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ABSTRACT: Bone defects, especially large ones, are clinically difficult to treat. The development of ¥

new bone repair materials exhibits broad application prospects in the clinical treatment of trauma. 7 =
Bioceramics are considered to be one of the most promising biomaterials owing to their good I
biocompatibility and bone conductivity. In this study, a self-curing bone repair material having a . . " 40 &~ =
controlled degradation rate was prepared by mixing calcium citrate, calcium hydrogen phosphate, and T T e

semi-hydrated calcium sulfate in varying proportions, and its properties were comprehensively
evaluated. In vitro cell experiments and RNA sequencing showed that the composite cement activated
PI3K/Akt and MAPK/Erk signaling pathways to promote osteogenesis by promoting the proliferation

and osteoblastic differentiation of mesenchymal stem cells. In a rat model with femoral condyle defects, l

the composite bone cement showed excellent bone repair effect and promoted bone regeneration. The ==

injectable properties of the composite cement further improved its practical applicability, and it can be \ =
applied in bone repair, especially in the repair of irregular bone defects, to achieve superior healing, [icne vaganaraion

1. INTRODUCTION a new bone.'””"* Therefore, the performance of inorganic

cements needs to be further improved for achieving an ideal
bone repair effect. Considering the unavoidable limitations of
single-component bone cement, composite cements formed by
combining a variety of organic and inorganic cements are being
developed as new bone repair materials. Composite materials
have good application prospects because various biological
materials can be combined according to their respective
properties to achieve the desired properties.

Calcium hydrogen phosphate (CHP) is similar in chemical
composition to human bone mineral and also has good
biocompatibility and bioactivity. However, it has a poor
mechanical performance (i.e., its compressive strength is low)
and degrades slowly. Therefore, its degradation performance
and mechanical properties should be improved for its clinical
application.'”"® Previous studies have found that organic—
inorganic components can be added to CHP to form a

composite cement, thereby improving its mechanical strength
developing appropriate bone graft substitutes is necessary. At P ! v 1mp & g

: . ; and absorption rate.'® Calcium citrate (CC), which exists in a
present, synthetic materials have become an effective treatment o)
for di 6,7 low amount (2%) in human bones, has long been used to treat
or diseases.

Icium deficiency. As a key int diat tabolite of th
Polymethyl methacrylate (PMMA) bone cement was first caciin cencieney. 1S a xey Hetmediate Merabotite o e
g T M ” tricarboxylic acid cycle, citrate plays a crucial role in regulating
used to repair bone defects, but its biocompatibility is poor, it

cannot be degraded, and it cannot achieve the growth and cell energy metabolism. In addition, previous studies have
replacement of bone tissue.”” In view of the shortcomings of
PMMA bone cement, in recent years, many inorganic cements,
such as calcium silicate, calcium sulfate, and hydroxyapatite,
have been explored to repair bone defects. Although the
mechanical strength of inorganic cements is generally lower than
that of PMMA cement, they exhibit good biocompatibility and
biodegradability and can achieve the growth and replacement of

Bones have a strong ability to regenerate and self-repair,
especially in young people, and most bone defects heal
spontaneously.” However, bones are unable to repair itself
when a pathological fracture or large, massive bone defect occurs
and requires external surgical intervention.” In China, the
number of patients with bone defects caused by trauma,
degeneration, tumors, genetic diseases, deformity, and other
reasons exceeds 6 million every year, and as many as 10 million
patients have limb function limitations due to bone defects.””
Autogenous bone transplantation is considered the gold
standard for the treatment of bone defects. The options include
the iliac bone, costal cartilage, and ear cartilage. However,
autologous bone transplantation may cause donor site defects,
resulting in donor site pain, sensory abnormalities, infection, and
other complications. Moreover, its quantity is limited; therefore,
it cannot be used to repair large bone defects.” Hence,
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Figure 1. (A) Setting time of the bone cements with different CSH contents. (B) Compressive strength of the bone cements after setting for 1, 6, 24,
and 48 h. (C) Weight loss rates of bone cements in PBS at different times. (D) PH values of bone cement in PBS at different times. (*P < 0.05, **P <

0.01, ***P < 0.001, and ****P < 0.0001, vs SO sample, n = 3).

demonstrated that citric acid can promote the regeneration of
defective bone.'””"” In maxillofacial surgery, the composite
cement of calcium hydrogen phosphate/calcium citrate has been
used in clinics.”” Compared with single calcium hydro-
phosphate, composite cement exhibits better performance
(injection and degradation performance).”"** Further, calcium
sulfate hemihydrate (CSH) is a relatively simple self-coagulation
material that has long been used to fill bone defects owing to its
good biocompatibility and capability to repair bones.””**
Calcium sulfate and calcium phosphate provide plastic surgeons
with a feasible alternative to autologous bone transplantation.
These materials imitate the mineral phase of bone and have good
biocompatibility.”>*° However, CSH is rapidly absorbed to
allow the effective growth of new bone in the bone cavity.”” It is,
therefore, logical to combine CC, CHP, and CSH at appropriate
proportions to form a composite cement to derive benefits from
each component and compensate for their individual disadvan-
tages.

