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ABSTRACT: Engineering scaffolds combinging natural bio-
mineral and artificially synthesized material hold promising
potential for bone tissue regeneration. In this study, novel
bioactive calcium sulfate/oyster shell (CS/OS) composites
were prepared. Comparing to CS scaffold, the CS/OS
composites with a controllable degradation rate displayed
enhanced mineral nodule formation, higher alkaline phosphate
(ALP) activity and increased proliferation rate while treated
osteocytes. In CS/OS composites group, elevated mRNA levels
of key osteogenic genes including bone morphogenetic
protein-2 (BMP-2), runt-related transcription factor 2
(Runx2), osterix (Osx), and osteocalcin (OCN) were observed. Furthermore, The up-regulation of BMP-2 and type I collagen
(COL-I) was observed for CS/OS composites relative to a CS group. Scaffolds were implanted into critical-sized femur cavity
defects in rabbits to investigate the osteogenic capacity of the composites in vivo. The CS/OS scaffolds with proper suitable times
and mechanical strength strongly promoted osteogenic tissue regeneration relative to the regeneration capacity of CS scaffolds, as
indicated by the results of histological staining. These results suggest that the OS-modified CS engineering scaffolds with
improved mechanical properties and bioactivity would facilitate the development of a new strategy for clinic bone defect
regeneration.
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1. INTRODUCTION
Bone defects and nonunion are the problems most frequently
encountered in modern reconstructive orthopedic surgery.
Autografting and allografting are the “gold standard” for
treating these diseases. However, these bone grafting
techniques cannot be applied widely due to their intrinsic
drawbacks.1 For example, autografting and allografting are
severely restricted by the scarce supply of donors. Moreover,
great concerns exist regarding the pain and complications such
as infection and hematoma caused by donor harvesting2,3 and
immune response.4 In addition, the grafting techniques require
critical defect sizes and host−bed viability.5,6 Therefore, several
factitial bone substitutes with excellent biocompatibility have
been developed as implantable grafts. Strict requirements are
set for ideal factitial bone substitutes.1 For example, substitutes
should exhibit excellent biocompatibility and suitable mechan-
ical strength to serve as scaffolds for new bone growth and

should be osteoinductive and osteoconductive to accelerate
bone formation. Finally, substitutes should be biodegradable
when completely replaced by new bone tissue. Single
biomaterials can hardly fulfill all of the above-mentioned
requirements. Therefore, synthesized composites are attracting
widespread attention for use as bone grafts.
Calcium sulfate hemihydrate (CaSO4·

1/2H2O, CSH) has a
clinical application history spanning over 100 years due to its
excellent biocompatibility and osteoconductivity. The trans-
formation of CSH into calcium sulfate dihydrate (CaSO4·
2H2O, CSD) by reacting with water has been exploited to
produce calcium sulfate (CaSO4, CS) cement for bone
augmentation,7 drug carriers8,9 and bone graft substitutes.7
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However, the resorption rate of the calcium sulfate cement is
too fast to match the rate of new bone formation, which creates
negative effects on bone regeneration.10,11 Furthermore, neither
the pH environment nor the ion release behavior of calcium
sulfate is suitable for bone regeneration because it fails to
provide an appropriate microenvironment for bone defects.11,12

Recently, calcium sulfate composites have been widely studied
to overcome the above-mentioned clinical challenges. Cabanas
et al.10 introduced hydroxyapatite into calcium sulfate to form
composite cements. Lei et al.13 reported a suitable composite
filler consisting of 60% CaSO4 and 40% HA by mass.
Mamidwar and Cao14−16 described a CaSO4/PLLA composite
that presents a delayed degradation rate. However, no study has
attempted to modify CaSO4 by combining it with a natural
biomineral. Recent studies have opened new avenues of
research by investigating natural biominerals as bone grafts.
Oyster shell (OS), mainly composed of calcium carbonate
biomineral, is considered a suitable bone substitute.17 In 2004,
an article in Science reported that the biomineralization process
of oyster shell is similar to osteogenesis in the human body.18

Bone tissue consists of mineral and an organic matrix, such as
hydroxyapatite and bone cells. Type I collagen (COL-I)
secreted by osteoblasts can serve as a scaffold during the
physiological process of new bone tissue formation (90%), with
the remaining material (10%) composed of noncollagenous
proteins include osteonectin, osteocalcin (OCN), and
osteopontin.19 In addition, osteoblasts also secrete growth
factors to induce immobilization in bone matrix. Runt-related
transcription factor 2 (Runx2) is an indispensable transcription
factor for osteoblast differentiation both during endochondral
and intramembranous ossification.20 Bone morphogenetic
protein-2 (BMP-2), which plays a prominent role in fracture
healing, is essential for maintaining bone homeostasis. BMP-2 is
also known to regulate osteogenic transcription factors such as
Runx-2 and Osterix.21 Osterix, a zinc finger-containing
transcription factor, regulates gene expression in committed
osteoblastic precursor cells to promote differentiation.20 Many
studies22−26 have demonstrated that nacre exhibits satisfactory
biocompatibility, osteoinduction, and slow resorption rates in
vivo. Shen et al.26 showed that nacre contains various signaling
molecules that can activate the osteogenic differentiation of
bone marrow cells. Mouries et al.27 proved their initial
hypothesis that nacre organic matrix (WSM) contains signaling
molecules that can stimulate the osteogenic pathway in
mammalian cells. Therefore, it is reasonable to incorporate
oyster shell into calcium sulfate to produce composite cements
with improved properties, and the composite can be expected
to be a natural carrier of bone growth factors to enhance
osteogenetic processes.
In the present study, calcium sulfate/oyster shell (CS/OS)

composites were produced through a salt solution method. The
setting behavior, mechanical properties, and in vitro degrad-
ability of the composites were studied in detail. The bioactivity
of the composites was evaluated to assess the composites’ safety
and potential in promoting osteogenesis. Then, the cellular
response for osteogenic differentiation was investigated at the
level of mRNA expression and protein changes. An in vivo
rabbit femur cavity defect model was used to evaluate the bone
tissue regeneration ability of the CS/OS composites.

