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Abstract

This paper reports on the in vitro cytotoxicity, bioactivity behaviour and mechanical properties of novel injectable calcium phosphate
cement filled with hydroxylated multi-walled carbon nanotubes and bovine serum albumin (CPC/MWCNT-OH/BSA). To predict the
in vitro bioactivity of the calcium phosphate composites, we investigated apatite formation on CPC/MWCNT-OH/BSA composites after
soaking in simulated body fluid (SBF) for up to 28 days. Compressive strength tests, scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and cell culture experiments with human CCD-18Co fibroblasts cell
lines were performed to evaluate the effect of SBF pre-treatment on the mechanical, structural and biological properties of the CPC/
MWCNT-OH/BSA composites. Although apatite formation increased significantly with SBF immersion period, the results showed that
all soaked CPC/MWCNT-OH/BSA composites exhibited up to 2.5 times lower compressive strength (13-20 MPa), which were however
higher than values reported for the strength of trabecular bone (2-12 MPa). Cell culture experiments showed that low concentrations
(6.25 and 12.5 pg/ml) of bio-mineralised CPC/MWCNT-OH/BSA composites led to cell proliferative rather than cytotoxic effects on
fibroblasts, evidenced by high cell viabilities (104-113%). The novel CPC/MWCNT-OH/BSA composites presented in this study showed
favourable cytocompatible and bioactive behaviour along with high compressive strength (13-32 MPa) and are therefore considered as
an attractive bone filling material.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Due to their similarity to the mineral phase of bone, and
their in situ setting ability, calcium phosphate cements
(CPCs) are considered as promising materials to repair
bone defects [1]. CPCs have been developed as injectable
bone substitutes (IBS) due to their bioactivity, self-setting
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The Netherlands.

characteristics, low setting temperature, adequate stiffness
and easy shaping into complicated geometries [2,3].
There are currently a number of CPC products commer-
cially available, however they have limited compressive
strength. Therefore, the use of CPCs is restricted primarily
to non-stress-bearing applications, such as in maxillofacial
surgery, the repair of cranial defects and dental fillings
[4-6]. Novel CPCs with high mechanical strength,
enhanced bioactivity and resorbability must therefore be
developed to broaden the application potential of CPCs to
restore bone fractures and bone diseases at high load-
bearing anatomical sites [7]. To overcome these problems
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and challenges, the combination of calcium phosphate
with carbon nanotubes (CNTs) is being investigated to
exploit the extraordinary mechanical properties of CNTs
to reinforce bioceramic matrices [8,9]. CNTs have an
excellent potential to reinforce CPCs based on their small
dimensions, high aspect ratio (Ilength to diameter) and high
strength and stiffness [10]. The addition of CNTs to CPCs
is thus expected to improve the mechanical properties
of the intrinsically weak CPCs, especially the fracture
strength and toughness [7]. To achieve an adequate
mechanical reinforcement, the surface of the CNTs must
be functionalised to improve the dispersion of individual
CNTs in the ceramic matrix and induce an ideal interfacial
bonding between the CNTs and the CPCs that could be
ultimately responsible for an efficient load-transfer
mechanism [9,10]. In the case of CNT-based biomaterials,
possible nanotoxicity issues must be considered [11-13],
this being one of the key objectives of this paper.

In this paper, we report the in wvitro cytotoxicity and
bioactivity behaviour of bio-mineralised (i.e., pre-treated with
SBF), CPC composites incorporated with hydroxylated
multi-walled carbon nanotubes (MWCNT-OH) and bovine
serum albumin (BSA). The specific objectives were to
investigate the influence of the SBF pre-treatment on (a)
the bone bonding ability (apatite formation), (b) the mechan-
ical properties of the CPC/MWCNT-OH/BSA composites,
and (c) the cytotoxicity of the SBF treated CPC composites
(samples were immersed in SBF for 7, 14, 21 and 28 days).

