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ARTICLE INFO ABSTRACT

Keywords: Modified macroporous structures and active osteogenic substances are necessary to overcome the limited bone
Calcium phosphate cement regeneration capacity and low degradability of self-curing calcium phosphate cement (CPC). Curcumin (CUR),
Curcumin

which possesses strong osteogenic activity and poor aqueous solubility/bioavailability, esterifies the side chains in
hyaluronic acid (HA) to form a water-soluble CUR-HA macromolecule. In this study, we incorporated the CUR-HA
and glucose microparticles (GMPs) into the CPC powder to fabricate the CUR-HA/GMP/CPC composite, which not
only retained the good injectability and mechanical strength of bone cements, but also significantly increased the
cement porosity and sustained release property of CUR-HA in vitro. CUR-HA incorporation greatly improved the
differentiation ability of bone marrow mesenchymal stem cells (BMSCs) to osteoblasts by activating the RUNX
family transcription factor 2/fibroblast growth factor 18 (RUNX2/FGF18) signaling pathway, increasing the
expression of osteocalcin and enhancing the alkaline phosphatase activity. In addition, in vivo implantation of
CUR-HA/GMP/CPC into femoral condyle defects dramatically accelerated the degradation rate of cement and
boosted local vascularization and osteopontin protein expression, and consequently promoted rapid bone
regeneration. Therefore, macroporous CPC based composite cement with CUR-HA shows a remarkable ability to
repair bone defects and is a promising translational application of modified CPC in clinical practice.
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Osteogenic activity
Bone defects

synthetic grafts [6]. Globally, over 2 million bone grafts are transplanted
to repair bone defects annually [7]. Autologous bone grafting remains the

1. Introduction

Traumatic fractures, osteoporosis, congenital malformations, and
tumor resection are the major causes of bone defects [1,2]. Once a bone
defect exceeds the critical healing size, it fails to heal independently [3].
Bone grafting is necessary to promote bone regeneration and repair at the
defect site, and the effectiveness of bone defect repair is directly related
to the clinical outcome [4,5]. Currently used grafting materials and
methods for bone defects include autologous, allogeneic, xenograft, and

gold standard for repairing bone defects and is both osteoinductive and
osteogenic in nature [8]. However, donor site morbidity and the limited
availability of autologous bone have hampered its widespread applica-
tion in treating bone defects [9].

It is necessary to develop new materials and therapeutic strategies to
repair bone defects. Allogeneic bone transplants are associated with an
increased risk of immunological rejection, and graft materials are in short
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supply and expensive. Over the last few decades, synthetic biomaterials,
such as calcium phosphate cement (CPC), polylactic-co-glycolic acid
(PLGA), and polymethyl methacrylate (PMMA) have been studied for
their potential to heal bone defects [10,11]. Therefore, the development
and fabrication of new biomimetic osteosynthetic biomaterials is an ideal
method for repairing bone defects.

CPC was first described by Brown and Chow in 1985 as a bone
replacement materials with high biocompatibility and mineral compo-
sition similar to that of the extracellular matrix in real bone. Since then, it
has been widely studied in the orthopedic and dental fields [12]. CPC is
readily injected and can be shaped to fit the form of the lesion, making it
an excellent material for treating complicated bone defects. Although
CPC may be used to fill a variety of different forms of bone defects, its
lack of porosity after molding, prolonged in vivo degradation period, and
lack of osteoinductive activity contribute to its limited use in clinical
practice [13,14]. First, the intrinsic pore size of CPC is only 1-15 pm after
molding, and bone tissue development is restricted to the cement's sur-
face and cannot penetrate into the interior of the cement. Moreover, this
naturally formed tiny pore size is not sufficient to support revasculari-
zation during bone regeneration [15]. Second, CPC degrades slowly in
vivo, and its small pore size makes it difficult for bodily fluids to penetrate
and flow through it, increasing its degradation time from months to years
[16]. These characteristics impede early tissue replacement and filling of
bone defects, and interfere with the pathological process of local bone
repair. Finally, and most critically, CPC lacks osteoinductive factors, as its
main components are inorganic salts, which are not sufficiently biolog-
ically active to support the regeneration of bone defects. Therefore,
enhancing the osteoinductivity of CPC, optimizing their pore size, and
accelerating their degradation rate are necessary to promote widespread
clinical application.

Enhancing the osteogenic characteristics of CPCs by the addition of
direct or indirect osteodynamic or osteoinductive elements is essential
for promoting their clinical translation. Curcumin (CUR), an acidic
polyphenol that promotes osteogenic differentiation-promoting proper-
ties [17,18]. Xiong et al. showed that CUR enhances the osteogenic
development of periodontal ligament stem cells [19]. Sarkar et al.
showed that CUR promoted the activity and proliferation of osteoblasts
[17]. Curcumin is gradually being used in bone tissue engineering
research because of its superior pharmacological activity for osteogenesis
in vitro. However, the poor water solubility, chemical instability, and
poor bioavailability of curcumin in living organisms prevent its osteo-
genic properties from being maximised in vivo. Therefore, we modified
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curcumin using hyaluronic acid (HA), a natural high molecular weight
mucopolysaccharide with good biocompatibility and multiple molecular
functional groups. The water solubility of the modified curcumin
(CUR-HA) was greatly enhanced, while maintaining its biological activ-
ity. In addition, we prepared bionic porous CPCs using 150 pm diameter
glucose microparticles (GMP) as porogens. This naturally occurring
metabolite can be easily transported intracellularly and solubilized in
phosphate-buffered saline after three days to form interconnected mac-
roporous CPCs. The present study was conducted to prepare porous CPCs
with easy degradation and osteoinductive properties.

In this study, we fabricated a CUR-HA/CPC composite porous bone
replacement cement. We determined the physical properties of the CUR-
HA/CPC composite porous bone cement, including the setting time,
injectability, porosity, compressive mechanical properties, and
morphology, were investigated. Then, an in vitro culture model consisting
of CUR-HA/CPC composite porous bone cement and bone marrow
mesenchymal stem cells (BMSCs) was established, and its biocompati-
bility, cell proliferation, osteogenic differentiation, and related osteo-
genic mechanisms were investigated. Finally, the CUR-HA/CPC
composite porous bone cement was implanted into the femoral condyle
defect site in Sprague-Dawley (SD) rats. Furthermore, micro-computed
tomography (micro-CT) and histological staining were used to test its
bone-defect healing capacity 4 and 12 weeks after implantation (Fig. 1).