2. MATERIALS AND METHODS
2.1. Preparation and Characterization of CS/OS Composites.

All starting chemicals were of analytical grade and purchased from

Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Succinic
acid and 99.7 wt % absolute ethanol were used as the morphology-
modifying agents. A CaCl2 solution was used as the medium for the
conversion from CSD to α-CSH. The oyster shells were derived from
Zhejiang Wenzhou offshore oysters. After flushed under water flow to
remove sand particles, the oyster shells were immersed in 40% acetic
acid for 60 min to eliminate the organic components on the surface.
The treated oyster shells were then flushed and immersed in distilled
water for 6 h until they reached neutral pH. Then, the oyster shells
were crushed and ball milled for 6 h to obtain fine powders. The
powders were successively soaked in a mixture of chloroform and
methanol at a volume ratio of 1:1 for 24 h. Then, the powders were
flushed and immersed in distilled water for 6 h. The powders were
subsequently soaked in 30% hydrogen peroxide for 48 h to eliminate
the antigen. Finally, the treated powders were flushed and dried and
then sieved through a 100-mesh filter to yield fine oyster shell
powders.

A salt solution method was used to prepare the calcium sulfate/
oyster shell (CS/OS) composites based on our previous work.28 The
reaction was carried out in a three-neck flask equipped with a reflux
condenser for vapor reflux. The reaction temperature was maintained
at 110 °C using an oil bath. In a typical synthesis, a 30 wt % CaCl2
aqueous solution containing a 2:3 ethanol/water solution and 0.25 wt
% succinic acid (to CSD powders) was prepared as the reaction
medium. The solution was stirred homogeneously using a magnetic
stirrer for 30 min. After that, the prepared solution was transferred into
the three-neck flask keeping in an oil bath and preheated to 110 °C
with magnetic stirring. CSD powders and the obtained oyster shell
powders were subsequently added into the flask and reacted for 48 h.
Finally, the resulting powders were rapidly filtered and dried at 110 °C
for 30 min in an oven. CS/OS composites with different OS contents
of 0, 7.5, 12, and 18 wt % were prepared and labeled as CS, CS/OS7.5,
CS/OS12/ and CS/OS18, respectively. The obtained CS/OS
composites were examined using X-ray diffraction (XRD, Bruker D8
Advance, Germany) with Cu radiation at a scanning rate of 15°/min
over the 2θ range from 10° to 90°. The morphologies of the
composites were investigated using a field emission scanning electron
microscope (FE-SEM, S-4800, Japan).

2.2. Characterization of Setting and Mechanical Properties.
Pastes of CS, CS/OS7.5, CS/OS12, and CS/OS18 were formed by
mixing the obtained composite powders with distilled water in a
liquid/powder (L/P) weight ratio of 0.7 mL g−1. The setting
properties of the pastes were measured using a Vicat needle according
to ISO9597-1989E. The initial setting time is defined as the time
necessary for the light needle (280 g, Φ 1.13 mm) to plunge into a
paste and leave a span of 5 ± 1 mm to the tube bottom. The final
setting time is defined as the time necessary for the heavy needle (350
g, Φ 2.0 mm) to no longer leave a visible print on the surface of a
paste. Each test was repeated six times, and a statistical method was
used to analyze the results.

The CS, CS/OS7.5, CS/OS12, CS/OS18, and CS/OS25 pastes
were placed in separate Teflon molds (Φ 6 mm × 12 mm) to form
cylindrical specimens. After the specimens solidified, they were
removed from the molds. To obtain suitable mechanical properties,
the specimens were incubated at 37 °C with 100% relative humidity
for various incubation times of 1, 7, 14, 21, and 28 days. The
compressive strengths of the specimens were tested using an Instron
(Instron 5800, America) at a loading rate of 0.5 mm/min.

2.3. In Vitro Bioactivity. The in vitro bioactivity of the CS/OS
composites was evaluated using the simulated body fluid method.
Simulated body fluid (SBF) was prepared according to the procedure
described by Kokubo.29 The CS, CS/OS7.5, CS/OS12, and CS/OS18
pastes were placed in Teflon molds (Φ 6 mm × 3 mm) to form disk-
shaped specimens. The specimens were pretreated by incubating at 37
°C with 100% relative humidity for 14 days. They were then separately
immersed in the SBF solution with a surface area/volume ratio30 of 0.1
cm−1 and maintained at 37 °C in a shaking water bath for 7 days. The
SBF solution was refreshed every day. Then, the disks were gently
rinsed with deionized water and dried at room temperature. The
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specimens were examined using XRD and a FE-SEM with an energy-
dispersive X-ray detector (EDX, FE-SEM, S-4800, Japan).
2.4. In Vitro Degradation Test. Groups of CS, CS/OS7.5, CS/