In this study, we prepared composite cements with different
proportions of CC, CHP, and CSH. One of the main advantages
of preparing implants from such composite bone cements is the
possibility of modulating the absorption rate by adjusting the
CSH content. The results of this study indicate that the
proposed composite cement is a fast, self-setting organic—
inorganic bone repair material that promotes osteogenesis and
undergoes controlled degradation.

2. RESULTS

2.1. Material Characterization. 2.1.1. Solidification and
Mechanical Properties of Composite Cements. First, the
setting times of composite cements containing different
amounts of CSH were determined. The setting time of the SO
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cement (without CSH) was approximately 17.5 min. The
condensation times of S1, S2, and S3 with different proportions
of CSH were shorter than those of SO. Overall, the addition of
CSH was found to accelerate the solidification of the composite
cement (Figure 1A). The compressive strengths of the cements
were evaluated after 1, 6, 24, and 48 h following their
solidification. After 1 h of setting, the S2 and S3 composite
cements with CSH had better compressive strengths than S0. As
time progressed, the mechanical properties of the bone cement
containing CSH differed significantly from those of SO, and the
difference was considerable after 24 h. The results presented in
Figure 1B indicate that the addition of CSH can effectively
improve the compressive strength of the composite cement.

2.1.2. Weight Loss and pH Value. The weight losses of the
composite cements with different CSH contents when soaked in
phosphate buffer solution (PBS) for different durations were
measured to evaluate their degradation (Figure 1C). During the
first 2 weeks, all four groups exhibited a fast degradation rate.
Among the different groups, the S3 group with the largest CSH
content exhibited the highest degradation rate in the first 2
weeks, with its degradation reaching 42%. After 4 weeks (28 d),
the S2 and S3 groups degraded by approximately 50%. In the
later stages, relatively less weight loss was observed as compared
to that in earlier days. The weight losses of the samples after 12
weeks were SO (53.6%), S1 (64.2%), S2 (65.6%), and S3
(74.9%). In summary, the degradation rate of the cement was
related to the CSH content. Thus, the degradation rate of the
composite cement can be controlled by the addition of CSH.
The greater the CSH content is, the faster the degradation rate
is.

During the first 4 weeks, the pH of the immersion solution
decreased gradually with increasing soaking time, and beyond 4

https://doi.org/10.1021/acsomega.3c00331
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Figure 2. (A) FT-IR and (B) XRD spectra of different bone cement groups. (C) XPS profiles of the main elements of bone cements.

weeks (i.e., after 28 days), there was some recovery in pH. and S3 did not fluctuate significantly, and the pH values
generally remained within the range of 6.2—7.0.

2.1.3. Structural Characterization. Figure 2A shows the FT-
IR spectra of the composite cements with different CSH
slightly lower (Figure 1D). However, the pH values of S1, S2, contents. In general, the peak types and intensities were similar

Compared with the pH of the immersion solution of SO without

CSH, the pH values of the solutions of the other samples were

16811 https://doi.org/10.1021/acsomega.3c00331
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Table 1. Binding Energies of Major Elements in Cements

binding energy/eV Cls O 1s P2p Ca2p
SO 284.79 286.34 288.38 530.45 531.23 532.19 533.12 133.1 134.1 347.21 350.74
S1 284.84 286.43 288.52 530.33 531.06 531.83 533.89 532.73 134.1 134.1 347.36 350.88
S2 284.83 288.44 288.52 530.36 531.04 531.85 533.9 532.77 133.13 134.19 347.4 350.95
S3 284.9 286.64 288.63 530.38 530.9 531.74 533.88 532.83 133.22 134.22 347.57 350.97

Figure 3. (A) SEM micrographs and (B) EDS spectra of bone cement samples after soaking in SBF for 7 days. (C) Injectability of bone cements.