2. Materials and methods
2.1. Synthesis and characterization of CUR-HA compound

HA (360 mg; 0.18 mM; Focus Biotechnology Co. Ltd., China) was
dissolved in 10 mL of deionized water in a 100 mL plastic bottle. Then
207 mg (1 mM) of 1-ethyl-(3-dimethylaminopropyl) carbodiimide hy-
drochloride was added and the mixture was activated for 30 min. Then,
368.4 mg (1.08 mM) of CUR (Solarbio Technology Co.Ltd, China) was
dissolved in N,N-dimethylformamide (2.5 mL) for 30 min. Next, the
dissolved CUR was added to the prepared HA solution. Then 60 mg of 4-
dimethylaminopyridine was added to the solution. and reacted at 37 °C
for 8 h. After 6 h, the solution was dialyzed with a molecular weight
cutoff of 2500 using a dialysis bag for 24 h. Dialysis water was replaced
every 2 h. After dialysis, the reaction mixture was freeze-dried to obtain
yellow solid CUR-HA. To verify whether the synthesized CUR-HA formed
new chemically covalent bonds, the lyophilized CUR-HA compound
powder was analyzed by Fourier transform infrared spectroscopy (FTIR;
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Fig. 1. Schematic diagram for curcumin (CUR)-hyaluronic acid (HA) synthesis and incorporation into calcium phosphate cement (CPC) for bone defect repair.
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Perkin-Elmer, CA). FTIR spectroscopy was performed to characterize the
chemical bonds in the samples in the range 520-4000 cm™! with a res-
olution of 2 cm™!. For each FTIR measurement, the sample was scanned
100 times and the spectrum obtained was the average of all scans.

2.2. Measurement of the solubility of CUR-HA and CUR

CUR-HA lyophilized powder (100 mg) and CUR were dissolved in
phosphate-buffered saline (PBS buffer, pH 7.4) to saturate and dissolve
CUR-HA and CUR respectively, mixed by vortexing for 5 min, and dis-
solved via ultrasonication for 5 min. The solutions were centrifuged at
14000 rpm/min for 5 min in a high-speed refrigerated centrifuge. The
supernatant of the aqueous layer was collected and diluted with dimethyl
sulfoxide (DMSO), and the UV absorption values of CUR-HA and CUR
solutions were measured at 425 nm by a UV spectrometer. The content
and maximum solubility of CUR-HA and CUR were calculated according
to the CUR standard curve.

2.3. Preparation of CPC powder

Briefly, 13.2 g of (NH4)2HPO4 was dissolved in 250 mL of deionized
water and the pH was adjusted to 9 by adding 1 M/L NaOH solution
dropwise to obtain 0.1 M/L (NH4)2HPO4 solution. Then 28.5 g of CaCl,
was dissolved in 250 mL of deionized water and the pH was adjusted to 9
by adding 1 M/L NaOH solution dropwise to obtain 0.1 M/L CaCl; so-
lution. The two solutions were then stirred and mixed for 12 h to obtain a
low crystallinity hydroxyapatite suspension. Then, 4.8 g of (NH4)2CO3
was dissolved in 80 mL of deionized water to obtain 0.05 M/L (NH4)2CO3
solution, and 40 mL of 0.1 M/L CaCl; solution and 80 mL of 0.05 M/L
(NH4)2CO3 solution were added dropwise to the above suspension to
react for 4 h to prepare a hydroxyapatite-coated CaCOs3 suspension. After
rinsing once, it is dried, ground into a fine powder at 80 °C, calcined at
1500 °C, quick-cooled, grinded for 24 h, and sieved through 500 mesh
sieve to prepare the tetracalcium phosphate powder. In addition, the
calcium hydrogen phosphate dihydrate was dehydrated at 120 °C for 12
h and anhydrous calcium hydrogen phosphate was added after grinding
for 24 h and passing through a 500-mesh sieve. Finally, the produced
tetracalcium phosphate, anhydrous calcium hydrogen phosphate and
nano-hydroxyapatite were mixed to form the CPC powder. The mass ratio
of tetracalcium phosphate to anhydrous calcium hydrogen phosphate
was 7:3, and nano-hydroxyapatite accounted for 4% of the total mass of
the CPC powder. The percentages of nano hydroxyapatite: tetracalcium
phosphate: dicalcium phosphate anhydrous was 4%, 67.24%, 28.84%.

2.4. Preparation of CUR-HA/GMP/CPC composite

A high teflon plastic ring mold (2 mm diameter, 5 mm height) was
used to mold the cylindrical CPC bone cement. The 30% of the mold
volume was composed of GMP. Then, 8 mg CUR, 8.2 mg HA, or 16.2 mg
CUR-HA was added to each set of columns, and the remaining volume
was filled with CPC powder. The mixed powder in the cylinder was
poured into a new plastic container, and half the volume of the citric acid
solution (1% w/w) was added and stirred again for 15 s. The prepared
cement was injected into molds (2 mm diameter, 5 mm height), and the
samples were left to dry for 24 h at room temperature and 50% relative
humidity. Absorbance of CUR (8 mg) was the same as that of 16.2 mg of
CUR-HA, which contained the same amount of CUR as detected by
spectrophotometer. Moreover, 16.2 mg of CUR-HA contained approxi-
mately 8.2 mg of HA, indicating that the CUR molar molecular weights of
group CUR/GMP/CPC and group CUR-HA/GMP/CPC are the same. In
this way, the materials GMP/CPC, CUR/GMP/CPC, HA/GMP/CPC, and
CUR-HA/GMP/CPC were prepared for subsequent analysis.

2.5. Phase composition of CPC

CPC (ground to powder) dried at room temperature for 24 h was used
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to obtain the X-ray diffraction (XRD) patterns using a SHIMADZU XRD-
6100 instrument (Japan). Data was gathered from 20 = 10°-80° with a
step size of 0.02° and a normalized count time of 1.5 s per step. XRD
patterns were analyzed by MID jade 6.0. Moreover, the International
Centre for Diffraction Data's Joint Committee on Powder Diffraction
Standards (JCPDS) reference patterns were used to verify the phase
composition.