OS12, and CS/OS18 specimens (Φ 6 mm × 3 mm) were soaked in
SBF solutions for 4, 7, 10, 14, 21, and 28 days in a shaking water bath.
The SBF solutions were refreshed every 2 days. After each soaking
period, the specimens were removed from solution and dried at 60 °C
for 12 h. The weights of the specimens were measured before and after
testing to determine the weight loss. The other group of CS, CS/
OS7.5, CS/OS12, and CS/OS18 specimens (Φ 6 mm × 3 mm) was
separately immersed in the SBF solution without refreshing, and the
soaking solutions were collected each soaking period. The Ca2+

concentrations and pH values of the soaking solutions were examined
using inductively coupled plasma−atomic emission spectrometry
(ICP-AES, Optima 2100, U.S.A.) and an electrolyte-type pH meter
(FE20K, Mettler Toledo, Switzerland).
2.5. Cell Culture. MG-63, a human osteosarcoma cell line with

osteoblastic potential, purchased from the Cell Culture Center,
Chinese Academy of Medical Science (CCC, CAMS, China), was
selected for evaluation. MG-63 cells were seeded in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, U.S.A.) supplemented with
10% (V/V) fetal bovine serum (FBS, Gibco, U.S.A.) at 37 °C in a
humidified atmosphere with 5% CO2, then detached with 0.25%
trypsin/0.03% ethylene diamine tetraacetic acid (EDTA). The cell
density was calculated, allowing for the desired density to be used in
later experiments. After 24 h, the cells were treated with 50 mg/mL
concentrations of dissolution extracts from the above-described CS,
CS/OS7.5, CS/OS12, and CS/OS18 specimens. The cell groups of
the related tests were as follows: CS, CS/OS7.5, CS/OS12, and CS/
OS18.
2.5.1. Cell Viability. The 7-day-preincubated CS, CS/OS7.5, CS/

OS12, and CS/OS18 specimens were crushed into 300-mesh fine
powders for cytotoxicity testing. Dissolution extracts were prepared by
adding powders to DMEM cell culture medium for 1 day at 37 °C in a
humidified atmosphere of 5% CO2, with medium concentrations of
6.25, 12.5, 25, 50, 100, and 200 mg/mL. After incubation, the mixture
was centrifuged, and the supernatant was collected. For cell
proliferation assays, a 100-μL MG-63 cell suspension with a density
of 1 × 104 cells/mL was added to each well of a 96-well plate and
incubated for 24 h. The culture medium was removed and replaced by
100 μL extracts. DMEM (10% FBS) without added extracts was used
as a control. After incubating at 37 °C and 5% CO2 for 1, 4, and 7
days, the Cell Counting Kit-8 (CCK-8, Dojindo, Japan) was used to
determine the proliferation of MG63 according to the manufacturer’s
instructions. Briefly, CCK-8 solution was added to 96-well plates, then
the cells were incubated for 120 min, and absorbance was measured at
570 nm using an MRX Revelation 96-well multiscanner (Dynex
Technologies, Chantilly, VA). This experiment was repeated six times.
2.5.2. Determination of Alkaline Phosphatase (ALP) Activity.

Cells were inoculated at 1 × 104/mL in 24-well plates. Alkaline
phosphate (ALP) staining was performed at the seventh day. Cells
were rinsed twice with phosphate-buffered saline (PBS) and then fixed
with 4% paraformaldehyde. An ALP substrate mixture was then added
and incubated for 10 min. The ALP activity was quantified at a
wavelength of 405 nm using a microplate reader (SPECTRAmax 384,
Molecular Devices) as the substrate, and the total protein contents in
the cell lysate were determined using the bicinchoninic acid method in
aliquots of the same samples with a Pierce protein assay kit (Pierce
Biotechnology Inc., Rockford, IL, U.S.A.), read at 562 nm and
calculated according to a series of albumin (bovine serum albumin)
standards. The ALP levels were normalized to the total protein
content and performed in quadruplicate for all of the experiments.
2.5.3. Quantitation of Mineralized Nodule Formation. To

qualitatively assess cell-mediated calcium deposition, MG-63 cells
were visualized by Von Kossa staining. After 24 h of culturing in 24-
well tissue culture plates at a cell density of 1 × 104, cells were treated
with the same concentrations of dissolution extracts described above.
Von Kossa staining was performed at the 18th day. Cells in the well
plates were fixed in 4% paraformaldehyde, stained with 1% silver
nitrate, placed under a UV lamp for 30 min and rinsed with distilled

water before treatment with 5% sodium thiosulfate for 2 min. Von
Kossa-positive deposits were observed after washing with alcohol.
Calcium mineralized nodules with a diameter greater than 1 mm were
counted and analyzed.

2.5.4. Real-Time Polymerase Chain Reaction (PCR) Analysis. Real-
time PCR was used to detect the expression of several osteogenic
differentiation-related marker genes (BMP-2, Runx2, Osterix, and
OCN) at the 4th, 7th, and 14th days. Total RNA was extracted using
TriZol (Invitrogen) according to the manufacturer’s instructions. Its
concentration was determined by NanoDrop 2000c (Thermo Fisher
Scientific Inc. U.S.A.). First strand complementary DNAs (cDNAs)
were synthesized from 1 μg of the isolated RNA by oligo-
(deoxythymidine) (oligo(dT)) using DyNamoTM cDNA Synthesis
Kit (Fermentas), and used as templates for real-time PCR. The PCR
was performed on a final volume of 25 μL containing 3 μL cDNA, 2
μL of each primer, 1 μL ROX reference dye, and 12.5 μL of SYBR
Green Master mix (TIANGEN), with ABI Prism 7300 (Applied
Biosystems, Foster City, CA, U.S.A.). The expression of mRNAs was
determined quantitatively using DyNamo SYBR1 Green qPCR kit
(Takara, Japan). The primers were as follows: for BMP-2, sense
primer, 5′-ACC CGC TGT CTT CTA GCG T-3′, and antisense
primer, 5′-TTT CAG GCC GAA CAT GCT GAG-3′; for Runx2,
sense primer, 5′-CCC CAC GAC AAC CGC ACC AT-3′, and
antisense primer, 5′-CAC TCC GGC CCA CAA ATC-3′; for Osterix,
sense primer, 5′-CTC CTG CGA CTG CCC TAA T-3′ and antisense
primer, 5′-ATA CTT CTG GGT CTT GGG CAT-3′; for OCN, sense
primer, 5′-GGC CAG GCA GGT GCG AAG C-3′, and antisense
primer, 5′-GCC AGG CCA GCA GAG CGA CAC-3′; for GAPDH,
sense primer, 5′-GAA GTG GAA GGT CGG AGT C-3′, antisense
primer, 5′-GAA GAT GGT GAT GGG ATT TC-3′. The samples
underwent 40 cycles consisting of the following steps: initial
denaturation at 95 °C for 10 min, followed by a set cycle of
denaturation at 95 °C for 15 s, different annealing temperatures for
each pair of primers (ranging between 53 and 68 °C) for 15 s,
extension at 72 °C for 32 s and a final elongation at 72 °C for 5 min.
Fold increment of any assayed gene was calculated by normalizing its
expression level to that of the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) gene, which was used as an internal control.