in different groups. The characteristic absorption bands of
PO, (946—998 cm™), COO™ (1398—1438 cm™"), and SO,>~
(1076—1144 cm™"). The X-ray diffraction (XRD) spectra of CC
and composite cements with different CSH contents are shown
in the Figure 2B. The CC correlation peak almost disappeared in
the XRD spectrum of the composite cement. The XRD
spectrum of SO mainly contains the peaks of CHP at 26.4,
30.1, and 32.7°. With an increase in the CSH content, the
diffraction peak intensity of CHP gradually weakened compared
with SO. The XRD peaks of CSH in samples S1, S2, and S3 were
observed at 14.7, 25.6, 29.7, 31.7, and 49.2°. The X-ray
photoelectron spectra of the composite cements are shown in
Figure 2C, and the binding energy of the main elements in each
cement group is summarized in Table 1. With an increase in the
CSH content, the binding energy does not change uniformly,
and the addition of CSH has little effect on the binding energy of
other components.

2.1.4. Surface Morphology. The cements were soaked in
simulated body fluid (SBF) for 7 days and observed using
scanning electron microscopy (SEM). As shown in Figure 34, a
large number of white crystals (black arrows) formed on the
surface of each cement group, and the main elements of the
crystals, which were spherical Ca/P clusters, were further
analyzed using energy dispersive X-ray spectroscopy (EDS)
(Figure 3B), and the data were quantitatively analyzed (Figure
S1). After 30 min of preparing the composite cements, a S mL
syringe was used to inject the cements, and the needle was
removed without blockage. This indicates that a syringe can be
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used to deliver bone cement to bone defects (Figure 3C), and
the material can be better applied to irregular defects.

2.2. In Vitro Studies. 2.2.1. In Vitro Biocompatibility.
Figure 4A shows the results of the live/dead assay, where the
spots with green and red fluorescence indicate the live and dead
cells, respectively. The visual field predominantly contained live
cells, with no apparent concentration of dead cells. Over time,
the living cells proliferated significantly (Figure 4B), with no
notable differences being observed in the early stages. However,
after 3 days, the S2 and S3 cell groups exhibited increased
proliferation compared to the control group. The CCKS8 cell test
further confirmed the exponential proliferation of the MSCs;
furthermore, the experimental groups containing the extracts of
the S2 and S3 cements effectively promoted the proliferation of
MSCs on days 3 and S (Figure 4C).

2.2.2. In Vitro Osteogenic Properties of Composite
Cements. Bone marrow stem cells were cultured in osteoblast
media containing bone cement extracts from each group after
different incubation times. The alkaline phosphatase (ALP)
activity was detected through ALP staining on days 3 and §
(Figure SA), and calcium deposition was detected by Alizarin
red staining on days 7 and 14 (Figure SB). The ALP activity in all
experimental groups was significantly higher than that in the
control group. On day 7, no calcium nodules were observed in
the control group. On days 7 and 14, calcium salt deposits in S1,
S2, and S3 were higher than those in the control group. In
particular, S2 and S3 exhibited significantly higher calcium salt
deposits. These results were further confirmed by the RT-PCR

https://doi.org/10.1021/acsomega.3c00331
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Figure 4. Proliferation of MSCs cultured with cement extracts. (A) Control group (without bone cement extract) and the bone cement extract groups
with different CSH contents were tested with live/dead fluorescence stain assays. Green fluorescent cells are alive, red fluorescent cells are dead. (B)
Number of living cells in the control group and each bone cement group. (C) CCK-8 assay of viability and metabolic activity of MSCs grown in the

cement extracts.

analysis of the genes associated with osteogenic differentiation
(collagen type I alpha 1 chain (Collal), osterix (OSX),
osteopontin (OPN), and Runx-2) (Figure SC). S1, S2, and S3
exhibited good osteogenic differentiation activity in vitro.
Further, the Ca®" and citric acid in the immersion solutions of
the composite cements were analyzed by inductively coupled
plasma (ICP) and ion chromatography (IC) (Figure SD). The
Ca** and citric acid contents in the immersion solutions were
significantly higher in the experimental group as compared to
those in the control group.