2.6. CUR-HA release from CUR-HA/CPC composites in vitro

To examine the release characteristics of CUR-HA in CPC, CUR-HA/
CPC composite (2 mm diameter, 5 mm high) was immersed in 5 mL of
PBS and placed at 37 °C. The UV absorbance values of CUR-HA in PBS
were measured 1, 3, 5, 7, 14 and 28 days after immersion using UV
spectrophotometer at 425 nm, and the CUR-HA content was calculated
based on the CUR standard curve. Time curve of the cumulative release of
CUR-HA in CPC was plotted according to the test results.

2.7. Measurement of the setting time of cement

The initial and final setting times of the cements were measured using
a Gillmore needle method according to ASTM C266. The groups of CPC
cements were prepared into a paste at room temperature and filled into a
teflon tubular mold (6 mm diameter, 12 mm height) and quickly moved
to the apparatus for measurement. The initial setting time was measured.
The test needle was lowered vertically onto the cement surface every 30s
and relaxed after 5s, allowing the test rod to be vertically inserted into
the cement paste. When the tip of the needle was 4 mm from the bottom
plate, the required time was the initial setting time. Immediately after the
initial setting time was measured, the test mold with the CPC paste was
inverted on the base plate and placed in the stability test chamber. The
final setting test pin is used instead of the initial setting test pin. The final
setting time of the cements was determined when the test pin did not sink
more than ] mm into the sample and did not leave a trace on the mold. Six
replicate tests were performed and the average value was calculated.

2.8. Injectability examination of cement

Next, we measure the injectability of the CPC. Briefly, groups of ce-
ments were filled into a 5 mL syringe fitted with a 1.6 mm inner diameter
needle, and a 5 kg compression load was mounted vertically on top of the
plunger. The injectivity index was calculated by dividing the mass
released from the syringe by the original mass. Injectivity index (%) =
(mass of cement paste injected/original mass of cement paste loaded into
the syringe) x 100%. Tests were conducted in triplicate. Injectability of
the cement paste was determined by the percentage of volume injected.
Injectability parameters are related to the experimental conditions.

2.9. Porosity and mechanical testing

Composite cement (2 mm diameter, 5 mm height) was mixed with 20
mL of PBS (pH = 7.4) and incubated at 37 °C on shaker table (100 rpm/
min) for three days. PBS buffer was changed every 12 h. After vacuum-
drying, the samples were subjected to porosity, mechanical and
morphological analysis. Micro-CT was performed using the Skyscan 1172
uCT system, and serial tomograms were reconstructed and analyzed. The
porosity was measured in the region of interest (ROI). The compressive
strength and elastic modulus of the CPC cylinders (2 mm diameter, 5 mm
height) were measured by applying a load of 1 mm/min to the CPC
cylinders using a bench machine (INSTRON, USA). Six cylinders were
used for each measurement.

2.10. Morphological analysis

Morphology of the CPC composites surface was observed by scanning
electron microscopy (SEM, S-3400 N, Japan) before and after leaching.
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The surface of each sample was sprayed with gold before scanning.
2.11. Invitro degradation and pH measurements

Prepared bone cement samples (n = 3) from each group were
immersed in PBS (pH = 7.4) at 37 °C and shaken at a speed of 60 r/min.
The ratio of the solution volume to the weight of samples was 20 mL/g.
The pH of the solution was measured with a pH meter after 1, 3, 7, 14, 21,
and 28 d of incubation, and the PBS solution was changed at each time
point. The collected cement samples were rinsed with deionized water
and dried at each predetermined intervals. The rate of sample weight loss
(WL%) was calculated by the equation: WL(%)=(W¢-W1)/W( x 100%.
(W represents the initial weight of the sample and W represents the dry
weight of the sample at each time point.)

2.12. Isolation and culture of primary rat BMSCs

BMSCs were isolated from SD female rats (4 weeks old). SD rats were
purchased from the Experimental Animal Center of Xi'an Jiaotong Uni-
versity. All in vitro experiments were approved by the Ethics Committee
of Honghui Hospital, Xi'an Jiaotong University. First, femurs of rats were
cut off with sterile scissors, and the bone marrow cavity was flushed with
PBS buffer. The rinsed bone marrow suspension was centrifuged for 5
min at 1200 rpm/min. The centrifuged cells were resuspended in DEME
high glucose medium (Gibco, USA) (1% penicillin-streptomycin, 10%
fetal bovine serum) and placed in an incubator for culture (37 °C, 5%
CO5). The BMSCs were purified using adherence screening method. Cells
were cultured to the 3rd generation for subsequent experiments.

2.13. Cell attachment and proliferation on CPC composites

CPC samples were sterilized in an ethylene oxide sterilizer. BMSCs
suspension (1 x 10*/mL) were seeded onto each sample in a 24-well
plate. After co-culturing for three days, the samples were washed 2
times with PBS and fixed with 4% glutaraldehyde for 4 h. Subsequently,
the samples were successively dehydrated with a graded series of ethanol
solutions (40%, 60%, 80%, 90%, and 100%), and air-dried at 37 °C
overnight. After spraying with gold, the morphology of the cells attached
to the CPC samples was observed by scanning electron microscopy (SEM,
S-3400 N, Japan). Proliferation assays were performed in 96-well plates
(1 x 10° cells/well). BMSCs cultured in DMEM high sugar medium of
GMP/CPC complex were used as blank controls for the experiments. Six
replicate wells were used for each group. Cell proliferation activity was
measured by CCK-8 test at days 1,3,5 and 7 after seeding, and the
absorbance value of each group was measured at 450 nm using a
spectrophotometer.

2.14. Cytotoxicity assessment

The cytotoxicity of BMSCs was evaluated by calcein AM and propi-
dium iodide (PI) double fluorescence staining. BMSCs were seeded on the
surface of CPC and cultured in DMEM high glucose medium (1%
penicillin-streptomycin, 10% fetal bovine serum) at a density of 1 x 10°
cells. After 7 days of culture, staining was performed according to the
instructions of the live-dead viability kit. Cells were observed under a
fluorescent microscope. The number of live/dead cells was counted with
image J (NIH, USA).