2.5.5. Immunochemical Staining and Western Blot Analysis.
Expression of BMP-2 in MG-63 cells was examined by immunochem-
ical staining. Briefly, endogenous peroxidase activity was blocked by
incubation with 3% hydrogen peroxide for 45 min. Nonspecific
binding was blocked by incubation in goat serum albumin. The section
was then incubated at 4 °C for 12 h with mouse antihuman BMP-2
monoclonal antibody (Santa Cruz, CA) diluted in PBS (1:200),
followed by incubation with 1:100 diluted horseradish peroxidase
(HRP)-conjugated rabbit antimouse antibody (DAKO, Carpinteria,
CA) for 30 min. Color was developed with diaminobenzidine
tetrahydrochloride (DAB).

After incubation, at the seventh and 12th days, cells were washed
with ice-cold PBS and lysed in NP 40 lysis buffer. Cells without
composite extracts treatment were defined as control group. Protein
was extracted using Mammalian Protein Extraction Reagent (Pierce
Inc., Rockford, IL) and its concentration was determined by BCA
(Pierce, Rockford, IL, U.S.A.) assay. Proteins (30 μg) were separated
in 12% SDS-PAGE and transferred to PVDF membrane. Membranes
were incubated with primary antibody overnight at 4 °C, and then with
the respective secondary antibodies. Immunoreactive bands were
detected by the enhanced chemiluminescence (ECL) kit for Western
blotting detection with hyper-ECL film. The same membrane was
reprobed with the anti-GAPDH antibody, which was used as an
internal control for protein loading.

2.6. Femur Cavity Defect Repair. An orthotopic study using a
rabbit femur cavity defect model was carried out to investigate the
efficacy of the CS/OS composites in promoting bone repair and
regeneration. Twenty-four female New Zealand rabbits (mean body
weight 2.5 kg) were divided into four groups (CS, CS/OS7.5, CS/
OS12, and CS/OS18). The rabbits were anesthetized by intramuscular
injection of sodium pentobarbital (0.02 g/kg, Sigma) and operated on
under rigorous aseptic conditions. Then, a critical-sized (8 mm-
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diameter, Φ 8 × 5 mm) circular defect oriented perpendicular to the
longitudinal and sagittal axes of the femur was made in each animal.
The CS, CS/OS7.5, CS/OS12, and CS/OS18 composites were then
implanted into the cavities. After 8 weeks, the rabbits were sacrificed
and specimens were harvested. Histological evaluation was performed.
The extracted femora, with soft tissue cleaned, were fixed in neutral
buffered formalin, decalcified in formic acid, embedded in paraffin,
sectioned (5 μm thick) and then deparaffinized with xylene, followed
by hydration in ethanol solutions of decreasing concentration (100−
70%). Bone regeneration histology was observed by hematoxylin and
eosin (H&E) staining. The experimental protocol was approved by the
Institutional Animal Care and Use Committee of the Laboratory
Animal Center of Zhejiang University.
2.7. Statistical Analysis. All numerical data are expressed as

means ± standard deviations. Statistical analysis was performed by
one-way analysis of variance (ANOVA). A value of p < 0.05 was
considered indicative of statistical significance.

3. RESULTS
3.1. Composite Preparation and Characterization.

Figure 1a shows the XRD patterns of the pure CS and CS/

OS composites as well as that of natural OS powder. In the
spectrum of the CS/OS composite powder, all peaks are related
to the calcium sulfate hemihydrate phase (JCPDS card 74-
1433) with a monoclinic structure and the calcium carbonate
phase (JCPDS card 85-1108). The obtained CSH phase is in
good agreement with previously reported results.31 No
additional phase was observed, indicating that the existence
of OS particles had no effect on the crystallization of the
calcium sulfate hemihydrate phase. Calcium carbonate with the
Rhombo.H.axes structure was identified as the main compo-
nent of natural OS.

Figure 2 shows SEM micrographs of the resulting powders,
including the pure CSH, the CS/OS composite, and the

original OS. The pure CSH powders consisted of well-
crystallized hexagonal prism grains with a length of 30 μm
(length/width ratio of 1:1). Fine particles measuring 2−10 μm
and large aggregates could be observed in the OS powders. In
the CS/OS composite powders, it was observed that the OS
particles tended to aggregate around the CSH grains and
surround them, which would alter the surface characteristics of
the CSH grains.