2.2.3. Mechanism of Promoted In Vitro Osteogenesis in
Group 52. Gene expression in the osteoblast medium containing
the extract of the S2 group composite bone cement was
significantly different from that in the blank osteoblast medium,
with 1820 genes upregulated and 1640 genes downregulated
(Figure 6A,B). Figure 6C compares the major biological
processes of the differentially expressed genes in the S2 and
control groups. The expression of genes related to ossification
and angiogenesis was significantly upregulated in the S2 group.
The genes associated with ossification (Ror2, Fhl2, Phex, csfl,
Epha2, MMP9, Itgall, P2ry2, Ptgs2, Rras2, Thbs3), angio-
genesis (Notch3, Adgrb2, Ecm1, Ednl, Ephal, Nfatc4, VEgfa,

16813

Thbs2), and bone osteoinductivity (Fgf7, Pthlr, Pth2, Bmp4,
Bmp6) were significantly higher in the S2 group than in the
control group. These results further confirmed that the S2 group
composite cement effectively promoted osteogenic differ-
entiation by positively affecting the expression of the
corresponding genes (Figure 6D). The differentially expressed
genes were analyzed using the KEGG pathway enrichment
analysis, and the results were sequenced. The top 10 genes are
shown in Figure 6E. Finally, western blotting was performed to
detect the expression levels of the related proteins, revealing that
Erk expression and the p-PI3K/PI3K and p-Akt/Akt ratios
increased in the S2 group (Figure 6F). In particular, the
increased expression of Akt and p-Akt indicates the activation of
the PI3K/Akt signaling pathway, and the high expression of Erk
indicates the activation of the MAPK/Erk signaling pathway.
This result was consistent with the results of the RNA sequence
analysis.

2.3. In Vivo Osteogenesis Characteristics and Bio-
logical Safety of the S2 Group. 2.3.1. Micro-CT Results.
Figure S2 shows an image of the S2 composite cement when
injected into the femoral condylar bone defect model of rats.
Three-dimensional micro-CT was used to reconstruct femoral
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ACS Omega 2023, 8, 16809—16823


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00331/suppl_file/ao3c00331_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

- 109 - |
Control
g Ak .
£ *% .50
g T - Si
3
<
zZ
- S3
£
~
z
=
z
-4
Control S0 s1 82 83
Collal
25+
g — mm Control
& mm S0
s - si
-
-
B z
S3
z =
H
=z
<
=
7da
,, | 7day
-]
5+ %
= H x ¥ mm Control
1=
‘£ £ 4 - S0
g = == Si
< h: 34
z
] 2+ - 3
5 -
v
z
=
=
&
Control S0 s1  §2 S3
D OPN
3
o = Coniig) 2000 = Control g = Control
= 2
E s - I — - so z HEEE ek - S0
z - s og = si 7o - s
- =
£ 10 £ 1000 5
2 mm S3 § - S3 = . S3
-] 2 E 1+ >
S s g sw 2
& £
B < K]
= U ]
[}
0 o0 X -
Control S0 S1  S2  S3 Control SO0 S1  S2  S3 Control S0 S1 S22 S3
2+
Ca Citrie Acid Runx2

Figure 5. Osteogenic differentiation of MSCs cultured in osteogenic medium containing bone cement extract. (A) ALP staining of MSCs treated with
extract solutions of S0, S1, S2, and S3 for 3 and S days. (B) Alizarin red staining of MSCs treated with extract solutions of S0, S1, S2, and S3 for 7 and 14
days. (C) Relative expression of osteogenic differentiation marker genes in MSCs cultured in osteogenic medium containing bone cement extract for 7
days. (D) Relative calcium ion content and citric acid concentration in osteogenic medium of each group. (*P < 0.05, **P < 0.01, ***P < 0.001, and
ik P < 0.0001, vs control group, n = 3).

condyle defects in rats with the composite cement (Figure 7A). consistent with the micro-CT results. At the later stage of bone
Reconstruction images at weeks 4, 8, and 12 show the repair (12 weeks), new bone trabeculae surrounding the bone
perforation site of the bone defect (red arrow). Quantitative
analysis of the area of interest (AOI) revealed that more new
bone trabeculae were present in the S2 group, and the degree of
bone trabecular dispersion was lower in the S2 group than in the

defect were observed to transform into mature bone trabeculae,
providing mechanical support in the defect area.
2.3.3. In Vivo Biosafety of the Composite Cement. The rats

other groups (Figure 7B). were euthanized 12 weeks after the operation and sliced.
2.3.2. Results of Histological Analysis. HE and Masson Hematoxylin and eosin (H&E) staining of the heart, liver,
staining results of the samples at 4, 8, and 12 weeks after surgery spleen, lung, and kidney tissues in each surgery group revealed

are shown in Figure 8A,B. The S2 composite bone cement
exhibited more new bone trabeculae than the other groups.
Bone trabeculae were annular around the bone defect, and dense

the absence of abnormal or pathological changes compared to
the sham group (Figure 9A). Tail venous blood was extracted

osteocytes, osteoblasts, and fibrous calluses were observed on from the rats at various time points for analyzing the liver and
the medial side. Significant angiogenesis was observed in the kidney functions and blood ion content to assess the in vivo
fibrous callus, which provided a good environment for bone biosafety of the materials (Figure 9B). Liver and kidney

regeneration at the defect site. A large number of fat vesicles
were present in the bone defects of the control group, whereas
they were fewer in the composite bone cement group, indicating
that the cement material inhibited lipid differentiation and
induced vascularization and osteogenic differentiation, thus cause ion accumulation in vivo and exhibited good biosecurity in

generating more new bone trabeculae. These observations are vivo.