2.15. Osteogenic differentiation

Early osteogenic differentiation of the BMSCs was assessed by alka-
line phosphatase (ALP, Solarbio, China) staining and quantification of
ALP enzyme activity. Cells were seeded on the CPC surface using the
previously described method. After 3 and 7 days of culture, ALP activity
was assessed quantitatively and qualitatively using ALP activity assay
and staining kit. Late osteogenic differentiation was assessed via Alizarin
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Red S staining at 14 and 21 d after culture. Samples were fixed with 4%
paraformaldehyde for 10 min, stained with 2% Alizarin Red S (ARS,
Solarbio, China) for 30 min, and then washed with PBS. The images were
captured using anoptical microscope. Quantification of the proportion of
ARS-positive regions was performed using Image J (NIH, USA).

2.16. Immunofluorescence staining

BMSCs were fixed with 4% paraformaldehyde after 7 days of growth
on the CPC surface. Cells were permeabilized with 0.5% Triton X-100 for
10 min. Samples were washed thrice with PBS for 5 min and incubated
with 3% bovine serum albumin solution for 30 min, followed by incu-
bating with primary mouse anti-osteopontin (OC, 1:500, Abcam, UK) and
rabbit anti-RUNX2 (1:500, Affinity, China) antibodies overnight at 4 °C.
After washing thrice for 5 min each in PBS, Alexa Fluor 594-labeled
donkey anti-mouse and Alexa Fluor 488-labeled donkey anti-rabbit
(1:1000, Abcam, UK) were mixed and incubated for 2 h at 37 °C in
dark. Samples were then washed with PBS and nuclei were stained with
10 ng/mL DAPI (4,6-diamidino-2-phenylindole, Beyotime, China).
Finally, the samples were imaged by a confocal laser scanning micro-
scope (Zeiss LSM 800, Germany).

2.17. Western blotting analysis and quantitative real-time polymerase
chain reaction

Western blotting was performed in according to the descriptions in a
previous study [20]. In brief, total protein was separated from cells, and
the concentration was detected by the BCA protein assay kit. The protein
sample was mixed with an equal volume of 5 x loading buffer followed
by boiling at 100 °C for 10min. Protein samples were separated using 8%
SDS-PAGE gel electrophoresis and transferred to PVDF membrane. The
PVDF membranes were blocked in 5% skimmed milk for 30 min, fol-
lowed by the addition of primary antibodies for 12 h. Next, the mem-
branes were incubated with a horseradish peroxidase-conjugated
secondary antibody. Protein bands were exposed to chemiluminescence
reagents and quantified using Image J software. All tests were performed
in triplicates. The primary antibodies used for western blotting were
RUNZX2 (1:1000) and FGF18 (1:1000), p-actin (1:1000) was used as the
internal control.

Total RNA was purified from each group of cells using TRizol
(Beyotime, China) according to the manufacturer's protocol. After
reverse transcription using a reverse transcriptase kit (Beyotime, China),
real-time fluorescent quantitative polymerase chain reaction (qQPCR) was
performed for RUNX2 and FGF18 with SYBR green using a Bio-Rad PCR
system (Bio-Rad). B-actin amplication was used as an internal control.
The primers used are as follows: RUNX2 Forward: CACTGGAAGTG-
CAGCAAGA, Reverse: TTACATGACAGCGGTGGCATATC. FGF18 For-
ward: GAGGAGAACGTGGACTTCCG, Reverse: TCCACTAGGAGCT
GGGCATA. p-actin Forward: CTAAGGCCAACCGTGAAAAG, Reverse:
TACATGGCTGGGGTGTTGA. Gene expression levels were calculated by
the 2 ~24CT method.

2.18. Surgical procedure

Healthy female SD rats (n = 24, 2-month-old) weighing 180-200 g
provided by the Experimental Animals Centre of Xi'a Jiaotong University
were used as experimental animals. The protocol was approved by the
Animal Ethics Committee of Honghui Hospital, Xi'a Jiaotong University
and was in accordance with the institutional guidelines for the care and
use of laboratory animals. All rats were divided into four groups: (1)
GMP/CPC, (2) CUR/GMP/CPC, (3) HA/GMP/CPC, and (4) CUR-HA/
GMP/CPC. All rats were anesthetized by intraperitoneal (IP) injection
of 1% pentobarbital (60 mg/kg). The hind limbs of the rats were shaved
and sterilized with iodophor disinfectant. A longitudinal incision was
made through the lateral femoral distal joint. The femoral distal condyle
was exposed, with a width of 2 mm and a depth of 5 mm hole was drilled,
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which was washed twice with sterile saline. Cement paste was injected
into the condylar defects (n = 6 in each group), and the subcutaneous
tissue and skin were sequentially sutured. Postoperative antibiotics
(cefazolin, 15 mg/kg) were routinely administered to prevent infection.
The general conditions of the animals, including feeding, activity, and
wound healing, were observed postoperatively. After 4 and 12 weeks of
implantation, the rats were euthanized using an overdose of pentobar-
bital, and the femoral condyles were harvested for evaluation.

2.19. Micro-CT scanning

The femoral condyles were collected and excess soft tissue was
removed. The samples were fixed in 4% paraformaldehyde (PFA) at 4 °C
for 24 h, then scanned by micro-CT (Y.XLON, Germany). To determine the
degradation of cement and new bone formation, trabecular bone structure
software trabecular bone volume fraction (BV/TV) and trabecular number
(Tb) analyses were performed using Geminy software. Parametric analysis
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was performed on newly formed bone using segmentation thresholds of
158-221 and on whole bone using thresholds of 158-1000 (bone cement
is more dense than newly formed trabeculae and residual bone cement is
brighter than trabeculae on Micro CT images). The implantation region of
each cement was chosen as the region of interest (ROI).