3.2. Setting Time and Mechanical Strength of the
Composites. Figure 1b shows the initial and terminative
setting times of the CS, CS/OS7.5, CS/OS12, and CS/OS18
composites. It was observed that the setting time increased with
the addition of OS. The CS/OS18 composite showed the
longest initial setting time of 18 min and terminative setting
time of 28 min. This finding indicates that the OS additive had
a retarding effect on the setting time of the composites. Figure
S1 of the Supporting Information presents the surface
morphology of the specimens before soaking in SBF. The
self-setting process of CSH leading to the formation of CSD
crystals can explain the remodeling process of the composites’
morphological structure. Figure 1 (c and d) shows the
compressive strengths of the CS, CS/OS7.5, CS/OS12, CS/
OS18, and CS/OS25 specimens. The results indicate that the
compressive strengths of the specimens ranged from 3.9 to 4.7
MPa, with no significant differences observed between
composite samples (Figure 1c). Furthermore, Figure 1d
shows that the compressive strengths of the CS/OS after
incubation increased when the amount of OS added was below
12 wt %. In contrast, after incubation, the compressive
strengths decreased sharply as the OS content surpassed 12

Figure 1. (a) XRD patterns of samples before self-setting process:
pure CSH, CS/OS composite cement powder and OS powder. (b)
Initial and terminative setting time for the CS/OS composite cements.
(c) The compressive strength of the composite cement after final
setting. (d) The compressive strength of the CS/OS with different
ratio of OS after setting for various incubating time. * Statistically
significant difference between the composite pastes and pure CS
cement (*p < 0.05, Student’s t test).

Figure 2. SEM images of the calcium sulfate hemihydrates powder
(CS), calcium Sulfate hemihydrate/oyster shell composite cement
powder (CS/OS) and oyster shell powder (OS).
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wt %. The compressive strength of the CS/OS12 composite
was the highest whereas that of the CS/OS25 composite was
lowest among all samples observed (p < 0.05). Due to its poor
mechanical performance, we excluded the CS/OS25 group
from following experiments.
3.3. Bioactivity In Vitro. Figure 3 shows the surface

morphology of specimens with different OS contents after

soaking in SBF solution for 7 days. The surface morphology of
CS/OS18 after soaking is shown in Supporting Information
Figure S2. Compared to the pure CS specimen, the CS/OS7.5,
CS/OS12, and CS/OS18 specimens exhibited new apatite
layers on the surface of grains. The apatite layers consisted of
clusters of tiny crystals measuring 20−40 nm. The EDX pattern
shown in Figure 4a further demonstrates that the apatite layer
was mainly composed of calcium and phosphorus. The
powders of the soaked specimens were analyzed by XRD, the
results of which are shown in Figure 4b. Only calcium sulfate
dehydrate (CSD) and CSH were detected in the pure CS

specimen group after SBF soaking. However, in the soaked CS/
OS composite specimens, the main diffraction peaks for CSD/
CSH and calcium carbonate and the characteristic diffraction
peaks for bone-like apatite appeared in the spectrum of the CS/
OS12 group.

3.4. Ca2+ Release and pH in SBF. Figure 5 shows the
changes in the calcium ion concentration and pH values of the
SBF solution after SBF soaking. It is worth noting that the pure
CS specimens released more Ca2+ than did the CS/OS
composites at the same instant in time (Figure 5a). All samples
containing pure CS and CS/OS composites showed an alkaline
to acidic pH transition (Figure 5b). However, the addition of
OS powder effectively alleviated the process of acidification.

3.5. Degradation In Vitro. Figure 5c shows the
degradation rate of the composite specimens after soaking in
SBF solution. It can be clearly observed that the pure CS
specimens degraded rapidly in SBF solution. However, with the
addition of OS, the degradation of the composite specimens
was significantly delayed relative to that of the pure CS. In
addition, the rate of degradation decreased with increasing OS
content in the composites. The CS/OS18 composite specimens
showed the lowest degradation rate among all observed samples
after 28 days soaking.

3.6. Cell Proliferation. Figure 6 shows that the extracts of
the pure CS and CS/OS composite pastes showed no
significant cytotoxicity against MG-63 cells after incubation
for 1, 4, and 7 days. This result indicates that OS addition

Figure 3. SEM images on the surface of the pure CS cement (CS) and
calcium sulfate/oyster shell composite cement with 7.5 wt % OS (CS/
OS7.5), composite cement with 12 wt % OS (CS/OS12), and
composite cement with 18 wt % OS (CS/OS18) after soaking in SBF
for 7 days.

Figure 4. (a) EDX analysis of the arrowed precipitate on the surface of
the CS/OS12 composite after soaking in SBF for 7 days showing the
presence of elements of Ca, P, O, and C. (b) XRD patterns of the Pure
CS and CS/OS12 composite after soaking in SBF for 7 days.
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caused no adverse effect; indeed, the biocompatibility of CS
cement has been well documented in previous studies.31

Furthermore, after incubating for 7 days, the MG-63 cell
proliferation of the CS/OS composite was significantly higher
than that of the negative control (p < 0.05) at concentrations
ranging from 25 to 50 mg/mL. In Supporting Information
Figure S3 and S4, the cell proliferation assays of the CS/OS7.5

and 18 composite pastes present a trend similar to that of CS/
OS12.

3.7. ALP and Von Kossa Staining. Figure 7a shows the
results of ALP staining performed at the seventh day. As shown

Figure 5. Dependent of Ca concentration (a) and the pH value (b) in
the SBF solution of CS/OS composite cements during soaking time.
(c) Degradation of CS/OS composite cements after soaking in SBF. *
Statistically significant difference between the degradation rates of CS/
OS and pure CS cement (*p < 0.05, Student’s t test).

