizarin staining results showed higher ALP activity and larger numbers of mineralization nodules on the surface of each Fe-CPS group, especially
for the 1.0Fe-CPS group.

Figure 7. PCR results for the ALP, OPN, and RUNX2 genes expression showed higher expression level in Fe-CPS groups and highest in 1.0Fe-CPS (* and** represent
different significance of P < 0.05, 0.01,0.001, respectively）.
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bone density and reduced cortical bone area in rats with dietary iron
deficiency [35]. Recent studies have also reported that appropriate
amounts of Fe added to biomaterials are safe and clearly promote
biomaterial bioactivity [18,31–33]. Fe is therefore a promising element
that is expected to improve the osteoinductivity of artificial bone repair
biomaterials. Therefore, we added Fe in the form of Fe2O3 to CPS and
investigated the osteogenic activity and new bone formation ability of
Fe-CPS bioceramics. In addition, we analyzed the amount of Fe2O3 added
to CPS.

The cytotoxicity test of Fe in the Fe-CPS bioceramic showed no
considerable difference between the Fe-CPS and CPS groups in the CCK-8
result. The SEM images showed good hBMSC adhesion and spread on the
surface of the Fe-CPS ceramics. We can therefore conclude that CPS with
0.5%, 1.0%, or 1.5% Fe2O3 has sufficient biocompatibility, which is in
line with previous reports. Vahabzadeh et al. reported adding Fe2O3 to
β-tricalcium phosphate and showed that up to 1.0 wt% Fe2O3 in β-tri-
calcium phosphate had good biocompatibility [18]. Gupta et al. detected
cell responses to iron-containing materials, with results showing good
biocompatibility [36]. Zhang et al. reported that Fe toxicity depends on
the Fe3þ concentration; the authors cultured mBMSCs using 1/1, 1/4,
1/16, 1/64, 1/128, and 1/256 iron extracts and the same series of
pc-extract. They observed a slight cytotoxic effect on mBMSCs at higher
Fe3þ concentrations in the 1/1 and 1/4 iron-extract and pc-extract groups
in the proliferation test and images of the live/dead assay. The authors
documented that Fe3þ enhanced the proliferation of mBMSCs on day 7,
in cases when the Fe3þ concentrations were low. In the lower concen-
tration groups, the live/dead assay revealed good mBMSC viability [33].
This indicated that excess Fe could cause side effects on mBMSCs, and the
iron content in our Fe-CPS ceramics was under the safe line.

In our study, the addition of Fe2O3 to CPS promoted the osteogenic
activity of the ceramics in vitro. The ALP staining results showed that the
ALP activity of the Fe-CPS bioceramics was notably high in comparison to
that of the CPS, especially for the 1.0Fe-CPS group. The expression of
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osteogenic differentiation-related genes was observed to be considerably
different between the CPS and Fe-CPS groups as demonstrated by the
results of RT-PCR. The 1.0Fe-CPS group exhibited an evidently higher
degree of expression than that of the other two Fe-CPS groups. This
indicated that Fe could promote osteoblast differentiation by upregu-
lating osteogenic markers, such as ALP, OPN, and RUNX2. Alizarin
staining results showed more mineralization nodules on the surface of
each Fe-CPS group, revealing that mineralization of the osteoblasts’
extracellular matrix was also increased by adding Fe to CPS.

It has previously been reported that the bioactivity effects were
associated with the amount of Fe2O3 added to CPS, and within limits,
larger quantities of Fe showed greater promoting effects. However, when
a certain limit is reached, excess Fe has the opposite effect on osteoblast
differentiation compared to a more suitable amount of Fe [33]. Inter-
estingly, the inductively coupled plasma test in our study showed greater
Fe ion release in the 1.0Fe-CPS group, an unexpected result given that we
expected greater Fe ion release by the 1.5Fe-CPS group. The reason for
this finding remains unclear. The test was repeated three times, and each
time the result showed that the inflection point of Fe release occurred in
the 1.0Fe-CPS group. This result agreed with the results of the bio-
ceramics’ in vitro inductivity test. A possible explanation could be that
our Fe ion concentration was in the safe range and that appropriate
amounts of Fe ions can have a positive effect on osteoblast differentiation
and prevent the adverse effects of Fe deficiency. Vahabzadeh et al.
showed that Fe added to TCP can promote in vitro osteoblast cellular
interactions in TCP ceramics [18]. Zhang et al. also reported that Fe
improves the osteoinductivity of calcium phosphate cement [33]. As
previously mentioned, Fe deficiency can have negative effects on bone
formation [35]. Katsumata et al. reported that a lack of dietary Fe can
lead to significantly reduced bone formation rates and osteoclast surfaces
in the lumbar vertebrae [27]. Another study by same researchers shows
that in the dietary Fe deficiency group, serum osteocalcin concentrations,
bone mineral density, bone mineral content, and femur mechanical