2.20. Histological analysis

Each femoral condyle was fixed in 4% paraformaldehyde for 2 days
and dehydrated in a graded series of ethanol. Femoral condyle was
embedded with methyl methacrylate, followed by 30 pm continuous
sectioning using a Leica 1600 hard tissue sectioning machine. Sections
were stained with haematoxylin-eosin, Van Gieson stain, and immuno-
histochemical staining (OPN, 1:300) were examined under a light mi-
croscope (Leica, Germany). Images of 5 different slices were randomly
from the VG images for analysis. The trabecular number and separation
were measured.
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Fig. 2. Characterization of CUR-HA and preparation of composite CPC cement. (A) Infrared spectrum of CUR-HA polymeric drug. (B) CUR is insoluble in water. (C)
CUR-HA is water-soluble. (D) Synthetic equation of CUR-HA. (E-H) Glucose microparticle (GMP)/CPC, CUR/GMP/CPC, HA/GMP/CPC and CUR-HA/GMP/CPC
samples. (I) Phase composition of CPC. (J) In vitro release profile of CUR-HA in CUR-HA/GMP/CPC.
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2.21. Statistical analysis

Data were processed using SPSS version 19 software. The data were
expressed as the mean =+ standard deviation. Multiple groups compari-
sons were performed by ANOVA, and two means were compared by the
least significant difference method. Differences were considered statis-
tically significant at p < 0.05.

3. Results

3.1. Characterization of CUR-HA and its release pattern from CPC
composite in vitro

The CUR-HA was characterized using a Fourier transform infrared
spectrometer (FTIR). Compared to HA, the absorption peak at 1510.26
cm ™! in the FTIR spectra of the CUR-HA was related to the C=C vibration
of the benzene ring, and the peak at 3421.72 cm ™! was attributed to the
—-OH group in the CUR structure. The absorption peaks at 1228.66 and
1653.00 cm ™! are characteristic of an ester (R—CO—OR) functional group
(Fig. 2A). This result indicated successful conjugation between CUR and
HA. CUR was completely insoluble in water, and powder precipitation
was visible at the bottom of the water (Fig. 2B and C). In contrast, CUR-
HA exhibited good solubility in water. HA and CUR undergo a conden-
sation reaction to generate CUR-HA, as shown in Fig. 2D.

General appearances of the CPC composites in the four group are
shown in Fig. 2E-H. The phase composition of CPC was examined by
XRD. The main product in CPC was hydroxyapatite (HAP), and incom-
plete initial components tetracalcium phosphate (TTCP) and dicalcium
phosphate anhydrous (DCPA) were also present (Fig. 2I). To characterize
the release of CUR-HA from the CPC composite, we soaked the CUR-HA/
GMP/CPC composite in PBS in vitro and calculated the amount of CUR
components released in the solution by measuring the absorbance value
of the soaking solution at 425 nm by UV spectrophotometer. As shown in
Fig. 2J, CUR-HA was gradually released from the CPC over time, with a
faster release early on, reaching a cumulative release of 89% of the total
content by 28 d.

3.2. Characterizations of the setting time, injectability, porosity and
mechanical parameters of the cements

As shown in Fig. 3A, the initial setting time of (5.6 & 0.8) min and the
final setting time of (15.3 + 0.9) min in the CUR-HA/GMP/CPC group
were higher than those of the remaining three groups. There were no
significant differences in the initial and final setting times among the
remaining three groups.

The cement paste was tested before coagulation to evaluate its
injectivity index of the cement. The injection index of the CUR-HA/GMP/
CPC group was (91.3 + 2.3)%, and the difference was not statistically
significant compared to all other groups, GMP/CPC (92.2 + 1.0)%; CUR/
GMP/CPC (85.5 + 4.3)%; HA/GMP/CPC (91.1 + 1.7)%. This also in-
dicates that neither CUR-HA or GMP affected the injectability of CPC.

The three-dimensional structure of the bone cement was measured
and analyzed using micro-CT. The incorporation of GMP was effective in
porogenizing the CPC (Fig. 3B). The introduction of GMPs led to the
formation of large pores during the cement setting. As the GMPs dis-
solved, the porosities of the cements in different groups ranged from 40%
to 45%. The porosity of the cement in each group did not differ
significantly.

The compressive strengths and elastic modulus of the cement samples
before and after leaching are presented in Fig. 3C and D. The compressive
strength and elastic modulus decreased after CUR-HA/GMP/CPC group
samples were leached for three days, compressive strength changed from
(16.60 £ 1.80) to (13.41 + 1.62) Mpa (P > 0.05), and elastic modulus
from (0.59 + 0.51) to (0.46 + 0.65) Gpa (P > 0.05). There were no
statistically significant differences in the mechanical parameters of the
four groups before or after leaching, indicating that the incorporation of

Materials Today Bio 20 (2023) 100630

CUR-HA did not affect the mechanical properties of the CPC.

3.3. Surface morphology and pore size distribution of CPCs

Morphologies of the cement samples before and after soaking in PBS
for 1 h are shown in Fig. 3E. As shown in Fig. 3E, the cement surfaces of
the CUR/GMP/CPC and CUR-HA/GMP/CPC groups were smoother than
those of the GMP/CPC and HA/GMP/CPC groups before soaking in PBS.
Macroporous structures were not observed on the cements surface in
each group. When the samples were dissolved in PBS for 1 h, a smooth
macroporous structure appeared. In addition, the pore diameter in each
group of cement ranges from 150 to 200 pm, and the pores are uniformly
distributed.

3.4. Invitro degradation and pH detection

To evaluate whether the four groups of composite bone cement ma-
terials produced acid during degradation, we incubated the samples of
the four groups under physiological conditions for 4 weeks. The pH
values of the four groups showed a decreasing trend (Fig. 3F). However,
the pH values of all groups stabilized from days 1 to day 14 and were in
the range of 6.5-7.2. Overall, the pH values of the materials in all the
groups never fell below 6, indicating that no acidic material was pro-
duced during the degradation of the samples.

All four CPC groups gradually degraded in vitro. Weight loss in the
CUR-HA/GMP/CPC group was greater than that in the other groups after
day 3 (Fig. 3G). At day 28, the weight loss in the CUR-HA/GMP/CPC
group was as high as 25.1%, whereas that in the GMP/CPC group was
only 10.4% (P < 0.05).

3.5. Adhesion and proliferation of BMSCs on CPCs in vitro

BMSCs grew and adhered well to the surface of the cement in all
groups in a long shuttle shape (Fig. 4A-D). The SEM images show that the
cell density was significantly higher in the CUR-HA/GMP/CPC group
compared to the other groups, although the initial cell seeding density
was the same among the groups. This indicated that CUR-HA/GMP/CPC
significantly promoted the proliferation and adhesion of BMSCs.

