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Abstract

The biocompatibility of tricalcium silicate (Ca3SiO5; C3S) paste was studied by intramuscular implantation. C3S paste can induce the
deposition of apatite layer on its surface in the muscle tissue. The widths of apatite layer between C3S paste and muscle tissue are increased with
the increasing of implantation time. Pure C3S and fluorine-doped C3S (F-C3S) pastes induce less inflammatory reactions to the muscle tissue than
PMMA paste. Pure C3S and F-C3S pastes are embedded with connective tissue after 12 weeks of implantation as well as PMMA paste. However,
more living fibroblasts and fewer macrophages are observed in the connective tissue around F-C3S paste. F-C3S paste is better biocompatibility to
the muscle tissue than pure C3S paste, because F-C3S paste has a better deposition ability of apatite layer. Those results confirm that F-C3S may
be more biologically suitable for bone cement.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Tricalcium silicate (Ca3SiO5, C3S) is intensively investi-
gated as a novel bone cement for dental and orthopedic surgery
[1–2], because of its excellent self setting property, bioactivity,
degradability and stimulation effect on cell growth in vitro [2–
4]. Although C3S cement would play an important role in hard
tissue prosthetics such as bone and teeth, the in vivo biocom-
patibility of C3S is still under debate. Few studies have
reported biocompatibility of C3S in living tissue, the in vivo
biocompatibility of C3S cement should be further evaluated for
the clinical applications.

When C3S paste is used to reconstruct the hard tissue
defects, C3S paste is exposed to not only hard tissues but also
various soft tissues (such as bone marrow, fibrous connective
tissue and muscle tissue), which generally show more severe
responses than hard tissues. Therefore, the objective of this
investigation was to evaluate the soft tissue response to C3S

paste. Among many potential bone cements, poly (methyl
methacylate) (PMMA) bone cement has been successfully
used in orthopedic surgeries, and the biological properties of
PMMA are well established [5]. PMMA bone cement is the
favorable candidate as control to evaluate the in vivo biocom-
patibility of C3S cement. For this purpose, C3S pastes were
implanted into the skeletal muscle (rat), and a comparative
analysis of biological responses to C3S pastes was done using
PMMA bone cements as control.

2. Materials and methods

2.1. Preparation of materials

Pure C3S and fluorine-doped C3S (F-C3S) powders were
prepared according to previously published protocols [6]. Pure
C3S and F-C3S powders were mixed with deionized water at a
liquid to powder (L/P) ratio of 0.5 ml/g, respectively. The
homogenous pastes were molded into stainless molds with a
diameter of 3 mm and height of 6 mm, and stored at 37 oC and
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100% relative humidity for 24 h. PMMA bone cement was
purchased form Tianjing Institute of Synthetic Materials
Industry, China. PMMA powder was mixed with PMMA
liquid by keeping the L/P ratio at 1.0 ml/g. The homogenous
mixture was also molded into stainless molds with the same
dimensions as above. Pure C3S, F-C3S and PMMA pastes were
removed form the molds, and sterilized by UV irradiation for
2 h for implantation.

2.2. Animal experimentation

The animal experimentations were conducted at the Animal
Facility in Drum Tower Hospital of Nanjing, affiliated to the
Medical School of Nanjing University. The study protocol was
submitted to and approved by the local animal care. Experi-
ments were performed using 18 adult white rats weighting
300–400 g. Rats were housed with water and food at will. The
animals were placed in quarantine for at least 2 weeks prior to
surgery. Rats were under general anesthesia with a halogenous
compound. The surgical sites were shaved and disinfected; a
lateral skin incision was made along the axis of the femur.
An intramuscular pocket was created in the quadriceps muscle
using blunt dissection. As-prepared pastes were implanted into
the muscle pocket. Muscle and skin were sutured in layers
using absorbable sutures. The same procedure was applied
bilaterally thus, giving 2 as-prepared pastes per animal.
Antibiotic treatment was performed after surgery to reduce
the risk of infection. Animals were sacrificed at 1 week, 4
weeks and 12 weeks of implantation using an intra cardiac
over dose of sodium pentobarbital. Implants with surrounding
full-thickness host tissue were harvested. Samples were
retrieved and immediately fixed in neutral formalin for 1 week.