2. Materials and methods
2.1. Sample preparation

The CPC/MWCNT-OH/BSA composites were prepared
according to the procedure reported in our previously
published paper [14]. Briefly, equimolar fractions of B-tri-
calcium phosphate, (B-Caz(POy),, (B-TCP)) and dicalcium
phosphate anhydrous, CaHPO,, (DCPA) were mixed
with de-ionised water, 0.5 wt% of hydroxylated MWCNT
(MWCNT-OH) and 15 wt% of BSA to produce the CPC/
MWCNT-OH/BSA composite. Specifications of the raw
materials used and details of the preparation conditions
are summarised in Table 1. The CPC starting materials
were blended using a mechanical overhead stirrer until a
homogeneous paste was obtained. The paste was then
firmly packed into a cylindrical stainless steel mould

Table 1

(diameter=6 mm, height=12 mm) using a spatula. The
packed stainless steel mould was wrapped with a water-
soaked wipe to prevent the sample from drying out and
then stored in an incubator at 37 °C and 97% humidity for
24 h until further experiments with the samples were
performed. Immediately before testing, the samples were
taken out and dried at room temperature (24-26 °C).

2.2. Bioactivity experiments

In vitro bioactivity experiments were carried out using
simulated body fluid (SBF). SBF, which contains inorganic
salt ions nearly equal to those of human blood plasma, was
prepared following the procedure proposed by Kokubo
and colleagues [15,16]. SBF was prepared by dissolving
appropriate amounts of sodium chloride (NaCl), sodium
hydrogen carbonate (NaHCO3), potassium chloride (KCI),
potassium hydrogenphosphate trihydrate (K,HPO, - 3H,0),
magnesium chloride hexahydrate (MgCl,- 6H,0), calcium
chloride (CaCl,-2H,0) and sodium sulphate (Na,SOj,) in
ultra-pure water, in the order given in Table 2. Chemicals
were added one by one after each reagent was completely
dissolved. The SBF solution was buffered with 75 mM Tris
(hydroxyl-methyl) aminomethane and adjusted at 37 °C to a
physiological pH of 7.25 with approximately 67.5 mM
hydrochloric acid (HCI).

For bioactivity testing, CPC/MWCNT-OH/BSA compo-
sites were immersed in SBF for 0, 7, 14, 21 and 28 days, and
incubated at 37 °C under static conditions. At the end of
different immersion periods, samples were withdrawn from

Table 2
Reagents for preparation of SBF (pH 7.25, 1 L).

Order Reagent Amount
1 NaCl 7.996 g
2 NaHCO; 0.350 g
3 KCl 0224 ¢
4 K,HPO,-3H,0 0228 ¢
5 MgCl, - 6H,O 0.305 g
6 1 kmol/m® HCI 40 cm?®
7 CaCl, 0.278 g
8 Nast4 0.071 g
9 (CH,OH);CNH, 6.057 g

10 1 kmol/m* HCI Appropriate amount for

adjusting pH

Specifications of starting materials for CPC/MWCNT-OH/BSA composites.

Raw materials Size Supplier

B-TCP Diameter: 17.30 pm Sigma-Aldrich

DCPA Diameter: 11.50 pm Sigma-Aldrich
MWCNT-OH Diameter: 30-50 nm, length: ~ 30 pm Chinese Academy of Science
BSA - Fluka

All experiments were performed under controlled conditions at an ambient temperature of 24-26 °C and at a relative

humidity of 50-60%.



F. Gholami et al. | Ceramics International 39 (2013) 4975-4983 4977

SBF, gently washed with de-ionised water and dried at
room temperature for 24 h.

2.3. Sample characterisation

2.3.1. Scanning electron microscopy (SEM)

SEM analysis was performed using a Leo Supra 35VP-
24-58 microscope to investigate the microstructure and
morphology of the composites. Sample fracture fragments
were mounted on conducting carbon tape and analysed
using an accelerating voltage of SkV and a secondary
electron detector.