functions and calcium and phosphorus levels in the blood did
not increase significantly as compared to those in the sham

group. The results indicate that the composite cement did not
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Figure 6. MSCs treated with osteogenic medium containing S2 bone cement extract (diluted twice) for 7 days, and the overall changes in gene
expression were analyzed by RNA-seq. (A) Volcanic maps and (B) heat maps showed differences in gene expression in MSCs treated with S2 bone
cement extract compared with untreated controls. (C) Gene ontology (GO) was presented through the biological process. (D) Quantitative validation
of gene expression related to ossification, angiogenesis, and bone osteoinductivity. (E) Changes in the top 10 signaling pathways of MSCs in group S2,
according to the KEGG enrichment analysis results. (F) Western blotting analysis results of key proteins in the PI3K/Akt and MAPK/Erk signaling

pathways. (*P < 0.0S, **P < 0.01, and ***P < 0.001, vs the control group, n = 3).

3. DISCUSSION

In the past few decades, bioceramics have been widely
investigated as potential materials for repairing bone defects
owing to their good biocompatibility, bone conductivity, and
potential for promoting bone regeneration. This study
comprehensively evaluated the feasibility of using a ternary

CC/CHP/CSH composite bone cement as a new bone-repair
material. The preparation and application of the composite bone
cement and its potential for promoting bone regeneration are
shown in Figure 10.

At present, calcium phosphate bone cement (CPC) is mainly
used to reconstruct bone defects in craniomaxillofacial surgery
because of its facile operation and satisfactory clinical perform-
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ance.”’~* However, the filter extrusion phenomenon occurs
when the CPC is delivered with only calcium phosphate
particles and water as the liquid phase through a large-diameter
needle or casing, which adversely affects the performance of the
material after injection.””~” Citrate can be used as a dispersant,
and its liquefaction effect can effectively improve the injectivity
of the phosphate cement and the specific surface area of the CaP
phase.”>™*° A large amount of citrate is present in human
plasma, especially in bone tissue (57 mM), and the
concentration of citrate present in the material (approximately
1.5 mM) is not harmful to bone regeneration. Adding calcium
citrate to promote composite materials has no obvious toxic and
side effects.”® CSH is a typical bioabsorbable material. Owing to

its advantages, such as high biocompatibility, bone conductivity,
non-exothermic property, and X-ray detectability, it is
considered as one of the most promising bone substitute
materials. We further combined CSH with CC/CHP, which
significantly improved the setting time and degradation rate of
the cement. By changing the content of the semi-hydrated
calcium sulfate, a composite bone cement with rapid setting
characteristics (approximately 9—17 min) and a controlled
degradation rate (53.6—74.9% at 12 weeks) was obtained.
Compared to other single-component materials, our material is a
ternary calcium-based bone cement, which is more abundant
and exhibits better performance, such as a shorter setting time
and better osteogenic ability.
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Figure 8. Histological analysis results of the control group, material control group, and S2 bone cement group. Low magnification (4X) and high
magnification (20X) images of bone defect area are included. The images are arranged from left to right in each group of dyed samples. (A)
Hematoxylin-Eosin staining, in which a large number of fat bubbles (black arrows) were observed in the bone defects of the control group and the
material control group; parallelly, tight osteocytes (green arrows) and osteoblasts (blue arrows) were observed in the S2 bone cement group. (NB =
new bone) (B) Masson Trichrome staining, in which dense bone trabeculae and fibrous calluses were formed at the bone defect area of the S2 bone
cement group; meanwhile, and a large number of blood vessels were generated in the fibrous calluses (yellow arrow).