As depicted in Fig. 4E, cell proliferation was analyzed by CCK-8 kit at
four time points. Proliferation of BMSCs in all groups over time. How-
ever, the proliferation rate of BMSCs in the CUR-HA/GMP/CPC group
was significantly higher than that in the other three groups after 3, 5, 7
d of culture. We also found that the rate of live cells in the CUR-HA/
GMP/CPC group was 97% while the rate of dead cells was 3%, which
was not statistically significance compared to the other groups
(Fig. 4F-J). This also indicated that CUR or CUR-HA did not induce the
death of BMSCs.

3.6. Alizarin red S staining and ALP activity

As the BMSCs gradually grew on the CPC composites, the orange-red
complexes were deposited more intensively. All four groups had miner-
alized calcium nodules on day 14, which also indicated the osteogenic
induction activity of the cements in each group (P > 0.05). However,
after 21 d of culture, the CUR-HA/GMP/CPC group had denser miner-
alized nodules, which were significantly better than those of the other
three groups (P < 0.05) (Fig. 5A and D).

Staining and analysis of ALP activity after BMSCs were seeded on the
surface of each group of CPC composites are shown in Fig. 5B, D. Three
days after seeding, there was no statistical difference in the activity of
ALP among the groups (P > 0.05). In contrast, on day 7 after BMSC
seeding, ALP activity in the CUR-HA/GMP/CPC group was significantly
higher than that in the other groups (P < 0.05).
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Fig. 3. Physicochemical properties, mechanical strength and scanning electron microscopy (SEM) observations of different bone cements. (A) Comparison of the
initial and final setting time among groups. (B) Porosity of the composite cement was evaluated before and after leaching in PBS for 1 h. (C) Compressive strength and
(D) elastic modulus of cements were evaluated before and after leaching for 1 h. (E) Surface morphology of cements was observed using SEM before (pre-leaching) and
after 1 h of leaching into PBS at 37 °C (post-leaching). (F) PH of the cement-soaked PBS at different time points. (G) Weight loss rates of cements at different time
points. (n = 3, *P < 0.05).
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interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.7. Evaluation of osteogenic differentiation by immunofluorescence and
western blotting

To further explore the osteogenic differentiation of BMSCs on the
surface of each CPC group and the activity of differentiated osteoblasts,
RUNX2 and OC double-label immunofluorescence staining was per-
formed (Fig. 6A). An osteoblast-like morphology was observed in all four
groups of cells, and all OC markers were positive. However, the OC-
positive cells were more densely distributed in the CUR-HA/GMP/CPC
group. The RUNX2 fluorescence intensity and range of cells in the
CUR-HA/GMP/CPC group were higher than those in the other groups,
indicating that CUR-HA/GMP/CPC can effectively promote the differ-
entiation of BMSCs into osteoblasts and maintain the osteoblast
phenotype.

RUNX2 plays an essential role in the osteoblast differentiation of
BMSCs, and FGF18 is a crucial protein for osteogenic differentiation. To
evaluate the osteogenic differentiation effects of the CUR-treated cement,
we analyzed the expression level of RUNX2 and FGF18 in BMSCs cul-
tureed on CPC composites for 7 days (Fig. 6B-D). We found that the
mRNA expression of RUNX2 and FGF18 in CUR-HA/GMP/CPC group
was up-regulated, and its protein expression was increased significantly
compared to other three groups (P < 0.05). In addition, the quantitative

analysis showed no significant differences among the GMP/CPC, CUR/
GMP/CPC and HA/GMP/CPC groups (Fig. 6E and F). These results
further suggest that the CUR-HA composite cement has an excellent
osteogenic differentiation effect.

3.8. Micro-CT reconstruction and quantification

Micro-CT was used to scan and reconstruct 3D images of the repaired
bone defects in rats at 4 (Fig. 7A) and 12 weeks (Fig. 7B) after bone
cement implantation. The degree of bone defect repair, cement degra-
dation and new bone formation were evaluated by micro-CT 3D images.

At 4 weeks, 58.7% of the cyan-labeled bone cement was visible in the
CUR-HA/GMP/CPC group, which was significantly lower than that in the
other three groups (P < 0.05; no statistical difference between the
remaining 3 groups.) (Fig. 7C). At week 12, the percentage of yellow-
labeled new cancellous bone visible in the CUR-HA/GMP/CPC group
was 60.8%, which was significantly higher than that in the other three
groups (P < 0.05; no statistical difference between the remaining 3
groups.) (Fig. 7D). This value was 37.2% in the CUR/GMP/CPC group. In
addition, the percentage of new cancellous bone visible in the GMP/CPC
group was 29% at 12 weeks, which was the lowest among all four groups
(P < 0.05). Using horizontal, sagittal and coronal 3D image
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Fig. 5. Alizarin Red S staining and ALP activity. (A) Mineralized nodules are stained with alizarin red S on days 14 and 21 after BMSCs seeded on CPC cement surface.
The minerals are dark red. (B) Alkaline phosphatase (ALP) staining of BMSCs after growing on CPC for 3 days or 7 days. The blue represents ALP, and red represents
nuclei. (C) Quantification of the proportion of ARS-positive regions on days 14 and 21. (D) Quantification of ALP activity on days 3 and 7. Scale bar = 10 ym. (n = 3,
*P < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

reconstructions, we found that the cancellous bone network formed in
the CUR-HA/GMP/CPC group at 12 weeks was very close to the normal
cancellous bone structure.

3.9. Histological analysis

Histological images taken four weeks after implantation are shown in
Fig. 8A1-D1. A little bone cement degradation was observed in the GMP/
CPC group. The boundary between the bone defect and the bone cement
was clearly visible in the GMP/CPC group, and no trabecular-like

structures were observed at the edges of the defect. This indicated that
there was almost no new bone formation inside the bone cement
(Fig. 8A1). CUR/GMP/CPC and HA/GMP/CPC groups showed signs of
cement degradation at the periphery of the cement, with some of the
degraded areas replaced by new trabeculae (Fig. 8B1-C1). However, the
CUR-HA/GMP/CPC group showed significant bone cement degradation,
and new bone formation, with new bone trabeculae filling the middle
and edges of the bone cement (Fig. 8D1).