2.3.2. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was conducted using a Perkin—Elmer
FTIR 2000 spectrometer to characterise the presence of
specific surface functional groups in the composites. The
FTIR spectra were recorded in the wave number interval
400-4000 cm~"' using the transmittance mode. Because
possible incomplete mixing of the starting materials could
have led to heterogeneous apatite formation, 10 different
locations of the CPC sample were scanned and averaged. The
resolution of the spectrometer was 4 cm ™. Before analysis,
calibration of the spectrometer was performed with poly-
styrene as a control sample. The test sample was mixed with
potassium bromide using a weight ratio of approximately
1:10. The mixture was ground to a fine, homogeneous
powder which was then poured into a mould. The powder
was compacted using a hydraulic press by applying a
pressure of =~ 600 MPa to form thin pellets (thickness of
~ 100 pm). The resulting pellet was then placed in the sample
holder for FTIR analyses.

2.3.3. X-ray diffraction (XRD) analysis

A Siemens D-5000 X-ray diffractometer was used to
identify the chemical composition of the crystalline phases in
the CPC/MWCNT-OH/BSA composites before and after
immersion in SBF. XRD patterns were recorded over a 20
angle range of 25-65° at a sweep rate of 0.04°s™'.
The crystallinity of the different materials investigated was
qualitatively assessed by comparing the characteristic element-
specific peaks of the XRD pattern from the CPC samples with
standard diffraction patterns of specific compounds based on
the International Centre for Diffraction Data (ICDD).

2.3.4. Mechanical testing

The compressive strength of the cylindrical specimens
(diameter=6 mm, height=12 mm) was tested using an
Instron 3367 universal testing machine at a crosshead
speed of 1.0 mm/min. Before mechanical testing, samples
were dried and the bottom and top sides of samples were
filed flushed to ensure that the test specimens had plane-
parallel surfaces to avoid shear failure during testing. The
compressive engineering strength was determined on the
basis of maximum compressive force and the nominal
cross-sectional area of the scaffolds. Two samples of each
scaffold composition were investigated.

2.4. Cytotoxicity testing

The cytotoxicity of the composites was assessed using
human fibroblasts cells (CCD-18Co), which were inocu-
lated and exposed to different concentrations of CPC/
MWCNT/BSA powder (0-200 pg/ml) obtained through
grinding the particle mixture of starting materials (Table 2).

2.4.1. Maintenance of cell culture

CCD-18Co cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen Life Technologies,
Karlsruhe, Germany) supplemented with 10% foetal
bovine serum; the cells were incubated in a humidified
5% CO, incubator at 37 °C.

2.4.2. Cell seeding and treatment of cells with
CPC/MWCT/BSA powder

Prior to inoculation with CPC/MWCNT/BSA particles,
the fibroblasts were seeded in 96-well plates with a density
of 1.5 x 10° cells per well and allowed to attach for 12 h
before further treatment. The ground CPC/MWCNT/BSA
powder was diluted with cell culture medium to obtain
the desired concentrations of 6.25, 12.5, 25, 50, 100 and
200 pg/ml. Into each well containing the cells, 100 pL of
fresh medium supplemented with CPC/MWCNT/BSA
particle concentrations between 6.25 pg/ml and 200 pg/ml
was added. To the control wells (i.e., untreated cells), only
100 pl of cell culture medium (no particles) was added.