Ca®" is an important homing signal in bone remodeling; it
initiates and recruits a variety of cells to participate in bone
remodeling.”” A high Ca*" concentration has been shown to
stimulate the chemotaxis of osteoblasts toward the bone
resorption site, where they mature into new bone-producing
cells.”® Therefore, early Ca®* release is important for the repair of
bone defects. In this study, the fastest degradation rate of the
composite bone cement was observed in the first 2 weeks. Owing
to the rapid degradation of the bone cement in the early stages,
large amounts of Ca?" and citric acid were released, which
contributed to early bone regeneration. Studies have found that
citric acid can mediate growth factors involved in angiogenesis
and promote bone regeneration.’”* Many animal models have
demonstrated that the incorporation of citric acid into
biomaterials can promote bone formation; however, the role
of extracellular citric acid in bone differentiation remains
elusive.”>*'~* In addition, citric acid acts as a Ca?* chelator
and is involved in many cellular processes with Ca** by
regulating calmodulin, a major Ca®* messenger.44 However, the
synergistic effect of citric acid and Ca** on bone repair requires
further investigation.

OSX and Runx-2 are key regulators of osteogenic differ-
entiation, and they regulate the expression of many osteogenic
genes such as Collal and OPN.*~*" In our study, quantitative
data on osteogenic gene expression by RT-PCR indicated
significant increases in OSX, RUNX2, OPN, and Collal in the
experimental group as compared to those in the control group.
Furthermore, RNA sequencing and western blot analysis
revealed that the S2 composite cement activated the PI3K/
Akt and MAPK/Erk signaling pathways, thereby upregulating

16817

the expression of downstream osteogenic genes to promote
osteogenesis. The PI3K/Akt signaling pathway is involved in
mitosis and in the regulation of various cellular physiological
processes, including cell proliferation and apoptosis, and the
maintenance and differentiation of stem cells.*® The activation
of the PI3K/Akt signaling pathway increases Runx-2 expression
and promotes osteoblast proliferation, differentiation, and
osteogenesis.”” Further, MAPK/Erk signaling plays an im-
portant role in the activity of osteoblasts in vivo.”” The activation
of the MAPK/Erk signaling pathway promotes the expression of
osteogenic genes (OSX and Collal), thus promoting new bone
formation.”’** Previous studies have observed similarities
between the actions of Ca** and citric acid, both of which
promote osteogenesis by activating the MAPK/Erk signaling
pathway.”™>° This may cause the two to have a certain
synergistic effect; however, further research is required to
confirm this.

4. CONCLUSIONS

In this study, a CC/CHP/CSH composite bone cement with
self-solidification and controlled degradation properties was
successfully prepared for the first time and evaluated via
physicochemical, in vitro, and in vivo biological tests. With the
addition of CSH, the CC/CHP/CSH ternary calcium-based
bone cement exhibited a faster setting time (10.45 min), higher
mechanical strength (20.5 MPa), and a more suitable
degradation rate (it degraded by ~50% at 4 weeks). In vitro
experiments demonstrated that the bone cement activated the
PI3K/Akt and MAPK/Erk signaling pathways, promoting the
proliferation and osteogenic differentiation of MSCs. In vivo
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Figure 9. In vivo biological safety of the control group, material control group, and S2 bone cement group. (A) H&E staining of the heart, liver, lung,
and kidney of rats in the sham operation group, control group, material control group, and S2 bone cement group 12 weeks after operation. (B) Liver
and kidney functions and blood calcium and phosphorus concentrations of rats in each group at different times.

biosafety and osteogenic effect of the composite bone cement
were confirmed using a rat model with femoral condylar bone
defects. The CC/CHP/CSH ternary calcium-based bone
cement was also observed to exhibit good biocompatibility
and bone conductivity; therefore, it can be a new alternative for
the clinical treatment of bone defects.

16818

5. METHODS

5.1. Materials. CC and CHP were purchased from Aladdin
Biochemical Technology Co. Ltd. (Shanghai, China), and CSH
(CaS0,:0.5H,0) was obtained from Sigma-Aldrich (St. Louis,
MO, USA). Cell live/dead viability/cytotoxicity kit were
obtained from Invitrogen (Carlsbad, CA, USA). An ALP
staining kit and Alizarin red staining kit were supplied by Beijing
Solarbio Science and Technology Co., Ltd. (China). Cell count

https://doi.org/10.1021/acsomega.3c00331
ACS Omega 2023, 8, 16809—16823


https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

l cc cﬂHWcaOoM
| CHP CaHPO, Water

| csH caso, 1/2H,0

uoleoy|pl|os-j|es

Bone regeneration

Figure 10. Preparation and application processes of bone cement, and its potential bone regeneration mechanism.