2.3. Characterization of the implants

The fixed sample was dissected carefully to remove visible
muscle tissue, and the residual muscle tissue was removed with
gauze. Then, the clear sample was transferred into anhydrous
ethanol. Finally, the samples were dried in the vacuum oven at
80 1C for 24 h. The powders collected from the surface of dried
sample were characterized by Fourier Transform Infrared Spectro-
scopy (FTIR; Nexus 670, Nicolet, America). The FTIR spectra
were collected using the KBr pellet method with a resolution of
2 cm�1 and a scan number of 32. The fixed samples were
embedded under vacuum in an epoxy resin and gently polished
with decreasing grades of diamond powder. The micrographs and
element distributions of the interface between implant and muscle
were characterized by SEM (JSM-5900, JEOL, Tokyo, Japan)
equipped with an energy dispersive X-ray spectrometer (EDX,
Thermo Electron, America). SEM micrographs were taken using
an acceleration voltage of 5.0 kV. Element distribution images
were performed at an accelerating voltage of 15 kV and an electron
beam current of 2 nA using a data collection time of 300 s. X-ray
photoelectron spectroscopy (XPS; Thermo ESCALAB 250, USA)
was carried out by using monochromatised Al Kα X-ray source,
and operated at a powder of 150 W. The survey spectra were
performed with pass energy of 70.0 eV at a step of 1 eV, and F1s

spectra (high resolution scans) were collected with pass energy of
40.0 eV at a step of 0.05 eV.

2.4. Histological analysis

The fixed samples containing pure C3S and F-C3S pastes were
decalcified in Gooding and Stewart′s fluid. The solution was
stirred daily and changed once in 3 days. The decalcified tissues
were processed in a routine manner. Because PMMA can not
adhere to the surrounding tissues, PMMA was directly removed
form the surrounding tissue. The residual tissue was directly
embedded in paraffin. The sections were cut and stained with
Haematoxylin and Eosin. The histological examination was
conducted under light microscopy (Olympus Bx 50). The
numbers of cells around the implantation were manually counted
and expressed as numbers per mm2 by image analysis. All the
results are expressed as means7SD. Statistical analyses were
accomplished by unpaired Student′s t-test.

3. Results and discussion

Surgery was well tolerated in all animals. No erosions or
evidences of infection were seen.

3.1. Characterization of the implants

C3S powder has an important property to set in humid and
wet environments, such as water, blood and other fluids [7].
C3S paste mainly consists of crystalline Ca(OH)2 and amor-
phous calcium silicate hydrate (C–S–H) gel, and there is a
wide consensus that hydrated C3S paste could induce the
deposition of apatite in simulated body fluid (SBF) with the
ion concentrations nearly to those of human blood plasma
[2,6]. FTIR spectra of pure C3S and F-C3S paste surface
implanted in muscle tissue for 1 week are shown in Fig. 1. The
partially resolved doublet peaks at 1430 and 1480 cm�1 are
attributed to carbonate species for the carbonation reaction of
Ca(OH)2 by incorporated with HCO3

� in body plasma [8]. The
broad bands at 1646 and 3451 cm�1 arise from O-H vibrations
of free water in the pore of C3S paste. The stretching mode of
O–H in Ca(OH)2 gives rise to a signal at 3643 cm�1 [9]. The
characteristic peak at 977 cm�1 indicates the polymerization
and formation of C–S–H gel in C3S paste [10]. As our
previous research [6], new peaks at ∼600 and 1040 cm�1

are assigned to P–O bending vibration and stretching vibra-
tions, respectively. The broad peak at 600 cm�1 is an indicator
of the deposition of amorphous apatite on pure C3S and F-C3S
paste surfaces [7]. It is confirmed that C3S paste could induce
the apatite formation on its surface in muscle tissue.
SEM micrographs and element (Ca, Si and P) distributions of

the interfaces between muscle tissue (rat) and pure C3S paste are
shown in Fig. 2. It indicates that an apatite layer containing Ca and
P element deposits around pure C3S paste. The width of apatite
layer is 20 μm at 1 week, 40 μm at 4 weeks and 140 μm at 12
weeks. It also indicates that the width of apatite layer increased
with the increased implantation time. F-C3S paste could also
induce the apatite layers with the similar widths to those induced
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