2.4.3. MTT viability assay

The mitochondrial respiratory activity of the fibroblasts
treated with CPC/MWCNT/BSA composite particles was
determined colourimetrically using MTT ((3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays, as pre-
viously reported [17]. MTT salt solution (5 mg/ml) was added
4 h prior to the end of the 72 h sample incubation to allow
cellular tetrazolium metabolism. After 4 h, cell culture med-
ium and MTT solution was aspirated, and the MTT lysis
solution (DMSO) was added into the wells to solubilise
formazan crystals, and the plates were incubated for 5 min
before absorption was read at a wavelength of 570 nm with a
reference wavelength of 620 nm (ELISA microplate reader,
Ascent Multiskan). For each analysis, the samples were
examined in triplicates, and the average and standard devia-
tion were calculated. Results were reported as percentage of
cell viability and expressed as the mean + standard deviation.
The percentage of viable cells was calculated from the optical
density (O.D.) values using Eqs. (1) and (2) respectively:

% Cell Inhibition =
O.D. value (control cells) —O.D. value (treated cells) o

100
O.D. value (control cells)

M
% Cell viability = 100—% Cell Inhibition ()
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2.5. Statistics

Statistical analyses were conducted with SPSS (version
17.0). Group means and standard deviations (SD) were
calculated for the compressive strength test at different
immersion times (0, 7, 14, 21 and 28 days) and for the
cell viability tests at different concentrations of CPC/
MWCNT-OH/BSA composites (6.25, 12, 25, 50, 100 and
200 pg/ml). Statistical analysis was performed by one-way
ANOVA and Tukey’s test and the statistical significance
was considered at probability values of p < 0.05.

3. Results and discussion

3.1. In vitro bioactivity of CPC composites.: microstructural
analysis

3.1.1. Scanning electron microscopy

The formation of apatite was verified by SEM observa-
tions (Fig. 1), FTIR and XRD analyses. Fig. 1(a—¢) shows
the SEM micrographs of the HA crystals and the HA layer
structural features of the CPC/MWCNT-OH/BSA com-
posites for the unsoaked samples and the samples soaked
in SBF for 7, 14, 21 and 28 days. Fig. 1(a) shows that
in the unsoaked CPC/MWCNT-OH/BSA composite, fine
and well-packed apatite crystals are relatively homoge-
neously distributed on the surface of the cement. However,
upon immersion in SBF, there is a rougher and more
irregularly shaped apatite layer on the CPC/MWCNT-
OH/BSA composites (Fig. 1(b—e)). The formation of
crystals with morphology like apatite were observed on
the surface of the CPC/MWCNT-OH/BSA composite
after 7 days (Fig. 1(b)), whereas rough and irregular rigid
shapes of bone-like apatite layers were formed after 14
days of soaking in SBF (Fig. 1(c)). Upon immersion in
SBF for 21 days, one can observe that apatite crystal
agglomerates of a rigid cube shape were developed, as
shown in Fig. 1(d). Fig. 1(e) shows an apatite layer that
possess a subtle net-like texture link with MWCNT-OH
for the CPC/MWCNT-OH/BSA composite soaked in SBF
for 28 days. The different morphologies of HA formation
discussed above were also found in studies by Aryal et al.
[18], Li et al. [19] and Boccaccini et al. [20].

In this study, the immersion in SBF has triggered/
induced the formation of an apatite layer on the surface
of the CPC/MWCNT-OH/BSA composites. Traditionally,
the in vitro bioactivity of the materials has been evaluated
by their incubation in SBF over various time periods and
by studying the possible formation of apatite and bone
bonding ability [21-26], although there is an ongoing
scientific debate on the significance of results obtained
from immersion into protein-lacking SBF [6,27]. Never-
theless, in vitro investigations using SBF are considered
useful for gaining insight and knowledge on the physical
chemistry of bio-mineralisation. Drawing on the results of
our SEM micrographs, as well as FTIR and XRD analyses
(see below), the phenomenon of apatite nucleation

demonstrated the bioactive properties of the CPC/
MWCNT-OH/BSA composites studied here. In addition,
the apatite layers formed are considered to be chemically
stable due to their chemical similarity to the CPC starting
materials; thus, the developed CPC is expected to enhance
bone bonding at the composite interface because a bone-
like apatite layer is playing a crucial role in establishing the
bone bonding interface between biomaterials and living
tissue [28]. In addition to the bone bonding ability, the
nano-topographical features provided by the incorporation
of CNTs into the CPC matrix might improve bone
formation. Nano-scale surface topography has normally
been associated with increased cellular functions, higher
protein adsorption, cell proliferation and differentiation
[29,30].