16819 https://doi.org/10.1021/acsomega.3c00331
ACS Omega 2023, 8, 16809—16823


https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00331?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

kit-8 was obtained from MCE (China), and mouse mesen-
chymal stem cell (MSC) line C3H10T1/2 was purchased from
ATCC (Manassas, VA, USA). PI3K/Akt signaling pathway
panel (ab283852, Abcam, USA), Anti-Erk1 antibody (ab32537,
Abcam, USA), and f-Actin antibody (Cell Signaling Technol-
ogy, USA) were used.

5.2. Preparation of the Ternary Cement. CC, CHP, and
CSH were evenly mixed in a beaker according to the proportions
listed in Table 2. Then, deionized water and whisks were added

Table 2. Proportions of the Bone Cements

CC/g CHG/g CSH/g
SO 2.00 1.00 0.00
S1 2.00 1.00 1.00
S2 2.00 1.00 2.00
S3 2.00 1.00 3.00

with a liquid-to-solid ratio of ~0.4 mL/g. Subsequently, the
cements were loaded into cylindrical polytetrafluoroethylene
molds, where they were turned into doughs. The samples were
collected after 3 min.

5.3. Self-Setting Time and Compressive Strength. The
setting time of each composite cement was measured using the
Vicat apparatus according to the ISO 9597:2008 standard. The
final setting time of the cement was defined as the time when a
heavy needle left an indentation on the cement surface. The test
was repeated at least three times for each cement type, and the
average values of the results are reported. Cylindrical specimens
(diameter: 6 mm; height: 7 mm) of the composite cement were
used for testing. A mechanical tester was used to assess the
compressive strength of the composite cement at 1, 6, 24, and 48
h after setting (REGER 30-50, Shenzhen Reger Co. Ltd,
China).

5.4. Weight Loss and pH Measurement. The in vitro
degradation of cement was evaluated based on the weight loss
when immersed in a PBS. The cement (~0.3 g) was incubated in
a plastic bottle containing PBS at a liquid-to-solid ratio of
approximately 1:30 and cultivated in a shaking water bath at 80
rpm and a constant temperature of 37 °C. The PBS was changed
once a week. After the sample was soaked for different durations
(1, 4, 7, 14, 28, 56, and 84 d), the pH of the solution in each
bottle was measured using a pH meter (pH-25, Shanghai Laiqj,
China). The soaked cement was then removed and dried at 60
°C for 12 h until a constant weight was obtained. To eliminate
interference from water present in the cement, the original
sample that was not soaked in PBS was dried under the same
conditions and used as a control. Weight loss ratios were
calculated using the following formula

weight loss ratio(%) = (W, — W,)/W, X 100%

where W, and W, are the weights of the cement before and after
immersion, respectively. The average porosity or weight loss of
each sample was determined based on six measurements
conducted under the same testing conditions. The average pH
and weight loss rate of each sample were determined based on
four measurements under the same test conditions.

5.5. Structural Characterization. The composition and
morphology of the material were analyzed using the following
methods: Fourier transform infrared (FT-IR) spectroscopy
(iS10 FT-IR spectrometer, Negoli, USA) in the wave-number
range of 400—4000 cm ™" at a resolution of 4 cm™" and a signal-
to-noise ratio of 50,000:1 (32 scans were made for recording

each spectrum); X-ray photoelectron spectroscopy (Thermo
Fisher 250Xi, USA); and XRD (D8 ADVANCE X-ray
diffractometer from Brooke, Germany) performed in the 26
range of 10—90° using Cu (wavelength: 1.5406 A) and Co
(wavelength: 1.79026 A) targets with a tube current of 40 mA
and tube voltage of 40 kV.

5.6. In Vitro Bioactivity. After each group of cement was
immersed in SBF for 7 days (37 °C, 80 rpm), the material surface
was characterized. Cylindrical slabs of sterile cement (diameter:
6 mm; height: 7 mm) were prepared and soaked in SBF after
drying for 1 day. The SBF was refreshed every 2 days. After 7
days of incubation, the cement slab was washed with deionized
water, dried, and analyzed using SEM and EDS.

5.7. Cell Proliferation and Toxicity Tests. To evaluate the
effect of materials on cells, a 6 mm X 7 mm composite cement
sample was soaked in Dulbecco’s modified Eagle’s medium
(DMEM) for 2 days. MSC cells of mice were inoculated in 6-
well plates and then cultured in medium with cement immersion
solution. Live/dead staining was performed on the 1st, 3rd, and
Sth days, and the images of live/dead determination were
observed using a fluorescence microscope (Nikon, Japan) under
488 nm laser excitation. Green fluorescence indicated living
cells, and red fluorescence indicated dead cells.