Figure 6. Cell proliferation in the presence of the dissolution extracts
of the cement after culturing for different periods. (a) 1 day; (b) 4 day;
(c) 7 day. * Significant difference between the CS/OS12 composite
and pure CS cement, *p < 0.05.
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in Figure 7b, MG-63 cells treated with dissolution extracts from
CS/OS18 presented a higher ALP activity than that exhibited
by the CS group (p < 0.05). The degree of matrix
mineralization (calcium precipitation) was also measured by
Von Kossa staining at the 18th day (Figure 7c). Figure 7d
shows that there were no significant changes in calcium
deposition between the CS/OS7.5 group and CS group (p >
0.05). However, the extent of calcium deposition was greater in
the CS/OS12 and CS/OS18 groups (p < 0.01). Thus, it is clear
that both the deposition of calcium nodules and ALP activity
were enhanced in the CS/OS composite groups.

3.8. The mRNA Expression by Real-time PCR. Real-time
PCR (Figure 8) was carried out to detect gene expression
during osteogenic differentiation. MG-63 cells treated by
dissolution (CS/OS12 and 18) exhibited higher gene
expression of BMP-2 and Runx2 at the seventh day than cells
treated with pure CS (Figure 8a and b). Compared with that
observed for the CS group, the expression of Osterix and OCN
was significantly increased when MG-63 cells were cultured
with the dissolution of the CS/OS composites (12 and 18%) at
the 7th and 14th days (Figure 8c and d).

3.9. Immunochemical Staining and Western Blot
Analysis. Immunochemical staining (Figure 9a) revealed that
the CS/OS composite groups presented more BMP-2 positive
cells as the OS content increased. The expression of osteogenic
markers (BMP-2 and COL-I) was also investigated at the
protein level by Western blot analysis. At the seventh day, it
showed that BMP-2 and COL-I protein were strongly

Figure 7. Alkaline phosphatas (ALP) staining (a) was performed at
7th day and quantified (b) after treated with dissolution extracts from
CS, CS/OS7.5, CS/OS12, and CS/OS18. Von Kossa staining (c) was
applied at 18th day and quantified (d) after dissolution treatment. *
Significant difference between the CS/OS composite pastes and pure
CS cement, *p < 0.05, ** p < 0.01.

Figure 8. MRNA expression by Real-time PCR (a BMP-2; b Runx2; c Osterix; d OCN) * Significant difference between the CS/OS composite
pastes and pure CS cement, *p < 0.05, ** p < 0.01.
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expressed in CS/OS composite groups (Figure 9b). Fur-
thermore, CS/OS18 and CS/OS7.5 showed the highest protein
level of BMP-2 and COL-I (P < 0.05). At the 12th day (Figure
9c), the levels of both BMP-2 and COL-I increased in the CS/
OS composite group, with the CS/OS18 composite exhibiting a
greater amount of osteogenic markers than the CS group.
3.10. Histological Staining with H&E in Rabbit

Femoral Defects. Different CS/OS composite specimens
were implanted in rabbit femoral defects, and H&E staining was
carried out to evaluate the capability for new bone formation.
Histological evidence further supported the in vitro findings,
indicating that the specimens of the CS/OS composites showed
nearly complete osseous repair of defects, with a typical
organized mature bone morphology and noticeable marrow
spaces (Figure 10a). In contrast, histological analysis indicated a
small amount of irregularly arranged bone tissue and reduced
bone formation in the CS group. The percentage of new bone
area after 8 weeks was 30.45 ± 4.92% in the CS/OS18 group,
28.6 ± 4.72% in the CS/OS12 group, 20.5 ± 4.12% in the CS/
OS7.5 group, and 18.4 ± 3.51% in the CS group (Figure 10b).

4. DISCUSSION

Bone mineral is an important component of the skeleton for
support and movement as well as maintaining calcium

homeostasis in the body.31 Calcium sulfate is widely used as
a bone cement due to its superior biocompatibility and
complete resorption ability. However, calcium sulfate’s
excessively fast resorption rate and low mechanical strength
have limited its applications. In this study, oyster shell (OS)
powder, composed of natural CaCO3 minerals, was introduced
into calcium sulfate. The resulting composite was expected to
combine the self-setting ability of calcium sulfate and the
bioactivity of oyster shells.22,23,32,33

4.1. Self-Setting Properties of the CS/OS Composite
Cement. It was observed that fine OS particles surrounded the
regular hexagonal prism CSH grains (Figure 2). Although
calcium carbonate and calcium sulfate possess different crystal
structures, the exposed crystal planes of carbonate salt
containing calcium atoms provide preferential sites for the
nucleation of calcium sulfate, which accelerates the growth of
CSH crystals. On the other hand, OS particles are not simply
mixed into the resultant composites, but some are embedded in
CSH crystals. This special multicomponent crystal structure
may affect the characteristics and bioproperties of the resulting
composites.
During the self-setting process, CSH crystals must first be

dissolved into solution; then, all constitutive cations and anions
(Ca2+ and SO4

2−) recrystallize with water to form CSD. The

Figure 9. Immunochemical staining (a) and Western Blot analysis at the 7th day (b) and the 12th day (c). * Significant difference between the CS/
OS composite pastes and pure CS cement, *p < 0.05, ** p < 0.01.
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hydrogen atoms in a dihydrate crystal strongly interact with
oxygen atoms on the surface of surrounding dihydrate crystals;
thus, the CSD paste become sticky and acts as a cement.
Compared with pure CS cement, the homogeneous CS/OS
composite cement showed a delayed setting time (11−28 min),
which is attributed to the lack of a hydration reaction for OS
(Figure 1b). Analogously, too much sand will make the cement
brittle and difficult to coagulate. Similar to sand in a cement, a
small amount of OS particles can largely delay the self-setting
process. In clinical applications, bone cement must have an
appropriate setting time for handling and adjustment during
operation. The prolonged setting time of CSH due to the
incorporation of OS particles would provide a margin of time
for surgeons or dentists to work with the paste during
operation.
Moreover, in clinical applications, bone-substitution materials