3.1.2. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the CPC/MWCNT-OH/BSA
composites immersed in SBF for 0, 7, 14, 21 and 28 days
are summarised in Fig. 2(a—e) respectively. FTIR spectro-
scopy confirmed the observations made on the SEM
images discussed above and provided evidence of the
formation of an appetite layer on the different CPCs
studied. The absorption bands at 3297-3307 cm~' and
3400-3500 cm ~ ! corresponded to the strong characteristic
peak of the stretching mode of the hydroxyl group (-OH)
[31-33]. Subsequently, the sputtering target was comprised
primarily of crystalline HA. From Fig. 2(a—e), the peaks
pertaining to the HA phase were the hydroxyl bands at
3298 cm ', 3409 cm ! and 3411 cm ™', and this sputtering
target was comprised primarily of the crystalline HA.

By comparing the results of the different FTIR spectra,
it was found that the absorption bands for the CPC/
MWCNT-OH/BSA composite immersed in SBF for 28
days (Fig. 2(e)) gave the appearance of several sharper —
OH bands at 3409cm~', P-O bands (v; mode) at
965 cm ! [34,35], P-O bands (v; mode) at 1121 cm ™!
and P-O bands (v, mode) at 604 cm ™! and 551 cm ' [36].
This finding may indicate that crystalline apatite was
formed in the CPC/MWCNT-OH/BSA composite imm-
ersed in SBF for 28 days.

3.1.3. X-ray diffraction analysis

Fig. 3(a—e) shows the XRD patterns of the CPC/
MWCNT-OH/BSA composites obtained upon soaking
in SBF for 0, 7, 14, 21 and 28 days. Diffraction peaks
corresponding to the HA crystalline phase were found at
20 angles of 26°, 29°, 32°, 40° and 53°. The presence of an
intense diffraction peak at the 20 angle of 26° revealed
the growth of the apatite crystal along the c-axis [37]. The
XRD results support the conclusion that apatite was
formed on the CPC, which is correlated with the crystal
morphology observed by SEM [32,38-40] (Fig. 3(c—e)).
However, as seen in Fig. 3, the XRD analysis also revealed
two extra phases of the starting materials corresponding to
B-TCP and DCPA, indicating that the reaction to form
HA was not complete. In conclusion, SEM, FTIR and
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Fig. 1. SEM micrographs of CPC/MWCNT-OH/BSA composites following immersion in SBF for (a) unsoaked, (b) 7 days, (c) 14 days, (d) 21 days and
(e) 28 days (arrows indicate different forms of apatite, discussed in Sections 3.1.1 and 3.2). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

XRD results showed that the herein investigated CPC/
MWCNT-OH/BSA composites developed a crystalline
apatite phase that is similar to the mineral phase of bone
in its chemical and crystallographic composition [41].

3.2. Mechanical properties—compressive strength

Fig. 4 shows the compressive strength of CPC/
MWCNT-OH/BSA composites after immersion in SBF
for 0, 7, 14, 21 and 28 days. Compared with the unsoaked
CPC/MWCNT-OH/BSA composites (31.94 MPa), the com-
pressive strength of the CPC/MWCNT-OH/BSA compo-
sites decreased significantly with immersion duration in

SBF. For a similar CPC matrix and CNT loading, Wang
et al. [42] found for 0.5 wt% bio-mineralised CNT/CPC
composites compressive strength values of 55 MPa.