Mice MSC cells were inoculated into 96-well plates with a cell
density of 5000 cells/well. They were cultured according to the
above treatment methods, and, simultaneously, CCK8 cell
proliferation was detected (wavelength = 450 nm).

5.8. ALP and Alizarin Red Staining. The cement samples
were immersed in osteogenic medium for 2 days. MSCs were
inoculated in 24-well plates at a density of 70—80% and cultured
in cement extracts containing different groups for 3, 5, 7, and 14
days. ALP staining was performed on days 3 and S, and alizarin
red staining on days 7 and 14.

5.9. Inductively Coupled Plasma Optical Emission
Spectrometry and lon Chromatography. The contents of
Ca’" and citric acid (CA) in the osteogenic culture medium
containing the bone cement immersion solution were analyzed
using inductively coupled plasma optical emission spectrometry
(ICP-OES) and ion chromatography (IC) (Agilent ICP-
OES730, USA) at a radio frequency power of 1.0 kW using
argon as the carrier gas (plasma flow: 15 L/min, auxiliary gas
flow: 1.5 L/min, nebulizer gas flow: 0.75 L/min, detector mode:
axial, and calibration type: linear).

5.10. Real-Time PCR. Total RNA was isolated using the
TRIzol reagent according to the manufacturer’s instructions,
complementary DNA was synthesized, and real-time PCR was
performed. The primer sequence of RNA is shown in Table S1.

5.11. RNA Sequencing. The medium containing bone
cement extract obtained by the above method was diluted twice
and used to culture MC3HI10T1/2 cells for 7 days. Blank
osteogenic medium (no cement extract) was used as a control.
The mRNA expression profiles were determined by the RNA
sequencing analysis.

5.12. Western Blot. 20 ug of total protein was electro-
phoresed on a 10% SDS-PAGE gel according to the
manufacturer’s instructions. After the incubation of primary
and secondary antibodies, WB bands were obtained via
exposure. Finally, the protein bands were analyzed using Image]
software.

5.13. Experimental Animals and Grouping. All animal
experiments were approved by the Chongqing Medical
University Animal Protection and Utilization Organization
Committee (IACUC). Based on the in vitro results, the optimal
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bone cement (S2) was selected for in vivo evaluation of
osteogenic activity and biosafety. Furthermore, products having
the same type of calcium sulfate were selected as controls for the
clinical repair of large bone defects. Sixty 12 week old male rats
were randomly divided into four groups: the sham operation
group, control group (no materials), material control group
(calcium sulfate cement), and experimental group (S2 cement).
The operation was performed under sterile conditions. A
cylindrical bone defect with a diameter of 3 mm and a depth of 5
mm was drilled into the lateral femoral condyle of the rat femur
using a drill bit.

5.14. In Vivo Osteogenic Properties of the Cement. At
4, 8, and 12 weeks after surgery, the rats were euthanized to
obtain the femur. Femoral condyles were analyzed using
microcomputed tomography (microCT; Scanco micro-CT-
100, Switzerland) and histological examination. The scan
parameters are listed in Table S2. Three-dimensional (3D)
images were reconstructed using ZKKS MicroCT 3.0 software,
and the 1 mm diameter area of the most lateral bone defect was
used as the area of interest (AOI). Bone volume fraction (BV/
TV), trabecular number (Tb.N), trabecular separation (Tb.SP),
and trabecular thickness (Tb.Th) were quantitatively analyzed
using osteogenic indexes to evaluate the osteogenic activity of
the material in vivo. After the scan was completed, the bone was
decalcified, and the scanned femur was sectioned. H&E and
Masson tri-color staining were used to evaluate the material for
bone repair.

5.15. General Condition of Animals and In Vivo
Biosafety. After 1, 4, 7, 14, 28, 56, and 84 days, blood was
collected from the tail vein of rats in each group. The
concentrations of Ca** and P in the blood samples and the
liver and kidney functions of the rats were evaluated. Twelve
weeks after the operation, the rat organs (heart, liver, spleen,
lung, and kidney) were sampled, fixed with 4% paraformalde-
hyde, embedded, and stained with H&E staining to assess
pathological changes to test the safety of materials in vivo (n =
S).

5.16. Statistical Analysis. GraphPad Prism 8.2 software
was used for statistical analysis. The SPSS software package
(version 22.0) was employed for statistical processing. The
differences among multiple groups were analyzed by one-way
analysis of variance, and the Tukey’s test was used for
comparisons between groups. Statistical significance was set at
P < 0.0S.
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