are required to provide adequate mechanical strength to
support defect sites. In this study, even though the compressive
strength of the CS/OS cements remained low in all cases
(Rcomp ≤ 11 MPa) (Figure 1), the mechanical strength is
sufficiently high for some in vivo applications involving low and
even no mechanical stress loading. More specifically, the
mechanical strength of the CS/OS composites was maximized
with the addition of 12% OS (Figure 1d). To explain this
phenomenon, we propose a Rubik’s Cube Model (Figure 10c):
to achieve good mechanical strength during self-setting, the OS
particles must be surrounded completely by CS crystals. After
counting the effective number of crystals required, the real OS/
CS volume ratio is 1:7, which means that the theoretically ideal
OS content is approximately 10 wt %. Our study actually
demonstrated that the CS/OS12 composite obtained the
highest mechanical strength. The discrepancy between the

experimental result and theoretically estimated value can be
rationalized by the disparity in the dimensions and shapes of
the OS and CS particles. Moreover, the size distribution and
aggregation of OS is a decisive factor that determines the
required OS content. Consequently, the critical content of OS
can exceed 10 wt %. If an excessive amount of OS particles are
added to a composite system, CS particles cannot guarantee the
full coverage of OS particles, which is why CS/OS25 presented
a lower mechanical strength.

4.2. In Vitro Bioactivity and Degradation of the
Composite Cement. It is commonly accepted that bone-
like hydroxyapatite (HA) plays an important role in
maintaining the bone tissue−biomaterial interface.34 As
indicated by multiple studies, pure CS cement always fails to
form a chemical bond with bone tissue during the initial stages
of therapy due to its poor bioactivity,10,11,35 which is also
confirmed by examination of the surface of pure CS after
soaking (Figure 3a and b). However, the combined XRD
(Figure 4b), SEM (Figure 3), and EDX analyses (Figure 4a)
suggest that the novel CS/OS composite can induce apatite
deposition on the surface, demonstrating that the composite
exhibits satisfactory bioactivity. Such a result could be attributed
to the addition of OS with proven bioactivity. This finding
confirms our assumption that the addition of bioactive OS
could result in a biomedical composite with improved
bioactivity. The chemical reaction associated with this process
might be as follows:

+ + →

+ +

−

−

10CaCO 6HPO 2H O Ca (PO )(OH)

6CO 4H CO
3 4

2
2 10 4 2

3
2

2 3

Figure 10. Histological staining with H&E in rabbit femoral defects: (a) Histological observation of new bone formation in rabbit femoral defects
model (H&E staining) (F, fibrous tissue; NB, newly formed bone; BM, bone marrow). (b) Quantitative analysis of the new bone area after 8 weeks
of surgery by histological observation. * Significant difference between the CS/OS composite pastes and pure CS cement, *p < 0.05 (c) Rubik’s
Cube Model.
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This result conforms with the results of Kim’s study,36 which
indicate that calcium carbonate has sufficient bioactivity to
convert to carbonated hydroxyapatite in SBF. EDS analysis
(Figure 4a) further supports that the apatite-like phase is
indeed composed of the elements C, O, P, and Ca. The
existence of C in apatite crystals, the combination often referred
to as carbonated apatite, allows for better biocompatibility and
bioresorption rates than those of pure hydroxyapatite37 due to
the material’s similarity to the natural mineral component of
vertebrates’ hard tissue (such as bone and teeth).38,39 As a
natural biomineralized material, OS has the ability to form
carbonated apatite, which may enhance CS/OS composites by
forming a stronger bond with adjoining bone tissue.
Degradability is another important aspect to consider in

evaluating implanted biomaterials, which is determined by the
chemical structure and the physical characteristics of materials.
One of the main challenges faced by pure CS is the material’s
rapid rate of degradation, which cannot match the rate of bone
regeneration. In our study, the CS/OS composites presented a
significantly delayed degradation rate compared to the
degradation rate of pure CS (Figure 5c). The delayed
degradation rate is attributed to the fact that the additive OS
particles exhibit significantly low solubility. Either the
embedded OS particles on the surface of CSD crystals or free
OS particles among CS particles could retard the penetration of
SBF solution and reduce their degree of contact. Moreover, the
presence of OS particles could provide a better microenviron-
ment around the implantation location due to the chemical
stability and weak ionization of carbonic acid molecules.
Moreover, a solution with higher pH might facilitate the acid
exudation of pure CS in clinic applications.30 Duplat et al.19

observed that the degradation of OS was mainly based on
physicochemical factors, whereas living cells mediating in an
absorbing manner played limited role on the degradation.
Duplat et al.40 also indicated that the high mineral content of
OS and calcium release into resorption lacunae would trigger
the inhibition of osteoclast activity.41,42 Our results also indicate
that Ca2+ ions are released during soaking in SBF. Maeno et
al.43 concluded that 2−4 mM Ca2+ is suitable for the
proliferation and survival of osteoblasts, whereas slightly higher
concentrations (6−8 mM) favor osteoblast differentiation and
matrix mineralization in both two- and three-dimensional
cultures. Higher concentrations (410 mM) are cytotoxic. Figure
5a demonstrates that the Ca2+ release of the CS/OS composites
occurred more smoothly during the degradation period and
more closely approached the most suitable Ca2+ concentration
(6−8 mM) after 1 week. To summarize, the degradation rate
and microenvironment of the CS/OS composite pastes was
ameliorated by the addition of OS.
4.3. In Vitro Cell Proliferation and Osteogenic