In this study, we used the bio-mineralisation process
to study the effect of SBF pre-treatment of the CPC/
MWCNT-OH/BSA composite on compressive strength
rather than that (effect) arising from surface functionalisa-
tion of individual CNTs [40,42]. The effect of CNT surface
functionalisation on the mechanical properties for
CPC/BSA composites containing 0.5 wt% MWCNT-OH
has been presented in a previous paper of our group
[43]. Briefly, the MWCNTs-OH was soaked in SBF for 7
days to synthesize bio-mineralized MWCNTs-OH. The
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Fig. 2. FTIR patterns of CPC/MWCNT-OH/BSA composites following
immersion in SBF for (a) unsoaked, (b) 7 days, (c) 14 days, (d) 21 days
and (e) 28 days.
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Fig. 3. X-ray diffraction patterns of CPC/MWCNT-OH/BSA composites
following immersion in SBF for (a) unsoaked, (b) 7 days, (c) 14 days,
(d) 21 days and (e) 28 days.

bio-mineralized MWCNTs-OH was mixed with CPC and
BSA to obtain the composites. The results indicated that
the strong interfacial bonding of CPC/MWCNTs-OH is
essential to improve the mechanical properties of CPC/bio-
mineralized MWCNTs-OH/BSA composite.

As shown in Fig. 4, there was a significant reduction in
the compressive strength of the CPC/MWCNT-OH/BSA
composites that were immersed in SBF for 7, 14, 21 and
28 days (p < 0.05) compared to unsoaked CPC/MWCNT-
OH/BSA composites, indicating the continuous and slow
formation of bone-like apatite layers on the surface of the
cement (see SEM images and XRD). However, the SEM
images showed that after immersion in SBF, degradation
of CPC may increase the porosity of the composite (the red
arrows in Fig. 1(c) shows the degradation holes), thus the
composite may collapse more easily due to the decreased
compressive strength.

3.3. Cytotoxicity

The cytotoxicity of the new CPC/MWCNT/BSA com-
posites was evaluated in terms of mitochondrial
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Fig. 4. Compressive strength of CPC/MWCNT-OH/BSA composites
following immersion in SBF for unsoaked, 7, 14, 21 and 28 days. Data
are presented as the means + 2 standard deviation (n=2).

respiratory activity of human fibroblasts. The influence
of CPC/MWCNT-OH/BSA composites on CCD-18Co
fibroblast metabolic activity is shown in Fig. 5. There
was a significant reduction in the viability of CCD-18Co
human fibroblast cells with increasing CPC-MWCNT
particle concentration from 6.25pg/ml to 200 pg/ml
(» <0.001)

at 7, 14, 21 and 28 days of immersion. For each SBF
immersion time point, MTT assays revealed significantly
decreasing human fibroblast cell viability with increasing
CPC composite powder concentration. Low concentra-
tions of the CPC/MWCNT-OH/BSA composite (6.25,
12.5 pg/ml) did not adversely affect human fibroblast cell
viabilities at all time points studied. Here, it is interesting
to note that at the lowest concentration (6.25 pg/ml), there
was a tendency towards higher cell viabilities (102—-133%;
Fig. 5), indicating a cell proliferative effect of the CPC/
MWCNT-OH/BSA composite as evidenced by a higher
metabolic activity of the fibroblasts. Despite the promising
results found for low concentrations of CPC-MWCNT-
BSA particles, the impaired cell viabilities (60-70%) for
higher concentrations (100-200 pg/ml) indicate slight cyto-
toxic effects. Thus, uncontrolled release of particles or
wearing of the CPC-composite at the implantation site
should be avoided.