Figure 8. Micro-CT results of the in vivo samples. A. The 3D model reconstruction based on micro-CT images demonstrated a clear increase in new bone formation
around the bioceramics in the 1.0Fe-CPS group. B & C. The mineralization rate for the 1.0Fe-CPS group was considerably greater in comparison to that of other groups.
C. The bone mineral density of the 1.0Fe-CPS group was considerably greater than that of the other groups. D. New bone volume/tissue volume (BV/TV), E. Local bone
mineral density (BMD) analysis and F. Mineralization rate (* and** represent different significance of P < 0.05, 0.01,0.001, respectively）.
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strength were all considerably lower. Fe deficiency can also cause new
bone development to be disrupted, as suggested by Katsumata et al. [26].

The immunofluorescence images of the adhesion-related proteins,
Rho-protein, vinculin, and myosin showed that the fluorescence intensity
of the cells co-cultured with Fe-CPS was substantially higher than that of
CPS. The 1.0Fe-CPS group once again showed the most obvious results.
Therefore, we assumed that the addition of Fe created a more favorable
surface for cell adhesion. Ghezzi et al. reported that the material surface
could affect the protein adsorption pattern of the material, thereby pro-
moting cell adhesion and osteoblast differentiation [37]. In their study,
the protein vinculin in cells showing better adhesion was more homo-
geneously distributed. We also found a higher immunofluorescence in-
tensity for vinculin in the Fe-CPS group. Przekora et al. and other
researchers also found that the surface properties of biomaterials could
influence protein adsorption and further affect osteoblast adhesion
[38–41]. Robust cell adhesion is necessary to promote the cell
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colonization of biomaterials and differentiation of progenitors [37],
which might be an important Fe pathway in CPS for promoting in vitro
osteoblast differentiation.

As for the in vivo test for the ceramics’ new bone formation ability, the
3D model reconstructed from micro-CT images and the morphology
observation using HE staining showed more satisfactory new bone for-
mation in the Fe-CPS groups, both in the connection area between the
ceramics and the host bone and in the ceramics. The quantitative analysis
based on the micro-CT images showed that the bone volume/total vol-
ume ratios of the Fe-CPS groups were 3–5 times higher in comparison to
that of the CPS group, and the fluorescent double-labeling images
showed the largest width between the two labels, confirming that the Fe-
CPS ceramics had superior new bone formation ability. Consistent with
the in vitro test results, the most obvious promoting effects were observed
in the 1.0Fe-CPS group. Masson staining showed that the Fe-CPS groups
had synthesized more collagen, which is rich in bone tissue, a result that



Figure 9. Outcomes of HE and Masson staining exhibited improved formation of new bones in the surrounding area of the Fe-CPS bioceramics and in the central area
of the materials, with the most obvious improvement in the 1.0Fe-CPS group.

Figure 10. Images and quantitative analyzes of immunohistochemical results showed significantly higher expression of osteoblast differentiation associated with
BMP-2 (A&D), COL1 (B&E), OPG (C&F) in Fe-CPS groups. The most significant difference was once again seen in the 1.0Fe-CPS group. （*，**，*** represent
different significance of P < 0.05, 0.01,0.001, respectively）.
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could be due to greater new bone formation, given that Fe is critically
involved in collagen production [23].

The immunohistochemical analysis, imaging, and quantitative anal-
ysis showed significantly higher expression of osteoblast differentiation
associated with BMP-2, OPG, and COL1; the 1.0Fe-CPS group showed the
most significant results, revealing that osteoblast differentiation in the
110
Fe-CPS groups was more active than in the CPS group. Therefore, we can
assume that promoting osteoblast differentiation is one of the factors that
Fe added to CPS improves new bone formation in rats.
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5. Conclusion

In this study, we looked into the effects of Fe2O3 addition on the
osteogenic activity and new bone formation ability of CPS ceramics. The
outcomes imply that the addition of Fe2O3 to CPS had no adverse effects
on the proliferation and adhesion of MC3T3-E1 cells, while it could
obviously enhance osteoblast differentiation. Moreover, Fe-CPS bio-
ceramics showed greater activated osteogenic differentiation and
enhanced new bone formation in vivo. The study also revealed that the
most suitable Fe2O3 content in CPS was 1.0 wt%.

Therefore, it can be concluded that adding Fe2O3 to CPS can not only
improve the bending strength of the ceramics but also promote osteo-
genic activity and new bone formation ability. Owing to their excellent
new bone formation abilities and good mechanical strengths, Fe-CPS
bioceramics exhibit great potential for application as materials for
bone tissue engineering.
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