At 12 weeks, bone-cement degradation and new bone formation were
not significantly improved in the GMP/CPC group (Fig. 8A2). The cement
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Fig. 6. Identification of osteogenic differentiation of BMSCs by immunofluorescence, western blotting and qRT-PCR. (A) Immunofluorescent staining of OC and
RUNX2 in BMSCs seeded onto the cements. Blue color represents nuclei, red represents OC, and the green represents RUNX2. The qRT-PCR assay of osteogenic
differentiation of BMSCs cultured for 7 days: (B) RUNX2, (C) FGF18. (D) Protein Strip of RUNX2 and FGF18 in BMSCs growing on cements for 7 days by western
blotting assays. The p-actin served as an internal reference gene (E, F) Quantitative analysis of RUNX2 and FGF18 expression levels. (n = 3, **P < 0.01). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

in the CUR/GMP/CPC group was moderately degraded, and new bone
formation was found in the area of cement degradation (Fig. 8B2). The
HA/GMP/CPC group showed that new bone formation occurred mainly
in the outer region of the bone cement (Fig. 8C2). The CUR-HA/GMP/
CPC group showed that the cement was greater degraded and lost its
structural integrity, and high magnification images showed that the new
cancellous bone had formed a reticular structure at the border of the
degraded cement (Fig. 8D2). The inner area of the implanted cement was
filled with a large amount of cancellous bone. These results indicate that
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CUR-HA/GMP/CPC showed excellent degradation and osteogenic
activity.

The lateral images of the femoral condyle surgery area are shown in
Fig. 8A3-D4. Quantitative histological analysis showed that the trabec-
ular number was significantly higher in the CUR-HA/GMP/CPC group
than in the other groups four weeks after surgery (Fig. 8E). The trabec-
ular separation in the CUR-HA/GMP/CPC group was higher than that of
other groups at 12 weeks (Fig. 8F). Importantly, immune staining study
(Fig. 9) demonstrated that the CUR-HA/GMP/CPC group had a uniform
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Fig. 7. Micro-CT analysis of cement. (A) 3-
dimensional reconstruction of the defect area
after 4 weeks implantation. (B) 3-dimensional
reconstruction of the defect area after 12
weeks implantation. The yellow part represents
newly formed bone, and the green part repre-
sents residual cement. (C) Quantitative analysis
of residual cement and trabecular bone volume
at 4 weeks after implantation. (D) Quantitative
analysis of residual cement and trabecular
bone volume at 12 weeks after implantation.
(n=6, *, #P < 0.01). (For interpretation of the
references to color in this figure legend, the
reader is referred to the Web version of this
article.)
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Fig. 9. Immunostaining of osteopontin (OPN) 12 weeks after implantation. (A) a) GMP/CPC, b) CUR/GMP/CPC, c) HA/GMP/CPC, and d) CUR-HA/GMP/CPC. (B)
Quantification of the proportion of newly formed bone trabeculae by OPN immunostaining. Scale bar = 500 mm (n = 6, **P < 0.01).

distribution of trabecular structures in the cement implantation area and
strong positive staining for OPN. The GMP/CPC group showed that the
bone cement remained undegraded and weak OPN expression presented
in the surrounding area. The CUR/GMP/CPC and HA/GMP/CPC groups
showed a small amount of trabecular growth in the graft area, and weakly
positive OPN expression was observed in the new bone trabeculae.

4. Discussion

CPC has been widely studied for bone defect repair because of its
injectability, mechanical properties, and biocompatibility [21,22].
However, CPC has low osteogenic activity, and the absence of porosity
after setting is detrimental to new bone ingrowth. Enhancing the osteo-
genic activity and porosity of CPC after setting is critical to promote its
therapeutic applicability. In this study, we esterified CUR, a compound
with high osteogenic activity but low solubility, with HA to create novel
CUR-HA macromolecule with excellent solubility. In addition, we added
150 pm diameter glucose microspheres to the CPC to create the bionic
pore of the bone cement, resulting in a CUR-HA/GMP/CPC composite
bone cement. CUR-HA was constantly released from CUR-HA/GMP/CPC
composites in PBS for at least 28 d. Furthermore, CUR-HA/GMP/CPC was
found to accelerate the degradation of calcium phosphate and other
inorganic compositions of cement in rat femoral condyle defects,
enhanced the local osteogenic activity, and improve the formation of new
bone, resulting in the formation of an effective cancellous bone mesh
structure and a suitable repair of the bone defect.