Differentiation of the Composite. In vitro cell−material
interaction is a standard criterion for evaluating biomaterials. It
has been observed that the organic matrix of oyster shells
contains diffusible molecules that trigger the differentiation and
proliferation of osteoblasts.27 In our present study, all samples
showed no distinct cytotoxicity toward MG-63 cells. Moreover,
results suggested that the extraction soluble matrix of the CS/
OS composite could provide adequate stimulus for cell
proliferation. Combes et al.44 revealed that the excellent
cytocompatibility of calcium carbonate cement is attributed to
pH stability during the setting process and the low solubility
involved. Another advantage of calcium carbonate cement is
that calcium and carbonate ions are noncytotoxic metabolites

under the metabolic control of the organism. Furthermore,
Berland et al.32 implanted nacre into sheep bone tissue and
revealed that size, shape, and cellular environment are key
factors that determine the biodegradation kinetics in a living
system. Our present study showed that the CS/OS composites
are not only biocompatible and noncytotoxic but also possess
excellent bioactivity at the cellular level.
To identify the active molecules in the CS/OS composites

and determine their mode of osteogenic action in human
osteoblast-like cells, in vitro assays were carried out. Based on
ALP and Von Kossa staining, MG-63 cells treated with extracts
from the CS/OS composites showed dramatically increased
ALP activity and mineralization deposition, where CS/OS18
presented a 2.1-fold increase in mineralized nodule deposition
compared with the CS group. Our findings are consistent with
those of Lamghari et al.,22,23 who also observed that OS
provided stimulation to osteogenic bone marrow cells with
enhanced alkaline phosphatase activity. The authors concluded
that OS contains one or more signaling molecules capable of
activating osteogenic ability. With respect to molecular events,
the CS/OS composites present activating effects for gene
markers of osteogenic differentiation: Runx2 and BMP-2 and
two late-stage markers, Osterix and OCN. The oyster
molecules present in the extraction of CS/OS appear to be
responsible for the enhanced osteogenic differentiation by
greatly up-regulating Runx2 and BMP-2 expression. Accord-
ingly, the levels of Osterix and OCN gene expression in the
CS/OS group were dramatically higher at the 14th day
compared with those of the CS group. Interestingly, it appears
that the oyster shell particles became involved in osteogenetic
activity mainly for osteoblast maturity as osteocytes became
mineralized by calcium deposition. Moreover, osteogenic
marker proteins, including Col I and BMP-2, were clearly
expressed and up-regulated in the CS/OS group, according to
Western Blot analysis. This finding also supports that the CS/
OS scaffolds were suitable for osteogenic differentiation at the
protein level. Zhou’s study45 showed that Pf-Smad3 in oysters
is highly similar to the Smad3 proteins in vertebrates and that
Pf-Smad3 might take part in many physiological processes such
as biomineralization. Osteogenic differentiation is regulated by
a wide range of biological molecules interacting together and
involved in multiple signaling pathways (such as MAPK, Wnt,
and Notch), which form a very complex network of molecular
interactions that is not yet fully understood.

4.4. In Vivo Bone Regeneration Ability of the
Composite in Rabbit Femoral Defect. Further in vivo
studies were performed to confirm the stimulatory osteoana-
genesis effect of the CS/OS composites. A rabbit femoral defect
model was used to evaluate bone formation ability. Histological
observation by HE staining and quantitative analysis was
performed after 8 weeks of surgery. The results revealed that
administration of the CS/OS composites increased the rate of
bone mineralization, bone thickness, and the amount of
mineralized bone matrix. The novel CS/OS composites showed
suitable performance in promoting new bone formation in
rabbit femoral defect repair. In contrast, many previous
investigations have reported that calcium sulfate as a bone
graft substitute is rapidly resorbed in vivo, releasing calcium
ions, but fails to provide a long-term three-dimensional
framework to support osteoconduction.11 Although not fully
understood, our in vivo results suggest that CS/OS biomaterials
could be gradually replaced by newly formed bone tissue and
present satisfactory osteoinduction and osteoconduction. Based
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on the results of our study, considering the requirements of
sufficient mechanical strength, appropriate setting properties
and satisfactory bioactivity both in vitro and in vivo, we
recommend the CS/OS12 composite as the optimum
composition ratio.
Overall, the novel biomaterial synthesized in this study using

calcium sulfate and oyster shell has the potential to be further
applied as a feasible and biocompatible substitute for the
clinical treatment of bone defects.

5. CONCLUSION
This study represents the first time that natural biomineralized
oyster shell has been combined with artificially synthesized
calcium sulfate material to create a novel bioactive composite.
CS/OS composite cement with a delayed setting time (11−28
min) and high mechanical strength can produce bone-like
apatite in SBF solution. The composite cements synthesized in
this study can stimulate cell proliferation. Furthermore, the CS/
OS composite cements showed slower degradation rates in
vitro. Importantly, in the CS/OS composites, increased mineral
nodule formation, ALP activity, and elevated mRNA levels of
key osteogenic genes, including BMP-2, Runx2, Osx, and OCN,
were observed. In vivo, the CS/OS scaffolds strongly promoted
osteogenic tissue regeneration in a rabbit femur cavity defect
model, as indicated by the results of histological staining. In
summary, the present study demonstrates a viable method for
designing self-setting biomaterials with improved properties
that exploit the advantages of conventional self-setting calcium
sulfate hemihydrate and natural bioactive oyster shell. The
resultant composite biomaterials are very promising candidates
for facilitating osteoanagenesis in clinic treatment.
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