Previous workers studied the toxicity of carbon nano-
tubes using cell lines [44,45] or animal models [46—48]. The
results of these studies are contradictory; some of them
indicate that CNTs are highly toxic [44] whereas others
showed non-toxic effects [45,47]. For example, Cui et al.
studied the treatment of the human embryonic kidney
(HEK) 293 cells with single-walled CNTs (SWCNTs).
Their result showed a time and dose dependent reduction
in cell viability [44]. Another experiment that was con-
ducted on human promyelocytic leukaemia (HL) cells
(HL-60) demonstrated that SWCNTs up to 25 pg/mL do



F. Gholami et al. | Ceramics International 39 (2013) 4975-4983 4981

concentration (ug/ml)
5025 gzs Emn
- p<0.001 — 125 50 B3200
140 p-0.003
p<0.001

1204

p<0.001—
’_ p=0.004 |

100

80+

rrs

Cell viability %

IILIIIE,
SILILIE S

B7z%

st K s
L
77 3

7

21 days

28 days

Fig. 5. Influence of CPC/MWCNT-OH/BSA composites on CCD-18Co
fibroblast metabolic activity as measured using MTT assay (data are
presented as the means + 2 standard deviations, n=3).

not have a proliferative effect on cells or on the viability of
the cells if the cells are exposed to CNTs for a short time
(for example, 2 h) [49]. Muller et al. studied the in vitro and
in vivo effects of MWCNTs on epithelial cells and showed
the possibility of adverse effects of the MWCNTs [50].

Due to the above-mentioned obscurities with regard to
the cytotoxicity of carbon nanotubes [11-13], there are
clearly more extended in vivo and in vitro studies necessary
before clinical applications can be realised and the product
can be commercialised for tissue engineering and biome-
dical products.

3.4. CPC composites as bone substitutes

We used B-TCP and DCPA as the main components of
the CPC material because this particular combination
allows control over the degradation and bioactivity beha-
viour of the CPC to promote bone formation, as stated
by Kitamura et al. [51]. The as-prepared CPC material
presented here is capable of self-setting at 37 °C (normal
body temperature, setting time approximately 30 min) and
is thus useful for bone substitutes, as shown in our
previous study on CPC [14].

The mixtures of B-TCP and DCPA for bone substitution
have been used for many years [52], and B-TCP has been
reported a promising merit in bone formation as a
candidate material for bone graft [53]. By adding B-TCP,
the overall resorption rate of the cement can be tailored to
specific needs, and bone formation rate can be controlled.
For example, cements containing B-TCP and DCPA have
been found to completely degrade in 16 weeks in vivo [52].
In this study, the CPC was mixed with MWCNT-OH and

incorporated with BSA to form CPC/MWCNT-OH/BSA
composites. In accordance with our previous study [14],
BSA was found to act as a promoter of HA growth when
bound to the surface of CPC grains (see also FTIR and
SEM results, as discussed above). We suggested in our
previous paper [14] that admixture of MWCNT-OH
improves the interfacial bonding between the filler and
the CPC matrix, leading to a higher compressive strength
than MWCNT-COOH-containing CPC. In this study, the
diminished enhancing effect of MWCNT-COOH is due to
the impaired capability of attracting both Ca>* and PO3~
ions for nucleating and growing HA crystals. CPC/
MWCNT-OH/BSA composites were therefore selected in
this study to investigate their in vitro safety profile and
biological effect.

4. Conclusions

In this study, CPC/MWCNT-OH/BSA composites were
immersed in SBF for various periods of time (0, 7, 14, 21
and 28 days). The results showed that unsoaked CPC/
MWCNT-OH/BSA composites had the highest compres-
sive strength (32 MPa) and a high bioactive behaviour
through a continuous formation of apatite. SEM and
FTIR results showed that highly crystalline apatite was
formed in the CPC/MWCNT-OH/BSA composites follow-
ing immersion in SBF for 28 days. Cell culture experiments
showed that low concentrations of bio-mineralised CPC/
MWCNT-OH/BSA composites led to cell proliferative
rather cytotoxic effects to fibroblasts, demonstrated by
high cell viabilities.

The novel CPC/MWCNT-OH/BSA composites pre-
sented in this study showed favourable cytocompatible
and bioactive behaviour along with relatively high com-
pressive strength (32 MPa) and they can be therefore
considered an attractive bone filling material.
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