Given potential medical value of CPC, its modification for improved
application in bone defect repair has been a popular research topic in
recent years [23,24]. Growth factors and active proteins including
platelet-rich plasma, bovine collagen, BMP-2, and gelatin, have been
added to the CPC [25-28]. Trace elements with osteogenic activity, such
as Sr, Mg, Co, Zn, and Si, have also been added to CPC [29-31]. All these
active substances can improve the osteogenic activity of CPC to a certain
level. However, biologically active ingredients are always potentially
immunogenic and their introduction into CPC makes the disinfection
process cumbersome and raises the cost of CPC. The safety range of many
inorganic ions is narrow, and uncontrolled release of inorganic ions can
even cause malignant events such as poisoning. In contrast, natural ma-
terials with low immunogenicity and a wide range of sources are more
suitable for CPC modification. But natural plant-derived substances, such
as CUR are less typically employed to modify CPCs. This may be due to
the fact that the isolated active chemicals from plants have limited
osteogenic activity or low water solubility. CUR is an excellent antioxi-
dant and also has anticancer properties [32,33]. Meanwhile, Chen et al.
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found that curcumin has significant anti-inflammatory effects by inhib-
iting IL-1f and TNF-a release, and promotes tendon-bone interface
healing through local curcumin release [18]. In recent research, CUR has
also been shown to have a robust osteogenic differentiation effect on
stem cells and increase osteoblastic activity [34,35]. Curcumin treatment
reduced the expression of matrix metalloproteinase (MMP)-1 but upre-
gulated the expression of the immunomodulatory gene indoleamine 2,
3-dioxygenase (IDO) 1, which in turn inhibited lipogenic differentia-
tion and enhanced osteogenic differentiation of BMSCs [36]. However,
these compounds exhibit low water solubility and limited bioavailability.
There are few studies on the modification of CUR, and enhancing its
water solubility and bioavailability is the key to promoting its clinical
application [37,38]. For this reason, we introduced hyaluronic acid (HA)
as a material for CUR modification. Hyaluronic acid is a mucopolysac-
charide that is widely distributed in the body and functions as a skeletal
material in the intercellular matrix, with good water solubility and
non-immunogenicity. The molecular backbone of hyaluronic acid con-
tains changeable groups that may be combined directly with a range of
medicines to generate molecular carriers for the production of drug de-
livery systems [39-41]. Therefore, we generated CUR-HA macromole-
cules by esterifying HA with CUR. Additionally, FTIR analysis revealed
that CUR-HA formed ester bonds, and its water solubility was signifi-
cantly increased. The early release pattern of CUR-HA was consistent
with the pathological developmental cycle of bone defect repair. Previ-
ous studies on the biological properties of CUR often required its disso-
lution in organic solvents, such as DMSO, which are highly biotoxic,
limiting the amount of CUR used in vitro and in vivo studies, and indi-
rectly diminishing its biological effects [42]. In the present study, we
found that the CUR-HA/GMP/CPC composite significantly enhanced the
proliferation and osteogenic differentiation of BMSCs in vitro, as well as
their osteogenic potential. To further study the mechanism by which
CUR-HA promoted BMSC differentiation into osteoblasts, we observed
that RUNX2 and FGF18 proteins were considerably highly expressed in
the CUR-HA/GMP/CPC group. FGF18 has been shown in several studies
to promote osteogenic differentiation, cellular osteogenic activity, and
bone tissue regeneration [43]. This finding unequivocally demonstrates
that synthesized CUR-HA conserved the biological activity of CUR and
did not diminish it due to the esterification step. It has been investigated
that the slow release of CUR promotes the opening of glucose transporter
1 in BMSCs, which in turn activates RUNX2 to promote their osteogenic
differentiation.This has also led to a deeper understanding of the complex
molecular mechanism of CUR in osteogenesis of BMSCs [44].

In addition to the incorporation of bioactive chemicals into CPC to
increase its osteogenic activity in vivo, morphological changes in CPC
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during molding are also critical for increasing its bioactivity [11]. Pre-
vious studies also confirmed that unmodified solid CPC degrades little in
the early stages [45,46]. This does not fit effectively into the fracture
healing pathological cycle, and only provides mechanical stabilization of
the fractured bone. Moreover, a mismatch between the degradation of
the CPC and the new bone can lead to a delayed healing or non-healing of
the fracture. The three-dimensional pore structure facilitates cell adhe-
sion, migration, growth, nutrition and metabolite transfer. The most
suitable pore size for osteoblast migration and proliferation is between
40 and 150 m. PLGA particles are combined with CPC and injected in vivo
to achieve pore formation while also promoting the early development of
new bone into the bone defect [47]. Real et al. used a CO,
bubble-forming reaction between NaH,PO4 and NaHCOj3 to manufacture
CPCs with a porosity of up to 50% [48]. It is worth considering that the
use of foaming agents to formulate holes may not be suitable for in vivo
applications due to the potential risk of gas embolism in patients.
Furthermore, it is frequently more difficult to manage the density and
width of the pores formed by this gas. As a porogenic agent, we employed
glucose particles with high water solubility, which may produce homo-
geneous pores early in the bone cement formation process. The porosity
of the fabricated bone cement was in the range of 40-45%, which is
compatible with the standards for cancellous bone. Use of carboxy-
methylcellulose as a water-soluble porogenic agent also resulted in good
CPC porosity. The period of hematoma organization after fracture is the
main period of migration of osteoblasts, mesenchymal cells, and other
cells to the defect area, and unformed porosity in the early bone cement
affects the migration of cells and hinders new bone formation [49]. We
used glucose particles, which are rapidly water soluble, as porogenic
agents. The glucose particles do not affect the pH value of the curing
solution, and the diameter of the glucose particles can be artificially
selected to produce CPC porous scaffolds with different pore sizes.
Additionally, we found that the mechanical characteristics of the 40%
porosity CUR-HA/GMP/CPC composite were reduced, which is consis-
tent with previous research that increased the porosity of CPC.

After implantation of CPC, hydroxyapatite produced during the
curing process and some of its own inorganic components are gradually
degraded and deposited by proteins such as the extracellular matrix. As
the microporous surface gradually transitions from an inorganic interface
to a biological interface, the process of stimulating bone formation in vivo
is facilitated by this transition. There was a considerable rise in the
amount of new bone in the CUR-HA/GMP/CPC group, as well as a sig-
nificant decrease in the volume of residual cement, when CUR-HA was
incorporated into the bone cement. The histological HE stained images
showed more new bone growth surrounding the CUR-HA/GMP/CPC
implants, which is consistent with the data from in vitro cell culture.
CUR can stimulate endothelial cell migration, thereby increasing vascu-
larization [50]. Bone neogenesis benefits from the development of new
blood vessels. Migration of blood vessels is necessary for bone formation.
The new blood vessels provide oxygen and nutrients to the bone, while
transporting metabolic products and CO; accumulated by the cells.
Therefore, it is reasonable to speculate that this neovascularization may
also be a factor involved in promoting CPC degradation, local cellular
metabolism levels and translocation of cellular metabolites and CPC
degradation products. Due to the phase change that occurs after bone
cement implantation, biomechanical testing of the resected specimens
was not performed to determine the bone-implant stability. Determining
the stability of the bone-implant interface is an important issue for future
research.

5. Conclusions

In this study, CUR was successfully esterified with HA to synthesize a
water-soluble CUR-HA macromolecule. Incorporation of CUR-HA did not
significantly degrade the injectability and mechanical parameters of CPC.
In vitro experiments confirmed that the CUR-HA/GMP/CPC composite
promoted the differentiation of BMSCs into osteoblasts through the
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RUNX2/FGF18 signaling pathway. In vivo experiments revealed that the
incorporation of CUR-HA accelerated the degradation of CPC and pro-
moted new bone formation. Therefore, the water-soluble CUR-HA
macromolecule developed in this study can exert osteogenic effects in
vivo, which is expected to promote the clinical application of active CPCs.
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